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Executive summary

This deliverable report is part of Horizon project B-USEFUL, which aims at developing “user-
oriented tools and solutions to conserve and protect marine biodiversity” in support of the EU
Green Deal, Biodiversity Strategy 2030, and national biodiversity policies. Within B-USEFUL,
the specific objective of the present deliverable (D5.2) is to project changes in species- and
community-level risks and vulnerabilities in European regional seas. It looks especially at the
risks posed by two key pressures on marine communities: climate change and fishing. With a
particular emphasis on near-future decades up to mid-century, this deliverable aims to:

(1) Project future sensitivities and risks to demersal fish and macroinvertebrate
communities in the Mediterranean Sea;

(2) Project future sensitivities and risks to demersal fish communities in the Northeast
Atlantic (Greater North Sea, Celtic Seas and Bay of Biscay);

(3) Project future distribution changes and risks to demersal fish communities and
conservation priority areas in Icelandic waters; and

(4) Project future risks posed by non-indigenous species in the Eastern Mediterranean
Sea, including potential impacts on juvenile nursery areas of foodfish species.

To address these aims, trait-based approaches were used to estimate communities’
sensitivities and risk (developed in WP4 “Risk and vulnerability”). These were combined with
spatial forecasting, based on recent survey and environmental data combined with future
environmental data, assuming the high-emissions climate scenario RCP8.5 (in line with the
overall WP5 “Forecasting and scenario simulations”).

Across case studies, an important finding was that risk is not projected to increase uniformly,
but to remain especially concentrated in identifiable, persistent hotspots, while intensifying
in some areas but also decreasing locally, with gradual redistributions of risk in space:

e Inthe Mediterranean Sea, both climate change risk (Rcc) and fishing pressure risk (Rep)
to demersal communities are projected to increase toward 2050, but in spatially
coherent areas rather than across the whole basin. Persistent climate risk hotspots are
projected around the Aegean Sea, Cyprus, and Strait of Sicily, while fishing risk
hotspots remain linked with current fishing grounds such as the Spanish coast, Gulf of
Lion, Ligurian Sea, Sardinian Channel, Strait of Sicily, Malta, and parts of the Adriatic.

e In the Greater North Sea, Celtic Seas and Bay of Biscay, climate risk hotspots are
projected to be spatially stable, concentrated in southern, western and shelf regions
of the Celtic Seas and Bay of Biscay, and to persist or expand slightly through time. In
contrast, fishing pressure risk is projected to be more spatially variable and
fragmented, with hotspots mainly in the northern North Sea and parts of the Celtic
Seas. Areas where climate and fishing risks overlap (e.g., southern Celtic Seas)
represent potential zones of compounded vulnerability.

e Icelandic waters show strong evidence of “borealisation:” projected biomass changes
indicate a decline in Arctic-affiliated species, especially on the continental slope, and
increases in southern/Atlantic-affiliated species. Biomass levels of commercial
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species, at-risk species (based on IUCN criteria), species sensitive to climate change,
and those sensitive to fishing pressure, are projected to increase in areas where these
are already high, particularly on the southern slope and around the Reykjanes Ridge.
e In the Central and Eastern Mediterranean, future warming is projected to make
conditions increasingly suitable for non-indigenous species (NIS) including invasive
Lessepsian species (i.e. those that originally entered via the Suez Canal). By 2050, the
probability of catching at least one Lessepsian species is projected to become high as
far north as the southern Adriatic Sea and as far west as western Sicily. Areas around
Cyprus, Crete, the southern Aegean and eastern lonian Sea and southern Sicily may
approach near-certain occurrence. This greatly increases likely interaction with marine
protected areas, fishery-restricted areas, and nursery grounds of native fish species.

Importantly, all results presented should be interpreted with caution and as screening-level
forecasts only, rather than as exact predictions of most likely future states. Further limitations
include the use of only one climate scenario (RCP8.5, high-emissions scenario), noting that
future projections have considerable uncertainty; and that future fishing effort distribution
was mostly held constant because robust future spatial scenarios were unavailable. We also
acknowledge various region-specific uncertainties. Even so, the framework is considered
robust enough to identify where future risk from climate change and/or fishing pressure to
the species groups being considered may be most likely to persist, intensify, or shift.

This is expected to add significantly to the overall evidence base to support policy and
management advice around the protection of marine biodiversity and the sustainable use of
living resources in European regional seas.
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The role of this deliverable

This deliverable (D5.2) is the second of three reports in WP5 of EU project “User-oriented
Solutions for Improved Monitoring and Management of Biodiversity and Ecosystem services
in vulnerable European Seas” (B-USEFUL) that together comprise “Forecasting and scenario
simulations”.

Understanding the sensitivities of Europe’s marine species to key pressures (both
environmental and human-induced) will support the overarching aim of B-USEFUL to develop
tools and solutions to manage marine biodiversity. This work supports international policies
including the EU Green Deal, the Biodiversity Strategy 2030 and Marine Strategy Framework
Directive (MSFD). It also supports national policies: within the UK, it is relevant for the Marine
Environment Plan and UK Biodiversity Strategy; and for Icelandic waters, the work supports
the Nordic Biodiversity Framework.

The emphasis is on two highly dominating pressures: (1) climate change and (2) fishing
pressure (and associated physical seabed disturbance). Anthropogenically accelerated
climate change in combination with (over-)exploitation of marine life are seen as key drivers
of biodiversity loss, both globally and in Europe’s regional seas. These drivers operate through
multiple ecological mechanisms including trophic restructuring, habitat degradation, shifts in
species distributions and loss of functional diversity (IPCC 2022; IPBES 2019). Hence,
understanding the mechanisms by which climate change and fishing pressure impact marine
ecosystems is crucial for biodiversity conservation and sustainable resource management.

In B-USEFUL WP4 functional approaches based on species’ biological traits are used. Firstly,
we assessed the sensitivities and vulnerabilities of marine species to the impacts of climate
change and fishing pressure (Deliverable D4.1, Engelhard et al. 2024). This was done through
the development of two new trait-based sensitivity indicators: (i) sensitivity to climate change
(Scc) and (ii) sensitivity to fishing pressure (Srp) presented in D4.1 (Engelhard et al. 2024). The
approach is described in a paper published since then (Polo et al. 2025) and allows a ‘scoring’
of Europe’s marine species according to their sensitivities to these two pressures.

The second step has been to scale up from species-level, to assess community-level
sensitivities and risks to European marine biodiversity (Deliverable D4.2, Rozemeijer et al.
2025). Community-level sensitivity is estimated based on the weighted average sensitivities
across all species that comprise a local marine community; this allows establishing where local
‘community-level sensitivity hotspots’ exist, as well as assessing changes in community-level
sensitivity over time. Sensitivities, in combination with spatio-temporal variations in the
exposure to pressures (either climate change or fishing pressure, or both) allow the estimation
of community-level risks (to either pressure, or both). Thus, in addition to ‘sensitivity
hotspots’, also ‘risk hotspots’ have been estimated for European marine life as part of D4.2
(Rozemeijer et al. 2025). This has been done for Europe’s major marine regions
(Mediterranean, North Sea, North East Atlantic, Icelandic and Greenlandic waters). As part of
D4.2, we have moreover assessed the risks posed by a major threat to the Mediterranean
Sea: that of non-indigenous species (NIS), with focus on the so-called ‘Lessepsian’ species
(those that have entered the Mediterranean via the Suez Canal).
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This report also builds on the third deliverable of WP4, D4.3, which has identified important
biodiversity ‘hotspots’ in European regional seas, and then assessed to what extent hotspots
either are or are not appropriately protected — either through marine protected areas (MPAs,
which is preferred) or through fishery-restricted areas (FRAs). There has been a particular
emphasis on discussing where there are clear ‘mismatches’ between biodiversity, sensitivity
or risk hotspots and protection or conservation measures, and provide policy
recommendations.

The report is part of WP5, which builds on WP3 and WP4, and is aimed at forecasting and
future scenario simulations up to mid-21%t century. To achieve this, WP5 aims at achieving
three objectives achieved with associated deliverable reports: (D5.1) performing seasonal-to-
decadal forecast of species distributions and biodiversity indicators; (D5.2) projecting changes
in species and/or habitats’ risk and vulnerabilities, and (D5.3) forecasting changes in
ecosystem functions and services. It is the second of these three deliverables that is described
in the present report. Specifically, the present deliverable takes WP4 into the near-future and
aims at assessing the projected risks and vulnerabilities of European marine life during the
2030s and 2040s up to 2050. Specifically, it aims to:

(1) Project future sensitivities and risks to demersal fish and macroinvertebrate
communities in the Mediterranean Sea;

(2) Project future sensitivities and risks to demersal fish communities in the Northeast
Atlantic (Greater North Sea, Celtic Seas and Bay of Biscay);

(3) Project future distribution changes and risks to demersal fish communities and
conservation priority areas in Icelandic waters;

(4) Project future risks posed by non-native species in the Eastern Mediterranean Sea.
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1 General introduction

Europe’s marine biodiversity faces multiple pressures arising from climate change, fisheries,
habitat loss and pollution (Burrows et al. 2011; Poloczanska et al. 2013; Hidalgo et al. 2022).
Halting biodiversity loss requires robust scientific advice to guide management plans and
assess conservation measures, especially the design and placement of marine protected areas
(MPAs), fisheries restricted areas (FRAs) and Other Effective Area-based Conservation
Measures (OECMs). Decision-support tools are required to help safeguard ‘biodiversity
hotspots’ and vulnerable ecosystems, while safeguarding key ecosystem services, such as
food provisioning and climate regulation. The Horizon project B-USEFUL develops user-
oriented decision-support tools to help conserve marine biodiversity, building on existing
European data and governance frameworks. In doing so, it contributes to the policy goals of
the European Green Deal and EU Biodiversity Strategy 2030, as well as to the Marine Strategy
Framework Directive (MSFD). It also contributes to aligned national policies, including the
UK’s National Biodiversity Strategy and Action Plan (NBSAP), and for Icelandic waters, the
Nordic Biodiversity Framework.

Two dominant pressures on marine ecosystems include (1) climate change and (2) fishing
pressure (and associated physical seabed disturbance). Climate change, together with the
(over-)exploitation of marine life, is seen as a key driver of biodiversity loss globally and in
Europe’s regional seas. These drivers operate through multiple ecological mechanisms,
including trophic restructuring, habitat degradation, shifts in species distributions, and loss of
functional diversity (IPCC 2022; IPBES 2019). Understanding how climate change and fishing
pressure affect marine ecosystems is therefore crucial for biodiversity conservation and
sustainable resource management —and a central theme with the B-USEFUL project.

Within B-USEFUL, two WPs have aimed at assessing recent and current changes in marine
biodiversity in European regional seas. The aims of WP3 are to assess the status, trends, and
cumulative impacts of pressures acting on multiple biodiversity indicators and establish their
links to ecosystem functions and services (Lindegren et al. 2025; Pecuchet et al. 2026). The
aims of WP4 are to assess the key risks and vulnerabilities to marine life (Engelhard et al.
2024; Rozemeijer et al. 2025; Engelhard et al. 2026). This report forms part of WP5, which
builds on WP3 and WP4, but is aimed at forecasting and future scenario simulations —looking
ahead towards the near-future decades, up to mid-21%t century. To achieve this aim, WP5
pursues the following objectives achieved through three deliverable reports: (D5.1) to
perform seasonal-to-decadal forecast of species distributions and biodiversity indicators;
(D5.2) to project changes in species and/or habitats’ risk and vulnerabilities, and (D5.3) to
forecast changes in ecosystem functions and services. It is the second of these three
deliverables that is described in the present report.

We have previously shown in WP4 that functional approaches based on species’ biological
traits can be used to assess the sensitivities and vulnerabilities of marine species to climate
change and fishing pressure (D4.1, Engelhard et al. 2024). An important step was the
development of two new trait-based sensitivity indicators: (1) sensitivity to climate change
(Scc) and (2) sensitivity to fishing pressure (Sep), presented in D4.1 (Engelhard et al. 2024). The
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approach is described in a subsequent paper (Polo et al. 2025) and allows Europe’s marine
species to be scored according to their sensitivities to these two pressures.

We then scaled up from the species level to assess community-level sensitivities and risks to
European marine biodiversity (D4.2, Rozemeijer et al. 2025). Community-level sensitivity is
estimated as the weighted average sensitivity across the species comprising a local marine
community; this identifies local ‘community-level sensitivity hotspots’ and assesses changes
in community-level sensitivity over time. Sensitivities, combined with spatio-temporal
variation in exposure to pressures (climate change, fishing pressure, or both), allow estimation
of community-level risks (to either pressure, or both). Thus, in addition to ‘sensitivity
hotspots’, we also estimated ‘risk hotspots’ for European marine life as part of D4.2
(Rozemeijer et al. 2025). This was done for Europe’s major marine regions (Mediterranean,
North Sea, Northeast Atlantic, Icelandic and Greenlandic waters). As part of D4.2, we
moreover assessed the risks posed by a major threat to the Mediterranean Sea: non-
indigenous species (NIS), with a focus on the so-called ‘Lessepsian’ species (those that have
entered the Mediterranean via the Suez Canal).

Thirdly, as part of WP4, we identified important biodiversity ‘hotspots’ in European regional
seas (4.3, Engelhard et al. 2026) and assessed whether they are appropriately protected
through marine protected areas (MPAs) or fishery-restricted areas (FRAs). Particular
emphasis was placed on discussing clear ‘mismatches’ between biodiversity, sensitivity or risk
hotspots and protection or conservation measures, and on providing policy
recommendations.

The present deliverable takes WP4 into the near future and assesses the projected risks and
vulnerabilities of European marine life during the 2030s and 2040s, up to mid-century.
Specifically, it aims to:

(1) Project future sensitivities and risks to demersal fish and macroinvertebrate
communities in the Mediterranean Sea (Chapter 2);

(2) Project future sensitivities and risks to demersal fish communities in the Northeast
Atlantic (Greater North Sea, Celtic Seas and Bay of Biscay: Chapter 3);

(3) Project future sensitivities and risks in demersal fish communities in Icelandic Waters,
and identify conservation priority areas (Chapter 4);

(4) Project future risks posed by non-native species in the Eastern Mediterranean Sea
(Chapter 5).

The report closes with Chapter 6, providing an overview of the key messages emerging from
the preceding chapters, a consideration of management implications specific to each case
study region, and the broader-scale implications relevant beyond each region.

11
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2 Mediterranean Sea

2.1 Introduction

The Mediterranean Sea represents a highly complex and dynamic semi-enclosed basin
characterised by strong environmental gradients, high biodiversity, and a large proportion of
endemic species (Bianchi et al. 2012, Bianchi & Morri 2000, Coll et al. 2013). This ecological
uniqueness is increasingly threatened by multiple and interacting anthropogenic stressors
(Coll etal. 2013, Tsirintanis et al. 2022), particularly climate change (Cramer et al. 2018, Marba
et al. 2016), which is acting at a rate exceeding the global average (Lionello & Scarascia 2018),
and fishing pressure (Marguin et al. 2025). These drivers have substantially altered marine
ecosystem structure, functioning, and productivity (Hidalgo et al. 2018, Mannino et al. 2017,
Marba et al. 2016). Consequently, important ecological responses have become evident,
including shifts in species distributions (Azzurro et al. 2019, Sanz-Martin et al. 2024), changes
in abundance and functions of marine communities (Hidalgo et al. 2022, Pita et al. 2021,
Rubino et al. 2024), productivity decline (Reale et al. 2022), and biodiversity loss (Frid et al.
2023). The overexploited situation of many stocks has been reversed in the recent years,
though there are cases with harvesting beyond sustainable levels despite management
measures (FAO 2025). As a consequence, marine ecosystems are currently shaped by the
cumulative and interactive effects of climate-driven and anthropogenic pressures, with
important implications for biodiversity conservation and fisheries sustainability. The
Mediterranean is also shaped by strong regional contrasts. Western, Central, Eastern, and
Adriatic subregions differ in their thermal regimes, bathymetry, productivity, biogeographical
composition, and fishing history (D’Ortenzio et al., 2009; Colloca et al., 2017; Kubin et al.,
2023). These contrasts are important because community sensitivity to climate change and
fishing pressure is not expected to change uniformly across the basin. Areas that are already
warm, quite heavily exploited, or dominated by species with vulnerable life history traits may
become increasingly exposed to cumulative risks. Conversely, some northern or deeper areas
may become more important as potential refugia or as zones of community reorganisation
(Cramer et al., 2018; Chaikin et al., 2022).

Trait-based functional approaches are particularly useful in this context because they allow
to assess the vulnerability of communities through the biological characteristics of the
species, and to examine species sensitivity, exposure, and risk to multiple pressures (De Juan
& Demestre 2012, Polo et al. 2025, Rozemeijer et al. 2025). These approaches make use of
ecological and life-history traits such as trophic position, mobility, longevity, and fecundity,
which allow to provide useful insights into species’ responses and their capacity to withstand
environmental disturbances (Hiddink et al. 2026, Zupa et al. 2025, Beukhof et al. 2019, Butt
et al. 2022, Pecuchet et al. 2018). By combining species level sensitivity scores with
community composition data, it is possible to estimate community level sensitivity to climate
change (Scc), and sensitivity to fishing pressure (Sep). These indicators provide a basis for
projecting how the risk profile of Mediterranean demersal assemblages may evolve under
future warming. In this context, understanding not only the current impacts of these
pressures but also future projections of species sensitivity and risk is becoming increasingly
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essential for effective conservation and management strategies, as required by the
Convention on Biological Diversity (2021).

To address these challenges, scenario-based approaches have become central tools for
exploring plausible future projections of climate and anthropogenic pressures. Climate
scenarios, such as Representative Concentration Pathways (RCPs), enable the assessment of
potential ecosystem responses under different emission trajectories, supporting the analysis
of impacts, vulnerabilities, and adaptation strategies (van Ruijven et al. 2013, V6lz & Hinkel
2023). By explicitly accounting for uncertainty, scenario planning provides a framework to
inform decision-making and develop robust management strategies in the face of ongoing
environmental change (Lawrence et al. 2021, Oriol et al. 2024). In particular, the use of high-
emission scenarios (i.e. RCP8.5) enables exploring upper-bound ecological responses and the
identification of the potential worst-case scenario for marine communities in the
Mediterranean Sea.

Understanding how marine communities respond to these combined pressures requires
analytical frameworks that integrate spatial, temporal, and environmental complexity. In this
study, a unified forecasting workflow was developed to disentangle and project the effects of
climate change and fishing pressure across Mediterranean demersal assemblages, for near-
to medium-future decades up to 2050. We project future sensitivity and risk patterns for
Mediterranean demersal fish and macroinvertebrate communities under a high-emission
climate scenario. The analysis combines spatio-temporal modelling, environmental
projections, exposure layers, hotspot detection, and centre of gravity analyses. It aims to
identify not only where future risk may be highest, but also where risk hotspots may persist,
intensify, or shift across Mediterranean subregions. The specific aims are:

1. To project future community-level sensitivity to climate change under a high-emission
scenario (RCP8.5) and fishing pressure across the Mediterranean Sea up to 2050, using
a spatio-temporal Beta Generalised Additive Modelling (GAM) framework;

2. To estimate climate change risk, Rcc, and fishing pressure risk, Rep, by combining
projected sensitivity with exposure to thermal conditions and fishing pressure;

3. To identify persistent hotspots and areas of rapid change in projected risk, through
predictive mapping and rate of change metrics;

4. To assess whether the spatial centre of gravity of risk is expected to shift through time
at basin and subregional scales, by analysing shifts in the Centre of Gravity (COG) of
Rcc and Rep;

5. To provide an integrated and reproducible forecasting framework capable of
supporting ecosystem-based fisheries management, marine spatial planning, and
biodiversity conservation across future environmental change scenarios.

2.2 Methods

The community-level risk to climate change, Rec, and to fishing pressure, Rep, assessment was
conducted across the Mediterranean Sea using a spatially explicit annual prediction grid,
spanning the period 2012-2050. The workflow integrated environmental predictors,

13
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statistical forecasting modelling, extrapolation diagnostics, uncertainty estimation, hotspot
analysis, and spatial analysis of centres of gravity (COG) to evaluate both the magnitude and
spatial dynamics of Rccand Rep. The analysis was conducted considering two different spatial
scales: the whole Mediterranean Sea and the sub-regional level, dividing the area into
Western, Central, Eastern Mediterranean, and Adriatic Sea.

The first step of the analysis aimed to estimate community-level sensitivity to climate change,
Scc, and fishing pressure, Sep, following the approach adopted in Deliverable 4.2 of this project
(Rozemeijer et al. 2025). Specifically, scientific trawl survey data from the MEDITS survey
(Bertrand et al., 2002 Spedicato et al., 2019, European Commission, 2026) were used to derive
trait-based, species-specific sensitivity estimates. These estimates were then combined with
species abundance data at haul level to calculate community-weighted mean sensitivity
indices (Polo et al. 2025).

The sensitivity indices were then incorporated into a modelling framework based on
Generalised Additive Models (GAMs), fitted with a Beta regression family and a logit link, to
account for the bounded distribution of the indices between 0 and 1. This ensured that all
predictions remained within biologically interpretable bounds. Environmental predictors
included in the tested models accounted for annual sea surface temperature (SST), annual
sea bottom temperature (SBT), and their corresponding anomalies assessed using the
hindcast period (2012-2021) as reference. Spatial variation was accounted including the
depth of each haul included in the analysis, and the interaction between the longitude and
latitude variables. Environmental variables were derived from Copernicus Climate Change
Service (2020), bias corrected (Kuehn 2023) according to the hindcast reanalysis product from
Copernicus (Escudier et al. 2020). Environmental predictors were selected to capture the
expected climate-mediated reassembly of demersal communities, which may alter their trait
composition and therefore their community-level sensitivity to both climate change and
fishing pressure. Therefore, future changes in temperature, bottom thermal conditions, and
thermal anomalies were considered relevant predictors not only for Scc, but also for Sep, as
they may indirectly affect fishing sensitivity through climate-mediated community
reassembly.

Conversely, fishing effort was not used as a primary predictor of future Sep because fishing-
pressure hotspots showed high spatial persistence during the reference period, with temporal
variation mainly affecting hotspot intensity rather than producing major shifts in their spatial
configuration, as reported in Deliverable 4.2 (Rozemeijer et al. 2025). Accordingly, fishing
effort was retained as the exposure component in the subsequent estimation of Rgp, while
environmental predictors were used to model changes in the community-level sensitivity
component.

Several candidate GAM formulations of increasing complexity were tested and compared on
the basis of AIC (Akaike et al. 1974), explained deviance, and adjusted R? before selecting the
final calibrated models, which better described the complexity of sensitivity given by the
environmental variations in the training dataset. Candidate models included combinations of
spatial smooths, bathymetric effects, climatic anomalies, and tensor-product interactions
describing nonlinear relationships among environmental predictors and spatial structure.
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Models’ evaluation and selection finally included the analysis of residual diagnostics, basis
dimension, with a correlation threshold set at 0.6, and hierarchical deviance partitioning
analyses.

First, a rolling one-step-ahead validation was performed. For each test year, the model was
calibrated using all observations from the preceding years and then used to predict the
following independent year. Predictive performance was assessed by comparing observed
and predicted values for each test year using root mean squared error (RMSE) and observed-
predicted R2.

Second, a sliding window validation was applied by fitting the models on sequential 5-year
calibration windows across the 2012-2021 historical time series. For each calibration window,
predictions were generated for all years with available observations, and annual predictive
performance was quantified using RMSE and R2. The performance metrics were then related
to the temporal distance between each predicted year and the corresponding calibration
window, allowing the expected stability of the fitted relationships and the degradation of
forecasting performance to be extrapolated up to 10 years beyond the calibration period.

Model predictions of the selected fitted model were generated annually for all grid cells using
the final calibrated model.

Predictions were obtained, including associated standard errors and 95% confidence
intervals. For each annual prediction, the predicted climate sensitivity value and its lower and
upper 95% confidence limits were generated, and the width of the confidence interval was
used as a measure of uncertainty. Annual Scc and Sgp projections were subsequently
aggregated into three temporal windows, which included the baseline: 2012-2021; near
future projection years: 2026-2030; and long-term future 2046-2050. Within each period,
mean predicted sensitivity and uncertainty metrics were calculated for every grid cell.

To evaluate the robustness of future projections and identify potential extrapolation issues,
all future environmental conditions were compared against the range observed in the model
training dataset. Binary out-of-range indicators were computed for each predictor variable.
For each year, we calculated the percentage of cells exhibiting at least one of the out-of-range
predictors, the corresponding mean number, and the maximum extrapolation level. Then,
spatial extrapolation maps were produced for selected future years to identify regions
potentially affected by novel environmental conditions. To quantify temporal changes relative
to the baseline period, spatial delta maps were baselined to visualise changes in predicted Scc
and Sgp across future periods.

Rcc and Rep were estimated by combining sensitivity with exposure: thermal exposure (SST)
for Ree, and fishing effort exposure for Rep. Fishing pressure was represented by demersal
fishing effort reported for the study area by DCF Fisheries Dependent Information (FDI),
spatially disaggregated using a fishing footprint derived from Global Fishing Watch (GFW). For
future Rep projections, fishing effort exposure was fixed to the mean spatial configuration
observed during the last three years of the reference period, as no spatially explicit and
management-consistent future fishing effort scenarios were available at the resolution
required by the analysis. First, SST exposure was normalised to a 0-1 scale using the global
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minimum and maximum SST values across all years and cells; also, the log-transformed fishing
effort values were normalised to a 0-1 scale across all years and cells. Then, the final scores
for both risks were computed as the arithmetic mean of normalised exposure and predicted
sensitivity. This approach produced a spatially explicit composite risk indicator combining
exposure and predicted sensitivity.

To evaluate temporal trends in both risks, the annual rate of change in risks was estimated
for each grid cell using a linear regression of Rcc and Rep over the year, and maps were
produced to identify areas undergoing the most rapid changes in climate-related
vulnerability. The resulting slope coefficients were interpreted as spatial rates of risk change
and mapped to identify areas experiencing the most rapid increases or decreases in climate-
related community vulnerability. Regional differences in Rcc were statistically evaluated
among periods and subregions using Kruskal-Wallis tests to assess overall differences among
periods, followed by pairwise Wilcoxon tests for post-hoc comparisons. Spatial clustering of
Rcc and Rep was assessed using the Getis-Ord Gi* statistic (Getis & Ord 1992). Local Gi*
statistics were then calculated at grid cell level for each year to identify statistically significant
hotspots of elevated Rcc and Rep at the 95% confidence level. Hotspot persistence was
subsequently estimated as the proportion of years within each temporal period during which
a cell was classified as a hotspot, and then maps were generated.

Finally, the spatial centres of gravity (COG) for Rcc and Rer Were estimated annually for the
entire Mediterranean Sea and at the sub-region levels, to identify regional redistributions of
vulnerability across the Mediterranean basin. Potential shifts in the COG over time were
assessed using the Mann-Kendall test for trend analysis. The rate of spatial displacement was
qguantified using Sen’s slope estimator, expressed in degrees latitude or longitude shifted per
year (° year™). COG coordinates were calculated as weighted spatial means using Rcc and Rep
values as weights.

2.3 Results

2.3.1 Model Performance and Structuring

The final GAM structures for Scc and Sgp were defined following exploratory analyses of
covariate relationships using a Pearson pairwise correlation matrix (Figure A-1), together with
model diagnostics and performance evaluation. No strong collinearity was detected among
predictors, as all pairwise correlations remained below the value 0.6. No major convergence
issues were detected during the fitting of the Scc and S,p GAM models. Goodness-of-fit metrics
progressively improved from simpler formulations to more flexible model structures,
incorporating nonlinear smoothers and tensor-product interactions.

The formulas and the fitting parameters of the final selected models for both Scc and Sep are
reported in Table 2-1. Both models showed a good predictive performance and explained a
substantial proportion of variability in sensitivity patterns across the Mediterranean Sea.
Specifically, the Scc achieved a robust fit, explaining 68% of the deviance with an adjusted R?
of around 0.67. Similarly, the Sgp model demonstrated strong structuring explained 60.4% of
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the deviance (R? = 0.58). The inclusion of nonlinear smooths and tensor-product interactions
improved model performance, indicating that demersal community sensitivity was structured
by complex spatial, bathymetric and thermal gradients.

Table 2-1. Performances of Scc and Sep models, indicating AIC (Akaike Information Criterion),
R? (adjusted coefficient of determination), and explained deviance percentage of the final
selected GAM models. Model formulation included spatial smoothers (s), tensor-product
smoothers describing nonlinear interactions (te), and interactions (ti).

Model | Predictors AIC R? | Explained
Deviance
Scc Scc ™~ s(lon,lat) + te(depth,SBT) + ti(SSTa,SBTa) + -29630.59 | 0.67 68.0%

ti(lon,lat,SBT,d = ¢(2,1))

Srp Ser ~ s(lon,lat) + s(depth) + ti(SSTa,SBTa) + ti(lon,lat,SBT) -18470 0.58 60.4%

Model diagnostics indicated good agreement between observed and fitted values for both Scc
and Sgp models. Residual distributions (Figure A-2) were generally centred around zero, and
the model diagnostics supported the adequacy of the selected GAM formulations for both
models.

Partial-effect smoothers (Figure A-3 and Figure A-4) confirmed that strong spatial and
environmental structuring characterised both models across the Mediterranean Sea. For Scc,
the two-dimensional spatial smoother revealed a marked geographical heterogeneity, while
the interactions among the variables indicated nonlinear responses across bathymetric and
thermal gradients, as well as interaction between thermal anomalies that generated complex,
non-additive responses. These spatial variations demonstrated the existence of region-
specific thermal sensitivity patterns. A similar pattern emerged for See: nonlinear effects
associated with depth contributed substantially to the spatial organization, reinforcing that
both SCC and SFP are governed by complex interactions among spatial configuration,
bathymetry, and thermal environmental gradients, rather than single predictors acting
independently.

2.3.2 Variance partitioning and model validation

Variance partitioning analyses (Figure A-5) highlighted that the spatial structure was the
dominant factor driving both Scc and Srp (contributing approximately 40% to 50% of explained
deviance, respectively). Beyond this large-scale pattern, the predictive power of both models
relied heavily on non-additive environmental interactions. Specifically, the depth-
temperature and spatially varying temperature interactions were consistent among the most
crucial components. These interaction effects significantly contributed to model
performance, while standalone thermal anomalies played only a marginal role (<5%) in
explaining the total variability.
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To further evaluate the temporal robustness of the modelling framework, rolling one-step-
ahead cross-validation and sliding temporal-window validation procedures were
implemented for the models.

The rolling validation, in which each model was iteratively calibrated using all years preceding
a given test year and then used to predict that independent annual period, indicated stable
predictive performance over time, with higher accuracy for Scc than Sep (Figure A-6; Table 2-2).
For the Scc model, RMSE showed only moderate variation, ranging from 0.068 to 0.080, with
a high correlation between observed and predicted values (0.78), supporting good temporal
generalization. The Sep model showed lower, but still consistent, predictive skill, with RMSE
values between 0.106 and 0.128, and a correlation of 0.69.

Table 2-2. Rolling temporal cross-validation performance for Scc and Sre GAM models.
Reported metrics included the mean root mean square error (RMSE) and the Pearson
correlation coefficient between observed and predicted sensitivity values.

Model Rolling validation years Mean RMSE Correlation
Scc 2017-2021 0.07 0.78
Srp 2017-2021 0.11 0.69

The sliding 5-year window validation, Figure A-6, provided no evidence of a systematic
degradation in predictive performance for Scc as the temporal distance from the calibration
window increased. The nonlinear model fitted to R? showed no significant temporal decay,
and RMSE also remained statistically stable, with no significant relationship with temporal
distance, p = 0.122. This indicates that Scc predictive performance did not show a detectable
deterioration across the validation horizon. For Sge (Figure A-7), R? similarly showed no
significant temporal decay. RMSE displayed only a small increase with temporal distance, with
weak statistical support, p = 0.0489, suggesting at most a limited increase in prediction error.
Overall, the sliding-window validation indicated that model performance was largely stable
through time, with no significant degradation in R? for either Scc or Sep and no significant RMSE
increase for Scc, being suitable for exploring future climate-related changes in the sensitivity
across the Mediterranean Sea.

Extrapolation-risk analyses indicated generally low out-of-range risk for both Scc and Sgp
models projections, although with a clear increase in future periods, mainly driven by thermal
anomaly variables (Error! Reference source not found. and Error! Reference source not
found.). For Scc, anomaly-related extrapolation increased from 0.03% in the baseline to 0.44%
in 20262030 and 13.51% in 2046-2050, while depth—bottom temperature and space—
bottom temperature extrapolation remained low, around 0.52-0.57% and 0.03—0.08%,
respectively. A similar pattern was observed for Sgp, with anomaly-related extrapolation
increasing from 0.03% in the baseline to 0.46% in 2026—2030 and 13.85% in 2046—2050,
whereas depth-related extrapolation remained stable at about 0.51% and space—bottom
temperature extrapolation remained negligible.
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2.3.3 Sensitivity and Risk estimates for CC and FP

Predicted sensitivity for the period 2012-2050 was evaluated for both CC and FP across the
Mediterranean Sea. For Scc, predictions revealed a strong spatial structuring, with a projected
increase in Scc in the Aegean Sea (top row in Figure 2-). For Sgp, projections indicated higher
sensitivity scores in the southern part of the basin and in the Aegean Sea (top row in Figure
2-2). It is important to note that the associated confidence intervals were relatively narrow
(bottom rows in Figure 2-1 and Figure 2-2).

Delta analyses (Figure A-10) highlighted non-uniform changes in both Scc and Sgp, with
localised increases dominating basin-wide patterns and only limited areas of stability or
decrease in sensitivity (either Scc or Sgp).

Risk indices, i.e., Rcc and Rep, were derived for climate change and fishing pressure by
combining sensitivity with standardised exposure to both drivers: SST for climate change and
FDI fishing effort combined with AIS Global Fishing Watch data for fishing pressure. Both Rcc
and Rep were predicted to consistently increase across future periods examined in each
subregion of the study area (Figure ). Moreover, significant shifts in risk distribution were
predicted between current and future periods. This was further confirmed by boxplot
analyses (Figure A-11 and Figure A-12), indicating an increasing exposure-weighted
vulnerability over time.

Hotspot detection (using Getis-Ord Gi* statistics) identified persistent areas of elevated risk
for Rcc and Rep (Figure 2-3), with increasing hotspot persistence over time in coming decades.
For Rec, persistent hotspots were particularly identified in the southern part of the Strait of
Sicily, around Cyprus, and in the Aegean Sea. For Rep, persistent hotspots were especially
identified in the western Mediterranean Sea off the Spanish coast, in the Gulf of Lion, Ligurian
Sea, Sardinian Channel, the Strait of Sicily, Malta, and localised areas in the Adriatic Sea,
corresponding to the most intensively exploited fishing grounds. Additionally, risk delta
analyses (Figure A-13) revealed a widespread intensification of both Rcc and Rep across most
of the basin, with the strongest increases occurring in the same regions where hotspot
persistence was highest, confirming a spatial convergence between emerging risk areas and
stable high-risk zones.
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Figure 2-1. Top row: Spatial projections of Scc across the Mediterranean Sea over the three periods: 2012-2021, 2026-2030, 2046-2050, with
darker blue shading indicating higher CC sensitivity. Bottom row: the associated prediction uncertainty expressed as confidence interval width,
with darker orange shading indicating higher uncertainty in Scc predictions.

20



Project: B-USEFUL, EC HEU Grant No. 101059823

2012_2021

Predicted
FP sensitivity
1.00

0 10 20 30 40
Longitude

2026_2030
95% CI
width

0.25
0.20
' 015
0.10
0.05
0.00
0 10 20 30 40
Longitude

Figure 2-2. Top row: Spatial projections of Sep across the Mediterranean Sea over the three periods: 2012-2021, 2026-2030, 2046-2050, with
darker blue shading indicating higher FP sensitivity. Bottom row: the associated prediction uncertainty expressed as confidence interval width,
with darker orange shading indicating higher uncertainty in Srp predictions.
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Figure 2-3. Spatial distribution of Rcc (upper panels) and Rep (lower panels) across the Mediterranean Sea in the three periods: 2012-2021, 2026-

2030, 2046-2050.
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Figure 2-4. Hotspot persistence for Rcc (upper panel) and Rep (lower panel) across the Mediterranean Sea in three periods: 2012-2021, 2026-
2030, 2046-2050.
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Spatial analyses on projected annual rates of change in Rcc and Rep are shown in Figure . This
revealed relatively moderate but spatially coherent rates of change in risk, mostly
characterised by slight increases by up to +0.003 per year for Rcc, and ranging from -0.01 to
+0.01 per year for Rep (i.e. both local increases and decreases in Rep). This indicates a slightly
higher temporal variability and faster redistribution dynamics for Rcc compared with Rep.

CC Risk
Risk/Year
0,002
0,001

0.000
-0.001

FP Risk

Longitude

Figure 2-5. Spatial patterns in rates of change in Rcc (upper panel) and Rer (lower panel)
across the Mediterranean Sea between 2012 and 2050.
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2.3.4 Spatio-temporal variations of risk centre of gravity

Finally, risk centre of gravity (COG) analyses (Figure 2-6) revealed a coherent spatial
redistribution of both Rcc and Rep, with a gradual basin-scale displacement of the risk centroid
through time and directional shifts varying within sub-regions.

For Rcc, COG exhibited relatively limited displacement over time at the Mediterranean-wide
level (Figure 2-6, top panel), suggesting moderate redistribution at this scale. At the sub-
regional scale, however, clearer directional trends emerged in two of the four sub-basins (the
Central Mediterranean and the Adriatic Sea), where significant trends were detected
(indicated by red arrows in Figure 2-6). In the Central Mediterranean, the south-westward
displacement of the COG suggests that Rec is progressively increasing in the southern and
western sectors of the sub-basin. This shift appears to be largely driven by the marked rate of
change observed in the Strait of Sicily (around Malta, Figure A-11), where climate-related risk
is expected to increase more rapidly. This increase likely reflects the combined effect of rising
thermal exposure (SST) and high sensitivity of the local demersal community. In the Adriatic
Sea, by contrast, the projected increase in community sensitivity over the study period,
particularly in the north-western part of the basin, suggests a possible restructuring of the
assemblage, with a progressive increase in more climate-sensitive taxa towards the north.

Rep COG trends (Figure 2-6) showed clearer progressive and statistically significant directional
changes than Rcc, both at basin and sub-regional scales. At the Mediterranean scale, absolute
spatial displacement remained relatively limited but was nevertheless significant in mostly
southward direction. This pattern occurred associated with greater predicted changes in the
sensitivity component in the southern Mediterranean, where temperature-related variation
was more pronounced. At the sub-regional scale, the Western Mediterranean showed a
significant south-westward displacement, consistent with the Rcc COG results. The Central
Mediterranean displayed year-to-year fluctuations around a relatively compact spatial cluster,
but with a significant overall displacement towards the south. The Adriatic Sea and Eastern
Mediterranean exhibited significant south-eastward shifts, indicating that Rep-weighted COG
changes were spatially coherent and tended to follow areas where projected temperature-
driven sensitivity changes were more marked.

Overall, the GAM framework showed a strong explanatory and predictive performance for
both Scc and Sep, capturing complex nonlinear interactions among spatial, bathymetric, and
thermal drivers. Projections indicate a consistent increase in both climate- and fishing-related
sensitivities and risks across the Mediterranean Sea in the long-period projections, with
persistent hotspot regions clear spatial redistribution patterns. These findings highlight a
progressively intensifying and spatially structured risk landscape, supporting the need for
targeted, region-specific management actions under future environmental and anthropogenic
threats.
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Figure 2-6. Temporal trajectories of annual centres of gravity (COG) for Rcc and Rep across
the Mediterranean Sea and in four sub-regions between 2012 and 2050, illustrating the
spatial redistribution and directional displacement of projected risk patterns over time. Red
arrows indicate the direction and magnitude of statistically significant trends in the COG of
Rcc and Rep within each region, based on Sen’s slope estimates (p < 0.05, Mann—Kendall test).
Arrow direction reflects the dominant shift in latitude and longitude, and arrow length is
scaled to the rate of change over time.
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2.4 Discussion and conclusions

This study provides a scenario-based projection of climate- and fishing-related sensitivity and
risk for the Mediterranean demersal communities under a high-emission climate scenario.
Building on the hindcast assessment developed in previous analyses (Rozemeijer et al. 2025),
the present work extends the evaluation from baseline conditions to future projections,
allowing to assess whether previously identified spatial risk structures are likely to persist,
intensify, or shift through time. By integrating trait-based sensitivity indices with spatio-
temporal GAM projections, hotspot persistence analyses, and COG dynamics, the results
revealed a risk landscape with persistent and localised risk hotspots. Projected changes were
generally moderate in magnitude, yet spatially coherent, with persistent hotspot regions,
localised increases in sensitivity and risk, and gradual redistributions in the areas of higher risk
across the basin. More precisely, Rccand Rep are not expected to increase uniformly across the
basin, but rather to intensify in spatially coherent areas where sensitive communities coincide
with high environmental or fishing exposure (Figure 2-3). Persistent Rcc hotspots were
identified in the Aegean Sea, Cyprus and the in the Strait of Sicily, while Rep hotspots remained
closely associated with historically important fishing grounds, including parts of the western
Mediterranean, Gulf of Lion, Ligurian Sea, Strait of Sicily and localised Adriatic areas.

The projected spatial structuring of Scc and Srp across the Mediterranean Sea is consistent with
previous evidence suggesting that climate change and fishing pressure affect demersal
communities unevenly across the Mediterranean Sea (Ramirez et al., 2018; Aragdo et al.,
2022; Hidalgo et al. 2022; Agnetta et al., 2025). Importantly, the broad spatial stability of
future patterns should not be interpreted as an ecological stasis (Rubenstein et al. 2023,
Lawlor et al. 2024); rather, it suggests that future risk remains anchored to persistent
biogeographical, bathymetric, and environmental gradients and processes (Danovaro et al.
2009). Local dynamics may arise from changes in the relative abundance (hence contribution)
of sensitive versus resilient taxa, as well as from increasing thermal exposure, particularly in
the southern sectors of the basin. Furthermore, the semi-enclosed nature of the
Mediterranean and its predominantly east-west orientation constrain latitudinal range shifts
and may therefore force warm-sensitive taxa to redistribute toward deeper and northern
habitats in response to increasing temperatures (Cramer et al. 2018). Such climate-mediated
reorganisation processes may contribute to the projected increase of climate-sensitive
assemblages in some northern sectors, including in the Aegean and Adriatic Seas, and are
consistent with previous evidence of species migration to colder-water refugia under ongoing
warming (Chaikin et al. 2022, Sanz-Martin et al. 2024).

The higher projected values of sensitivity to fishing pressure in the southern Mediterranean
and Aegean Sea should therefore be interpreted with caution. Because future fishing pressure
was kept constant in the projections, the predicted patterns do not necessarily indicate an
intensification of fishing impacts, nor do they provide direct evidence of fishing-driven
selection. Rather, they suggest that community-level sensitivity to a fixed fishing-pressure
layer may vary under changing climatic conditions (Polo et al. 2025). In these areas, increasing
temperature and thermal anomalies may modulate the relative contribution of taxa with
different ecological and life-history traits, thereby altering community-level estimates of
sensitivity to fishing pressure. This interpretation is broadly consistent with the trait-based
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framework used to derive Sgp, in which community-level sensitivity can change when taxa with
different vulnerability traits contribute differently to assemblage composition. However, since
the present analysis was conducted at the community level, it cannot directly identify the
species responsible for these projected changes. The observed increase in Sgp in parts of the
southern basin should therefore be regarded as an indication of possible climate-mediated
modulation of fishing sensitivity, rather than as direct evidence of a specific taxonomic
replacement process. In this context, communities in relatively stable environments may be
less resilient to additional stressors, whereas highly dynamic systems may favour species with
greater ecological plasticity and adaptive capacity (Dutertre et al. 2013, Jennings & Kaiser
1998).

In the present framework, future Sgp changes are not driven by projected increases in fishing
effort, but by changes in community sensitivity under future environmental conditions. This
suggests that warming, in terms of bottom-temperature changes and thermal anomalies, may
favour assemblages with trait combinations that are more sensitive to fishing pressure. As a
result, Rrp may increase even under a constant fishing-exposure footprint, not because fishing
pressure is projected to intensify, but because climate-driven changes in community
composition can increase the sensitivity component of risk in areas already exposed to fishing.
This mechanism is particularly relevant because it indicates that climate change may not only
increase climate-related risk directly but may also reinforce the ecological consequences of
fishing by increasing the vulnerability of communities already exposed to fishing pressure.
Such climate-driven restructuring processes may further alter trophic interactions, ecosystem
functioning, and recovery capacity, particularly in heavily exploited regions where multiple
stressors converge in space, potentially amplifying ecological vulnerability and reducing
ecosystem resilience under continued environmental change (Ramirez et al., 2018).

More broadly, these projected sensitivity patterns support the hypothesis that future
Mediterranean demersal assemblages will undergo progressive spatial reorganisation under
the combined effects of climate and anthropogenic pressures (Albouy et al. 2013, Ouled-
Cheikh et al. 2022, Quattrocchi et al. 2026). Species responses to the drivers are also strongly
correlated to life-history traits such as mobility, reproductive strategy, habitat specificity, and
recovery potential, which influence their adaptive capacity and vulnerability to cumulative
stressors (Burkett et al. 2005, Lindmark et al. 2023). Therefore, the changes in Scc and Sgp likely
reflect the emergence of localised ecological transitions and community restructuring
processes that may intensify over time under continued environmental change, rather than
as evidence of basin-wide regime shifts within Mediterranean demersal communities
(Kamberi et al. 2025).

Both Rec and Rep increased consistently over time, with persistent risk hotspots concentrated
in ecologically sensitive and more exploited regions, such as the western Mediterranean, the
Adriatic, and the Aegean Seas. The persistence of these risk hotspots likely reflects the
combined influence of increasing environmental exposure and the high sensitivity of local
demersal communities. It also suggests that multiple stressors may increasingly overlap within
the same subregions, potentially reducing ecosystem resilience and recovery capacity under
continued warming. Similar patterns of spatial congruence among anthropogenic and climate-
related pressures have previously been identified across the Mediterranean Sea (Ramirez et
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al. 2018), supporting the hypothesis that cumulative stressors may amplify ecological
vulnerability and constrain the adaptive capacity of demersal assemblages.

The COG analyses further support this interpretation by showing that projected changes are
expressed as gradual shifts in the relative spatial weight of sensitivity and risk within an
otherwise persistent basin-scale structure. The limited magnitude of annual changes should
therefore not be interpreted as evidence of negligible ecological change. Rather, this pattern
may be consistent with delayed or gradual community responses to environmental change,
particularly in demersal assemblages whose spatial organisation is strongly constrained by
persistent bathymetric, habitat, and biogeographical gradients (Gage 2002; Danovaro et al.
2009; Essl et al. 2015a, 2015b; Dulvy et al. 2008). The slow rate of projected change does not
weaken the ecological signal, but suggests that community sensitivity and risk may be
undergoing gradual, cumulative reorganisation within an apparently stable spatial structure.
In particular, the south-westward displacement of the risk centroid observed in the Central
Mediterranean, especially around the south-eastern part of the Strait of Sicily, suggests a
progressive intensification of climate-related vulnerability in areas experiencing increasing
thermal exposure, which may explain the localised acceleration in Rcc observed in the annual
rate-of-change and delta analyses. The temporal consistency of these shifts indicates that
even small year-to-year changes may accumulate into detectable spatial trends over multi-
decadal time scales, reinforcing the interpretation of a coherent adjustment of demersal
community vulnerability to changing climate conditions over time (Pinsky et al. 2013).

Overall, from a management perspective, these findings support the need for adaptive and
region tailored measures. In persistent high-risk areas, priority should be given to reducing
cumulative pressure, improving fisheries selectivity, limiting seabed disturbance, and
strengthening the effectiveness of spatial protection. In areas where risk is projected to shift
or intensify, specific monitoring should be designed to detect early changes in community
composition, trait structure, and risk indicators. Because many countries share the
Mediterranean Sea, these actions will require coordination at basin and subregional scales,
especially in transboundary areas such as the Strait of Sicily, the Adriatic, and the Aegean Seas.

In conclusion, the present study demonstrates that climate change and fishing pressure are
expected to progressively intensify and spatially reorganise ecological risk by mid-century for
Mediterranean demersal communities under future warming scenarios. The combined use of
trait-based sensitivity indices with spatio-temporal GAM projections, hotspot persistence. and
COG analyses provide a useful framework for identifying priority areas for future specific
management actions. The results revealed a risk landscape characterised by strong spatial
structuring and a gradual redistribution over time. Although projected changes are generally
moderate in magnitude, their spatial coherence and persistence indicate that the stressors
overlap in ecologically vulnerable areas, potentially reducing ecosystem resilience and
adaptive capacity. These findings emphasise the need to move from static conservation
planning towards adaptive risk-based management that can account for both persistent
vulnerabilities and gradual climate-driven redistribution of demersal communities to mitigate
the future impacts of climatic and anthropogenic pressures on Mediterranean demersal
ecosystems.
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3 Northeast Atlantic: Greater North Sea, Celtic Seas and Bay of
Biscay

3.1 Introduction

Marine ecosystems across the Northeast Atlantic are subject to increasing pressure from
multiple anthropogenic drivers, with commercial fishing and climate change among the most
pervasive (Halpern et al. 2008, Holt et al. 2012, Punzdn et al. 2016). Long-term warming trends
and associated environmental changes are already reshaping species distributions and
community composition (Thompson et al. 2023, Carroll et al. 2024), while fishing pressure
continues to influence population structure, size composition and habitat condition across the
region and globally (Pinnegar et al. 2002, Shephard et al. 2012, Johnson et al. 2015). Together,
these pressures often interact and reshape communities and are affecting the capacity of
marine systems to sustain biodiversity and support ecosystem services such as food provision
(Poloczanska et al. 2013, Link & Watson 2019, du Pontavice et al. 2020). These pressures are
recognised as major drivers of biodiversity change, with important implications for the
resilience of marine ecosystems and the sustainability of ecosystem services, especially as
these trends intensify into the future.

Understanding how marine communities respond to these pressures requires approaches that
capture both intrinsic ecological vulnerability and external exposure. While previous work
focused primarily on retrospective analyses and recent historical conditions (Deliverables
D4.1, D4.2 and D4.2), there is a growing need to move beyond retrospective analyses towards
forward-looking assessments that consider how these patterns may evolve under future
environmental change. In the Northeast Atlantic, projected increases in sea temperature,
combined with ongoing fishing pressure, are expected to further alter community
composition and potentially increase vulnerability in some regions, while other areas may
experience shifts in sensitivity as species distributions change (Fernandes et al. 2020;
Thompson et al. 2023; Townhill et al. 2023). Understanding how these changes will translate
into shifts in community-level sensitivity is essential for anticipating future risks and
supporting adaptive management strategies.

To address this gap, this section identifies future community-level sensitivity and risk to
climate change (CC) and fishing pressure (FP) for bottom-dwelling fish (see also the previous
deliverable reports: Engelhard et al. 2024, Rozemeijer et al. 2025). It then identifies hotspots
of high risk to climate change and fishing across the Greater North Sea, Celtic Seas and Bay of
Biscay. We aim:

(1) To project future sensitivities and risks of demersal fish and macroinvertebrate
communities in the Greater North Sea, Celtic Seas and Bay of Biscay (henceforth Northeast
Atlantic) under a high-emission scenario (RCP8.5) using a spatiotemporal Beta Generalised
Additive Modelling (GAM) framework;

(2) To assess the spatial and temporal dynamics of climate- and fishing-driven risk through
predictive mapping, hotspot persistence and rate of change metrics;
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(3) To identify potential spatial redistributions of sensitive and high-risk areas by analysing
shifts in the Centre of Gravity (COG) of climate change risk (Rcc) and fishing pressure risk
(Rep) across Northeast Atlantic subregions.

By quantifying the potential future impacts of climate change and fishing on community
sensitivity and risk, the analysis provides an integrated and reproducible forecasting
framework capable of supporting ecosystem-based fisheries management and biodiversity
conservation across future environmental change scenarios. The work provides a screening
level assessment of areas where fish communities may be most vulnerable under future
climate change and fishing scenarios.

3.2 Methods

This section builds on the community-level sensitivity for bottom-oriented fish and risk layers
developed in the preceding reports (Rozemeijer et al. 2025; Engelhard et al. 2026). The
analysis here focused on the Northeast Atlantic, covering the Greater North Sea, Celtic Seas
and Bay of Biscay (OSPAR regions Il, lll and 1V). The Iberian Coast was excluded from region IV
due to the lack of accurate fishing pressure data and to censure consistency between
modelling approaches for each pressure (climate change and fishing pressure). Henceforth, all
mentions of region IV refer to the Bay of Biscay only. All analyses and data were conducted
and aggregated to a regular ICES rectangle grid (0.5 degrees of latitude by 1 degree of
longitude). Here, we briefly summarise the previously used data and methods, and outline
additional methods specific to this report.

3.2.1 Fishing pressure and environmental data

We used the same fishing pressure data from the International Council for the Exploration of
the Sea (ICES) “OSPAR request” spatial fishing-intensity product (ICES 2018 and updates). We
used the same environmental data as the previous reports from NEMO-MEDUSA reanalysis
(Yool et al. 2013), providing annual sea surface and bottom temperatures on a 0.25° grid
across the Northeast Atlantic (20°W-15°E, 35°N—70°N). These were available to match our
species data from 1997-2020. Annual SST and SBT data from 2020 to 2050 for each ICES
rectangle were additionally downloaded for the analysis on future community sensitivity and
risk to climate change. Annual anomalies for SST and SBT were calculated at the grid-cell level
by subtracting the long-term mean for each cell from the annual value, thereby isolating
interannual variability from spatial gradients.

3.2.2 Species and community data

Community composition data and species-level sensitivities (used to calculate community
sensitivities) were derived from the FISHGLOB database as before and aggregated to the ICES
grid and annual time steps (1997-2020). Full trait definitions, scoring protocols and methods
are in D4.1 (Engelhard et al. 2024), D4.2 (Rozemeijer et al. 2025) and D4.3 (Engelhard et al.
2026). Community-level sensitivity scores were calculated following Polo et al. (2025).
Species-level sensitivity scores were aggregated across hauls within each ICES rectangle in a
given year and weighted by !°log-transformed abundance of each species. Species
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abundances were logged to reduce the influence of overly abundant taxa and give more
weight to rarer species. More detailed methods can be found in D4.2 (Rozemeijer et al. 2025).

3.2.3 Modelling community-level sensitivities

Community-level sensitivity to climate change (Scc) and fishing pressure (Sgp) was modelled
using beta Generalised Additive Models (GAMs) with a logit link, appropriate for response
variables bounded between 0 and 1. The response variable was the weighted community
sensitivity value, with models being run for sensitivity to climate change and fishing pressure
separately. A suite of 11 candidate GAMs was constructed to explore alternative
representations of the relationships between sensitivity and environmental predictors.
Models included combinations of spatial smooths (longitude, latitude), depth, SST and SBT
(annual absolute values and anomalies), and interaction terms (tensor product smooths; te
and ti) capturing non-linear interactions between environmental variables and spatial
structure. All models were fitted using the mgcv package with restricted maximum likelihood
(REML) estimation. Prior to modelling, multicollinearity among predictors was assessed (Error!
Reference source not found.). SST and SBT anomalies were strongly correlated (r > 0.7) and
were therefore not included simultaneously within the same model.

Model performance was compared across all candidate models using Akaike Information
Criterion (AIC), alongside adjusted R? and deviance explained. The model with the lowest AIC
was selected as the final model used for projections. Model diagnostics included: concurvity
assessment to evaluate redundancy among smooth terms; checks of the adequacy of
smoothing parameters via k-index tests; and inspection of residuals and fitted values. Variance
partitioning was conducted using hierarchical partitioning to quantify the relative
contributions of each variable to model deviance explained.

Predictive performance was assessed using two complementary validation approaches. First,
we used rolling one-step-ahead validation, where models were trained on data up to year t
and used to predict year t + 1, iteratively across the time series. This approach evaluates short-
term predictive skill under realistic forecasting conditions. Second, we used sliding 5-year
window evaluation, where models were trained on five-year windows and tested on out-of-
window years. This method allows evaluation of predictive performance as a function of
temporal extrapolation distance. Model skill was quantified using root mean squared error
(RMSE), mean absolute error (MAE), bias, correlation and R between observed and predicted
values. In addition, performance decay with increasing temporal extrapolation was modelled
using both log-linear and nonlinear decay functions, providing an estimate of forecast
reliability over extended time horizons.

3.2.4 Projecting community-level sensitivities

The selected GAM was applied to a predictive grid of environmental variables (SST, SBT,
anomalies and depth) spanning 1997-2050. Predictions of community-level sensitivity were
generated annually and subsequently aggregated into three periods: reference period (2016-
2020), near future (2026-2030) and mid-century (2046-2050). This allowed assessment of
temporal changes in spatial patterns of community sensitivity.
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3.2.5 Fishing pressure and climate change risk

Community-level risk was calculated by combining projected sensitivity with exposure layers,
following the framework established in previous deliverables. Climate change risk was derived
from the absolute values of SST rather than the temperature anomalies (from the NEMO-
MEDUSA model scenario RCP8.5). Since we do not have reliable and accurate predictions of
future fishing effort, fishing risk was derived from current fishing pressure as the exposure
layer. Risks were calculated as the mean of the projected community-sensitivity score and the
SST (for Rcc) or surface SAR (for Rep) for each ICES grid cell per year. To evaluate temporal
trends in climate and fishing-related risk across the Northeast Atlantic, the annual rate of
change in both RCC and RFP was calculated for each grid cells using linear regression. The
resulting regression slopes represented the annual rate of change in risk and were mapped to
identify areas experiencing the greatest increases or decreases in risk over time. Differences
in risk among study periods and OSPAR region were assessed using Kruskal-Wallis tests, with
pairwise Wilcoxon signed-rank tests conducted as post-hoc comparisons where significant
differences were detected.

3.2.6 Hotspots of risk

Hotspots of high and low risk were identified using spatial clustering approaches consistent
with previous analyses (e.g., Getis-Ord Gi*; see D4.3 (Engelhard et al. 2026)). This method
identifies statistically significant spatial clustering of high and low values of risk (fishing
pressure and climate change separately). For each grid cell the Getis—Ord Gi* statistic
compares the sum of risk values in the cell’s local neighbourhood (cell plus neighbours) to the
overall study-area distribution, producing a standardised z-score and p-value that indicate
clustering strength and significance. Positive significant z-scores indicate hotspots (clusters of
high values), while negative significant z-scores indicate coldspots (clusters of low values); the
magnitude reflects clustering intensity. We identified robust high-risk clusters by classifying
>95% hotspots as cells with Gi* z-score > 0 and p < 0.05 (two-sided), and did not further
categorise lower-confidence hotspots or coldspots for mapping. To assess temporal stability,
hotspot persistence was quantified across time periods, highlighting areas where high or low
risk consistently occurs. This enabled identification of priority regions where communities will
potentially be persistently exposed to high combined risk from climate change and fishing
pressure in future.

3.2.7 Centres of gravity analysis

To examine large-scale spatial redistributions of risk across the Northeast Atlantic, annual
centres of gravity (COGs) for Rcc and Rep were calculated for the study region and its
subregions (OSPAR regions). COG coordinates were derived as weighted spatial means, using
RCC and RFP values as weights. Temporal trends in COG location were assessed using the
Mann-Kendall trend test, while the rate of spatial displacement was estimated using Sen’s
slope estimator and expressed as degrees of latitude or longitude shifted per year.
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3.3 Results

3.3.1 Model performance and structuring

Generally, models performed very well, but Scc models outperformed Sgp models (Table 3-1).
The Scc model had strong predictive ability, explaining a higher proportion of deviance (88%)
and higher R? (0.89) compared to the Sgp model (52% deviance explained, R? = 0.49). Based on
these metrics, the Scc model was considered highly robust for projection, while the Sgp model,
although weaker, was retained as the best-performing formulation for representing fishing
sensitivity. Both final models incorporated spatial structure, depth and interactions with
climate. Spatial variables were the most important of the variables for predicting both Scc and
Sep, more so than environmental variables alone (Error! Reference source not found.). Spatial
variables accounted for >60% of explained deviance in Scc models and >70% of explained
deviance in Sgp models (Error! Reference source not found.).

Table 3-1. Final Scc and Sgp models selected and their performance, indicating n (sample size),
AIC (Akaike Information Criterion), R? (adjusted coefficient of determination), and explained
deviance percentage of the final selected Generalised Additive Models (GAMs). Model
formulation included spatial smoothers (s), tensor-product smoothers describing nonlinear
interactions (te), and interactions (ti). CC = climate change, FP = fishing pressure.

Model Predictors n AIC R? Explained
Deviance

cC s(lon,lat)+s(SSTa)+s(depth)+ti(lon,lat,SBT)+ti(depth,SBT) 7605 -25253 0.89 88%

FP s(lon,lat)+te(depth,SBT)+ti(lon,lat,SBT) 7605 -9282 0.49 52%

Model diagnostics indicated good agreement between observed and fitted values for both the
CC and FP models, supporting the adequacy of the selected GAM formulations. Partial-effect
smoothers demonstrated strong spatial and environmental structuring in both models, with
clear evidence of non-linear and non-additive relationships among predictors (Figure B-3 and
Figure B-4). For the CC model, the two-dimensional spatial smoother revealed pronounced
geographical heterogeneity, with depth exerting a strong non-linear influence and thermal
variables contributing more subtle effects. Interaction terms highlighted complex responses
across spatial, bathymetric, and thermal gradients, indicating that CC risk is shaped by
combined environmental drivers rather than single variables. A similar overall pattern was
observed for the fishing pressure model, with strong spatial structuring and significant non-
linear interactions, particularly involving depth and bottom temperature. However, the fishing
pressure model exhibited more spatially irregular and patchy response patterns, suggesting a
stronger influence of localised processes. Overall, both models indicated that risk patterns are
governed by complex interactions between spatial location, bathymetry, and thermal
conditions, rather than independent effects of individual predictors.
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3.3.2 Model validation

To evaluate the temporal robustness of the Scc and Sgp sensitivity models, a rolling one-step-
ahead cross-validation approach was applied, whereby the model was sequentially trained on
all available data up to a given year and used to predict the subsequent year. Across all
validation iterations (2014—2020), model performance remained consistently high for both Scc
and Sgp, indicating strong temporal transferability. Predictive accuracy showed relatively
limited variation between years, with RMSE values ranging from 0.037 to 0.053 and mean
absolute error (MAE) ranging from 0.028 to 0.042 in CC models (Table 3-2). For FP models,
RMSE values ranged between 0.126 to 0.136 and MAE ranging from 0.096 to 0.103 (Table 3-2).
Model fit remained strong throughout the validation period, more so for the Scc than Sep
model, with correlations between observed and predicted values consistently high (0.93—
0.95), corresponding to R? values between 0.87 and 0.91. These results demonstrate that the
models are able to reliably reproduce interannual variability in community-level climate
sensitivity.

A slight decline in predictive performance was observed in later test years for both Scc and Sgp
models, with marginal increases in RMSE and positive bias values, indicating a tendency
towards mild overprediction in more recent periods. However, these changes were modest,
and overall performance remained robust. The consistency in correlation and error metrics
across all validation years suggests that the model effectively captures the underlying
relationships between environmental predictors and community sensitivity, supporting its
application for future projections.

Across all sliding 5-year validation windows, model performance remained consistently high,
with mean RMSE of approximately 0.05 and MAE of approximately 0.038. The model
maintained strong agreement between observed and predicted values (mean correlation =
0.93; R? = 0.87), indicating good predictive skill even when extrapolating beyond the training
period.

Table 3-2. Mean cross-validation statistics from rolling one-step-ahead approach for final
models predicting community sensitivities to climate change and fishing pressure.
Performance metrics include RMSE (root mean square error), MAE (mean absolute error), bias
(mean difference between observed and predicted values), correlation (Pearson correlation
coefficient between observed and predicted values) and R? values (proportion of variance in
observations explained by model predictions).

Model Rolling validation years RMSE MAE Bias  Correlation R2 observed: predicted

Scc 2013-2020 0.05 0.04 0.02 0.94 0.89

Skp 2013-2020 0.13 0.10 0.01 0.64 0.41
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3.3.3 Sensitivity and risk estimates for CC and FP

Predicted sensitivity for the period 2016-2050 was evaluated for both CC and FP across the
Northeast Atlantic. For Scc, predictions revealed a clear spatial gradient in community-
sensitivity to warming across the north of the study region, particularly the Greater North Sea
and Celtic Seas, while communities in the Bay of Biscay have a higher relative abundance of
traits less sensitive to warming (Figure 3-1). These trends reflect the actual data for present-
day Scc, shown in D4.2 (Rozemeijer et al. 2025). Generally, the change in predicted Scc is small
and mostly declines in future across most of the study region in relation to present-day (Figure
B-7). The width of confidence intervals arounds the Scc predictions remains small, and only a
few grid cells have lower confidence (bottom row, Figure 3-1).

For Sep, present-day predictions generally follow the actual values in D4.2 (Rozemeijer et al.
2025), with specific areas in the central Greater North Sea and Celtic Seas as areas of high
community-level sensitivity to fishing pressure. Sensitivity to fishing pressure increases across
most of the study region over time, which is particularly pronounced in the southern Celtic
Seas (red grid cells in Figure 3-2 and see absolute change in Figure B-7). Once again, it is
important to note that the associated confidence intervals were relatively narrow (bottom
row, Figure 3-2).

The calculated risk associated with climate change was spatially widespread across the study
area in all time periods, with consistently higher risk in the western, southwestern and some
southern shelf regions, and lower risk across much of the central and northern North Sea (top
row, Figure 3-3). The overall general pattern in future periods remained broadly similar to the
baseline. By mid-century however, risk increases slightly and becomes more extensive in some
western and central areas, suggesting that climate-driven risk is likely to remain spatially
persistent and increase modestly over time. Rcc increases across most of the Northeast
Atlantic region (top row, Figure 3-4) with larger increases occurring between present and mid-
century compared to present versus near future.

The calculated risk associated with fishing pressure showed a different spatial pattern, with
higher risk more concentrated across the northern North Sea and around the shelf edges, and
comparatively lower risk in parts of the southern and central regions. This distribution
remained broadly consistent between the baseline (2016—2020) and near-future (2026—2030)
periods, indicating persistence in the main areas of fishing-related risk. By mid-century (2046—
2050), the overall pattern remained similar, although some areas showed slight reductions in
intensity and increased spatial heterogeneity. These changes are more noticeable in Figure
3-4 and Figure B-9 whereby changes in time vary spatially, with the largest increases in Rep
occurring in the southern Celtic Seas.
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Figure 3-1. Projected community-level sensitivity to climate change (Scc) for current, near-future and mid-century using beta GAMs (top panel).
Associated confidence intervals are shown in the bottom panel. See Figure B-7 in the Appendix for maps of absolute change between reference
period and future periods.
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Figure 3-2. Projected community-level sensitivity to fishing pressure (Sep) for current (reference period), near-future and mid-century using beta
GAMs (top panel). Associated confidence intervals are shown in the bottom panel. See Figure B-7 in the Appendix for maps of absolute change

between reference period and future periods.

38



Project: B-USEFUL, EC HEU Grant No. 101059823

2016_2020 2026_2030 2046_2050
60 CC Risk
()
o 55
2
©
- 50
45
-5
Longitude
2026 2030
60 FP Risk
()
o 55
2
©
|

(&)
o

45

-5
Longitude

Figure 3-3. Community-level risk to climate change (CC) and fishing pressure (FP) for current (reference period), near-future (2026-2030) and mid-
century (2046-2050). Risk was calculated by combining the projected community-level sensitivities to CC with normalised SST exposure.
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Figure 3-4. Annual rate of change (linear slope from 1997 to 2050) in climate change (CC)
risk (upper) and fishing pressure (FP) risk (lower). The slope was calculated using a simple
linear model. Red shows an increase in risk, blue shows a decrease in risk.
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3.3.4 Hotspots of future community-level risk to CC and FP

Hotspots of elevated Rccin the baseline period (1997-2020), based on the predicted risk scores
and Getis—Ord Gi* 295% threshold, are concentrated in a band extending across the southern
North Sea, eastern English Channel, and parts of the Celtic Sea, with the highest intensity areas
occurring in more southerly and coastal regions in the Bay of Biscay (red areas in Figure 3-).
This overall pattern persists into the near future, with hotspots remaining spatially coherent
and largely unchanged in extent, although there is a slight intensification and consolidation of
high-risk cells in the central-southern shelf areas. By mid-century, the core hotspot regions
continue to persist, indicating strong temporal stability in the location of highest risk, but with
a modest expansion and increased persistence in some areas, particularly along the western
and southwestern margins of the study region. In contrast, northern areas consistently exhibit
lower risk levels across all time periods, with only limited emergence of hotspots (near the
southern coast of Norway).

The Rep hotspots occurred in a different spatial and temporal patterns compared to the Rec
hotspots (Figure 3-). During the historical period (2008-2020), elevated Rrp is concentrated
primarily in northern areas of the study region, particularly across the northern North Sea and
areas of west Norway and Scotland. There were additional Rge hotspots in the southern Celtic
Seas, which overlap with hotspots of Rcc. In the near future, the northern hotspots persist but
show some contraction and redistribution, with high-risk areas becoming more fragmented
and slightly reduced in spatial extent. The cluster in the Celtic Seas remains, with more grid
cells within the cluster becoming more persistent over time. By mid-century, the spatial
footprint of Rep becomes further reduced and patchier overall, with only isolated high-risk cells
remaining in the northern North Sea. The hotspots in the Celtic Seas become more persistent,
covering a larger area with high risk to fishing pressure.
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Figure 3-5. Hotspots (HS) of community-level risk to climate change (CC, upper panel) and fishing pressure (FP, lower panel) and their persistence
over time for current, near-future and mid-century. Hotspots of highest persistence are shown in red, less persistent in yellow. Current periods

(1997-2020 and 2009-2020) reflect the available data for climate and fishing pressure.
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3.3.5 Spatiotemporal variations of risk centre of gravity (COG)

Recc exhibited distinct spatial shifts among the Northeast Atlantic regions (Error! Reference
source not found.). In the Greater North Sea, the centre of gravity shifted significantly
southward (Sen’s slope, latitude coefficient = -0.00174° year™; Mann-Kendall, p < 0.001) and
eastward (longitude coefficient = 0.00130° year™, p = 0.003). The Celtic Seas also showed a
significant southward (-0.00090° year™, p = 0.014) and eastward (0.00038° year™, p = 0.018)
displacement, although the magnitude of these shifts was smaller than in the Greater North
Sea. In contrast, the Bay of Biscay displayed no significant latitudinal trend (0.00018° year™, p
=0.069), but the centre of gravity shifted significantly westward (-0.00083° year™, p < 0.001).
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Figure 3-6 Temporal trajectories of annual centres of gravity (COG) for Rcc and Rep across the
Northeast Atlantic and in three OSPAR regions between 1997-2050 for CC and 2009-2050
for FP, illustrating the spatial redistribution and directional displacement of projected risk
patterns over time. Region Il = Greater North Sea, region Ill = Celtic Seas, and region IV = Bay
of Biscay (not including Iberian Coast). Red arrows indicate the direction and magnitude of
statistically significant trends in the COG of Rcc and Rep within each region, based on Sen’s
slope estimates (p < 0.05, Mann—Kendall test). Arrow direction reflects the dominant shift in
latitude and longitude, and arrow length is scaled to the rate of change over time.
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The spatial distribution of centres of gravity of fishing pressure risk showed contrasting
patterns among the Northeast Atlantic regions (Error! Reference source not found.). In the
Greater North Sea, no significant latitudinal shift was detected (Sen’s slope = 0.00013° year™;
Mann-Kendall, p = 0.410), although the centre of gravity moved significantly eastward
(0.00261° year™, p < 0.001). The Celtic Seas exhibited a significant northward shift (0.00246°
year™', p = 0.022) coupled with a significant westward shift (-0.00393° year™', p < 0.001). In
the Bay of Biscay, the COG shifted significantly southward (-0.00265° year™, p = 0.003) and
eastward (0.00605° year™', p = 0.001). Overall, the spatial redistribution of Rep differed
markedly from that of Rcc, with no common directional trend across regions. Instead, each
region exhibited distinct patterns of displacement, in contrast to the more consistent south-
eastward shifts observed for Rcc in the Greater North Sea and Celtic Seas.

3.4 Discussion and conclusions

This study provides new evidence for potential spatial and temporal patterns in community-
level sensitivity to climate change and fishing pressure, and their associated risk, across the
Northeast Atlantic into the future. The Scc model performed strongly and suggested that
projected sensitivity to climate change declines slightly in many areas, through time, in line
with decreased prevalence of warm-sensitive and increased prevalence of warm-resistant
species. Changes in Srp are much more spatially heterogeneous but this notably increases in
the Celtic Seas and Bay of Biscay. Notably, we find that climate change is likely to become the
more spatially persistent and temporally consistent source of community-level risk across the
Northeast Atlantic, whereas fishing-related risk is more locally variable and less spatially
coherent through time. Rcc increases across most of the region and remains spatially
persistent, with hotspots concentrated in in southern, western and shelf-associated areas and
becoming slightly more extensive by mid-century. By contrast, Ree is more spatially
heterogeneous, with hotspots concentrated further north and becoming more fragmented
through time, although persistent and increasing areas of risk remain in parts of the Celtic
Seas. Centres of gravity analysis further showed that climate and fishing risks redistribute
differently through space, with Rcc exhibiting more regionally consistent directional shifts than
RFP.

Our model projecting community-level sensitivity to climate change explained a very high
proportion of deviance and showed strong temporal transferability, suggesting that
community sensitivity to climate change is structured by broad, repeatable environmental
gradients that are well captured by location, depth and thermal conditions. This agrees with
regional studies showing that sea temperature is a primary driver of fish community structure
across Northeast Atlantic shelf seas (Rutterford et al. 2022), with depth and spatial variables
as additionally important drivers (Tittensor et al. 2010; Eme et al. 2022), and that future
warming is expected to reorganise assemblages over large spatial scales (Jones & Cheung
2015; Thompson et al. 2023). By contrast, the community-sensitivity to fishing model was
acceptable but weaker, which likely reflects the fact that fishing sensitivity is shaped not only
by environment and community composition, but also by more localised and less easily
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modelled processes which we could not consider in this study, including historical
exploitation, stock-specific management, habitat-specific gear interactions and the patchiness
of fishing footprints. Hence, the predicted increases in community-level sensitivity are much
more heterogeneous in space.

We found that the risk from climate change increased from present day until mid-century.
Community-level sensitivity to climate change is projected to decline in future, so the
increased risk from climate change reflects more the increased exposure from increasing sea-
surface temperatures. The decreasing sensitivity to climate change is consistent with
expectations that communities are adapting to warming by increasing in relative abundance
of species with broader thermal tolerances (Polo et al. 2025). These patterns may be related
to poleward distribution shifts and/or changes in community structure as a result of changing
temperatures (Magurran et al. 2015; MclLean et al. 2019). Previous studies have shown that
regional and local-scale biodiversity patterns were driven by increased productive energy,
especially the benthic-pelagic trophic link (Eme et al. 2022). Diversity changes were driven by
an increasing abundance and diversity of small pelagic species, which then positively impacted
the abundance of demersal species. Our results may be explained by this phenomenon as
smaller, faster-growing species with higher thermal preferences are likely to benefit from
climate warming and hence community sensitivity to climate change would decrease (McLean
et al. 2019). However, a decline in the sensitivity index does not imply ecological relief: it may
instead indicate ongoing restructuring, trait replacement and redistribution of ecosystem
function, while the exposure component of risk continues to rise under continued warming.

A more complex pattern emerged for fishing sensitivity and risk. Patterns in Rep largely reflect
the underlying contemporary fishing exposure layer and therefore remain partly anchored to
the present-day spatial footprint of fishing pressure. This helps explain why Rgp hotspots
broadly resemble current risk patterns from earlier deliverables, D4.2 and D4.3 (Rozemeijer
et al. 2025; Engelhard et al. 2026), and why future change is more modest and spatially uneven
than for Rcc. At the same time, projected increases in community sensitivity to fishing
pressure, particularly in parts of the southern Celtic Seas, suggest that future community
composition in some areas may increasingly favour combinations of traits associated with
greater vulnerability to fishing. This is not entirely straightforward, because warm-affinity
species moving into shelf systems are often smaller-bodied and faster-growing (Cheung et al.
2009; Pereira et al. 2010; Sailley et al. 2025), traits that are commonly associated with greater
recovery potential after fishing mortality (Cheung et al. 2007; Rijnsdorp et al. 2009). For that
reason, the increase in community-level fishing sensitivity is unlikely to be explained simply
by the arrival of individually more fishing-vulnerable species. A more plausible interpretation
is that climate-driven redistribution, the movement of commercially important species, and
shifts in relative abundance are together reweighting the community so that less resilient
components contribute more strongly to the overall sensitivity metric (Rijnsdorp et al. 2009;
Hermant et al. 2010; Le Luherne et al. 2024). In other words, the projected increase in Sgp may
reflect an emergent change in community balance, rather than a simple one-to-one trait
response of the species moving in. This interpretation is consistent with studies showing that
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distributional responses in the Celtic—Biscay shelf are shaped by combined effects of climate,
abundance dynamics and fishing pressure (Le Luherne et al. 2024), and that community
responses are often localised, species-specific and mediated by fisheries management history
(Engelhard et al. 2014; Le Luherne et al. 2024). Ultimately, community recoveries from long-
term fishing are likely incomplete and potentially constrained in the longer term by climate
change.

The hotspot analysis is particularly informative from a management perspective. Climate-
change risk hotspots were more consistently located in southern and central shelf regions and
showed strong persistence through time. The persistence and gradual intensification and
expansion in these regions by mid-century, aligns with well-documented gradients in ocean
warming, stratification, and biogeochemical change across the Northeast Atlantic, where
shallower, more dynamic shelf areas tend to experience stronger and more ecologically
significant climate signals (Schmidt et al. 2020; Holt et al. 2022; Dong et al. 2025). The fact that
these hotspots remain spatially coherent through the near future and mid-century suggests
that they are not transient artefacts of interannual variability but likely represent recurrently
vulnerable areas that warrant sustained monitoring and climate-adaptive management.

The centre-of-gravity analysis adds an important nuance. The southward and eastward
displacement of Rcc in the Greater North Sea and Celtic Seas does not necessarily contradict
the broader literature on poleward species shifts. Rather, it highlights that the analysis
concerns the spatial centre of risk, not the centre of species distributions. In many Northeast
Atlantic studies, individual taxa shift northward or into deeper waters in response to warming
(Perry et al. 2005; Engelhard et al. 2014; Gordd-Vilaseca et al. 2024), but these responses are
far from uniform, and some species or communities show south-eastward, north-westward
or depth-related redistributions depending on local conditions, abundance dynamics and
fishing history (Rubenstein et al. 2023; Le Luherne et al. 2024). A south-eastward shift in the
centre of climate risk may therefore arise if the highest combined values of warming exposure
and community sensitivity increasingly concentrate in southern/eastern shelf areas, even
while some taxa themselves shift poleward. Put differently, the geography of risk can move
differently from the geography of species occurrence, because risk is a composite metric
shaped by both exposure and sensitivity.

Taken together, these results suggest that climate change is likely to represent a more
pervasive and increasingly dominant source of ecosystem risk, while fishing pressure,
although still significant, may become more localised and potentially more manageable
through targeted interventions. From a management perspective, this suggests that climate
adaptation needs to be integrated more explicitly into ecosystem-based fisheries
management and biodiversity conservation (Robinson et al. 2025; Fuchs et al. 2026), with
persistent Rcc hotspots treated as priority areas for monitoring, resilience-building and
potentially adaptive spatial management (Barnett & Baskett 2015). The differing spatial
signatures also imply that areas of overlapping high risk may shift over time, with important
implications for marine spatial planning and ecosystem-based management. In particular,
regions where high climate risk coincides with persistent fishing pressure (southern Celtic
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Seas) may represent priority areas for adaptive management, whereas areas dominated by
climate risk alone may require longer-term resilience-based strategies (Horta e Costa et al.
2025). Overall, the findings reinforce the importance of considering both persistent
environmental drivers and dynamic anthropogenic pressures when assessing future
ecosystem risk and identifying management priorities.

Finally, the study should be viewed as a screening-level forecasting exercise rather than a
definitive prediction of future ecosystem states. The use of a high-emission scenario (RCP8.5),
the absence of dynamic future fishing effort, and the dominance of spatial terms in the models
all indicate that some projected patterns are emergent empirical relationships that likely
integrate unmeasured processes such as habitat differences, species interactions, historical
exploitation and biogeographic legacy. Nevertheless, the strong validation results, especially
for Scc, show that the framework has substantial predictive value for identifying broad
patterns of future sensitivity and risk. In that sense, the main contribution of the analysis is
not to predict exact future community states, but to identify where risk is most likely to
persist, intensify or redistribute, thereby providing a useful evidence base for forward-looking
marine management in a changing Northeast Atlantic.

Ultimately, this work contributes to the development of decision-support tools for marine
spatial planning and biodiversity conservation. By identifying areas of persistently high or
emerging risk, the approach can inform the prioritisation of management actions, including
the design and adaptation of MPAs and other spatial measures. In doing so, it helps address
the broader challenge of ensuring that conservation strategies remain effective under
dynamic environmental conditions driven by climate change and human activities.
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4 Icelandic waters

4.1 Introduction

Iceland is an island nation located in the North Atlantic, and as such receives the influence
from two distinct water masses: the Atlantic, and the Arctic/Polar waters (Stefansson 1962,
Malmberg & Valdimarsson 2003, Jonsson & Valdimarsson 2005). Warm, saline waters are
transported on the Icelandic coastal shelf by the Irminger current coming from the south,
which splits from the Gulf Stream and, after encountering the Iceland-Faroe Ridge, flows
westward. This current then continues flowing clockwise around the island, losing strength as
it reaches its northern coasts (Figure ) (Valdimarsson & Malmberg 1999). This current then
continues flowing clockwise around the island, losing strength as it reaches its northern coasts
(Valdimarsson & Malmberg 1999). Thus, hydrographic conditions on the northern portion of
the coastal shelf are defined by a mixture of Polar (East Greenlandic Current), Arctic (East
Icelandic Current) and Atlantic waters (Figure ), resulting in lower temperature and salinity
than in the south west (Stefansson 1962, Astthorsson et al. 2007).

Figure 4-1. The direction of the Atlantic (red) and Arctic/Polar (light and dark blue) water
masses around Iceland. From Simonarson et al. (2021).

This heterogeneity in predominant water masses has been linked to the presence of two
separate species assemblages: one located mostly to the south and west of Iceland,
characterised by a majority of Atlantic species, and one in the north and east, with a majority
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of Arctic species (Astthorsson et al. 2007, Stefansdéttir et al. 2010, Mecklenburg et al. 2011,
Simonarson et al. 2021). Notably, transport of the Irminger current along northern Iceland is
variable, with years of stronger inflow associated with warmer local water temperatures
(Malmberg & Valdimarsson 2003, Jénsson & Valdimarsson 2005). Changes in the composition
of marine faunal assemblages in response to this variability have been reported in the past
(Vilhjadlmsson 1997, Stefansdottir et al. 2010, Valdimarsson et al. 2012, S6lmundsson et al.
2025), with shifts towards more southern species expected during periods of warming
(Bjornsson & Palsson 2004, Astthorsson et al. 2007, Sélmundsson et al. 2025).

Such community changes might become more frequent and range expansions more persistent
as global temperatures warm due to climate change. The arctic and sub-arctic have been
warming at a fast rate, with the former having warmed almost four times faster than the
global average since 1979 (Rantanen et al. 2022). This has been associated with widespread
shifts in the composition of demersal fish communities around Iceland (Campana et al. 2020,
Valtysson & Jonsson 2018, Solmundsson et al. 2025), off southeastern Greenland
(Emblemsvag et al. 2022) and in the northern Barents Sea (Frainer et al. 2021). Warming-
induced shifts in species composition are expected to carry on into the future as well. For
example, Gordo-Vilaseca et al. (2024) projected high extinction risk for Arctic demersal fish in
the Barents Sea towards the end of the century, if no climate refugia will be available. This
increased extinction risk was projected to be accompanied by an expansion in the range of
southern temperate species. Similar scenarios could occur in Iceland, due to the warm Atlantic
water transport around the island.

The aim of this work is to investigate how Icelandic groundfish species distribution patterns
are likely to change with climate change in near-future decades up to mid-century. To
accomplish this, we estimated the present and future density of biomass of five categories of
marine species also previously analysed in B-USEFUL report D4.3 — Arctic species, commercial
species, IUCN Red List species, species with high sensitivity to climate change, and species with
high sensitivity to fishing pressure (Engelhard et al. 2026). All these species groups are
particularly relevant for marine spatial planning, owing to their sensitivity to anthropogenic
pressures and/or economic importance. Furthermore, we investigated whether the locations
of areas of high importance for the conservation of groundfish diversity are likely to change
substantially from their current position to the future.

4.2 Methods

We used a hurdle model, developed by Golin et al. (in review), to predict both the occurrence
and the biomass of 79 demersal and bathydemersal fish species for the period 2015-2050 and
a 0.083° x 0.083° (0°5’ x 0°5’) resolution of longitude and latitude. The model consisted of a
joint species distribution model (JSDM) fitted within the hierarchical modelling of species
communities framework (HMSC) (Ovaskainen et al. 2017, Tikhonov et al. 2020). To develop
predictions of species distribution, the model used environmental data derived from the
NEMO-MEDUSA coupled hygro-geochemical model runs (Yool et al. 2011, Madec et al. 2024).
As the focus of this study was on the effect of environmental variability on the composition of
groundfish communities we did not include spatial or temporal random effects when
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developing the predictions. More information on model setup, parametrisation and
diagnostics is given in B-USEFUL report D3.1 (Lindegren et al. 2025).

From these predictions we obtained estimates of biomass (kg/km?) for the period 2015-2024
(average biomass, representing the baseline) and for the years 2030, 2040, and 2050. We thus
compared recent and expected distributions in biomass of Arctic species, commercial species,
at-risk species, species sensitive to climate change, and species sensitive to fishing pressure.
To define commercially important and at-risk species we used the information available in the
Fisheries Overview by the Marine and Freshwater Research Institute of Iceland (MFRI 2024)
and the Red List of Threatened Species of the International Union for Conservation of Nature
(IUCN, information accessed through the R package ‘rredlist’) (Gearty & Chamberlain 2025).
To define species sensitive to climate change and fishing we availed of the information
collected and outlined in Rozemeijer et al. (2025), while species with Arctic affiliation were
identified using the information available in both Rozemeijer et al. (2025) and Sélmundsson
et al. (2025). More information on the classification of groundfish species in these five
categories is available in Engelhard et al. (2026).

To investigate expected future changes in the distribution of priority areas for the
conservation of groundfish communities, we compared priority areas identified in 2015-2024
with projected priority areas in 2030, 2040, and 2050. We used the software Zonation 5
(Moilanen et al. 2022) to outline such areas of high priority ranking. Zonation selects priority
areas by iterative ranking and by removing the raster grid cells that can be lost with the
smallest aggregate loss of marine biodiversity (Virtanen et al. 2018). Weights can be
associated to the species distribution rasters to influence the prioritisation algorithm and
specify which features to favour in the prioritisation (Virtanen et al. 2018, Moilanen et al.
2024). The rasters used in the prioritisation all belong to the five categories of groundfish
species that have been outlined above. The same five categories, with subdivisions based on
species-specific depth preferences, were also the target of prioritisation as outlined in B-
USEFUL report D4.3 (Engelhard et al. 2026). The weights and prioritisation settings used in this
analysis are the same as those used for the previous report’s analysis. Because of this, we refer
to that report for additional details on the prioritisation process.

4.3 Results

The five categories of groundfish species (Arctic species, commercially important species, at-
risk species, species sensitive to climate change, and species sensitive to fishing pressure)
differed markedly in their biomass distribution patterns. This was the case both for their
distributions in the recent past (Figure 4-2, left-most maps, Figure 4-3) and as projected for
the future in 2030, 2040 and 2050 (Figure 4-2, middle maps). From 2015 to 2050, modest
changes in biomass are projected for each of the five categories (Figure 4-2, right-most maps).

Arctic species were found — and are projected to be found —in higher densities on the slopes
surrounding the Icelandic shelf (both the northern and southern sections: Figure 4-2, top row),
with commercially important species showing highest biomass levels on the coastal shelf itself
(Figure 4-2, second row). At-risk (IUCN Red List) species were, and are projected to be, mostly
present in both the northern and in the southern sections of the coastal slope, especially in
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the deeper part of its southern section, on either side of the Reykjanes Ridge (Figure 4-2, third
row). Similar patterns were found for species sensitive to climate change and species sensitive
to fishing pressure (Figure 4-2, bottom two rows). High levels of biomass on the southern
slopes for at-risk species, species sensitive to climate change and species sensitive to fishing
pressure corresponded to high estimated population density for roundnose grenadier
Coryphaenoides rupestris. Out of the five categories of groundfish species, only the Arctic
species are projected to decrease in biomass density on the Icelandic continental slope (Figure
4-2, top row). All other categories are expected to undergo an increase in biomass density,
with the seabed surrounding the Reykjanes ridge in the south being the area where the
highest increase in the biomass of at-risk species, species sensitive to climate change and
species sensitive to fishing effort is expected (Figure 4-2).
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Figure 4-2. Estimated biomass levels in five groundfish species categories, in recent years
(2015-2024, left-most maps) and projected for the future (2030, 3040 and 2050); the right-
most maps show the projected change in biomass (from 2015 to 2050) for each of the five
categories. Note that the legend for decadal change in biomass for Arctic species is separate
from the legend for decadal change of all the other groups, to highlight the changes in
biomass of that relatively rare group.

51



Priority curves
2015-2024 2030 2040

1001 Feature

Arclic species, <127m
Arctic species, 432-701m

*Hippoglossus hippoglossus®

‘Species sensitive to climate
change, 432-701m

—— Other

0.004
000 025 050 075 100 000 025 050 075 100 000 025 050 075 1.00 0.00 025 050 075 100
Priority rank Priority rank Priority rank Priority rank

Fraction of distribution covered
=
&

Arctic species, <127m

2015 2030 2040 2050
log1p(kg/km#2)
68°N
¢ L 4 “ L
66°N 2
4°N 5. 5 s 1
62°N

Arctic species, 432-701m

2015 2030 2040 2050
log1p(kg/km#2)
68°N
5
66°N 4 - . 4
] ) - [ 3
% 4 ' N - 7
647N 4 # y 2
1
62°N
0
Hippoglossus hippoglossus
2015 2030 2040 2050
log1p(kg/km”2)
68°N
6
66°N
/ 4
84°N
2
62°N

Species sensitive to climate change, 432-701m

2015 2030 2040 2050
log1p(kg/km”2)
68°N
5
66N 1 £ - - 4
n y 3
64°N 2
1
62°N
]
30°W 25°W 20°W 15°W 10°W 30°W 25°W 20°W 15°W 10°W 30°W 25°W 20°W 15°W 10°W 30°W 25°W 20°W 15°W 10°W

Figure 4-3. Detailing how the different categories contribute to the final prioritisation.

Priority areas for the conservation of groundfish communities are shown in Figure 4-4. For the
baseline period 2015-2024, high-priority areas were identified mainly on the Icelandic coastal
shelf, and on the southern section of the continental slope of Iceland (shaded light-yellow in
Figure 4-4 A). In future decades, patterns in priority ranking are projected to undergo large
changes (Figure 4-4Figure B-E). Areas expected to increase in priority score, include the
Iceland-Faroe Ridge, as well as several sections of the northern Icelandic coastal shelf and
slope. On the other hand, areas expected to decrease in priority ranking, include the
Greenlandic coastal shelf, as well as the southern section of the Icelandic coastal slope and
the easternmost section of the Icelandic coastal shelf (Figure 4-4 B-E).

52



Rank difference 2030 - baseline

68°N 68°N (
Rank ] A rank
6N 075 Z6EN RS Y . 05
2 2 2 1 A
2 050 2 3 ) 0.0
L L 2
64°N < 025 64°N e - 05
0.00
62°N 62°N
30w 25w 20w 15°W 10°W aow 25w 20m 15°W ow
Longitude Longitude
c ) . D ' .
Rank difference 2040 - baseline Rank difference 2050 - baseline
68°N 4 ( 68°N
A rank B A rank
[}
§ 66°N R N Y : . 05 § 66°N % 5 05
2 > 2~ ( 2 >y (
= H::Z‘ <3 0.0 £ i 0.0
] “ 7\ 5 ¥ )
64°N4 J I 0.5 J Y 0.5
’ ¥ - o -
62°N 62°N
30'W 25I w ZOIW 15’\“‘»’ 10'\.’\/ 30°W 25I A ZOIW 15‘ w WO'W
Longitude Longitude
E i v :
Decadal trend in priority rank baseline to 2050
68°N 4
Trend
S
© 66°N ™ 5 4 Ill 0.2
© ~ & 4
2 2.8,
] E 0.0
S e
64°N < A, Il 02
62°N 4

20°wW 15°W 10°W

Longitude

30°W 25°W

Figure 4-4. Priority rank for the conservation of Icelandic groundfish communities during the
baseline 2015-2024 (A), with light-yellow indicating highest-priority areas; and the change
in rank from the baseline to 2030 (B), 2040 (C), and 2050 (D). The decadal trend in priority
ranking is reported in (E).

4.4 Discussion and conclusions

This study investigated projected future changes in the distribution of biomass for five
categories of groundfish species around Iceland: Arctic species, commercially important
species, at-risk species, species sensitive to climate change and species sensitive to fishing
pressure. The results show that the overall biomass levels of at-risk species, species sensitive
to climate change and species sensitive to fishing are expected to increase in the same
locations where biomass is currently at its highest levels, i.e. the continental slope surrounding
the Reykjanes Ridge, in the southwest of the study area. This increase is mostly attributable
to the projected increase in biomass of the roundnose grenadier Coryphaenoides rupestris.
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This species has been categorised as Endangered (Cook et al. 2015) as well as being both
sensitive to climate change and fishing pressure (Rozemeijer et al. 2025). The present-day
biomass distribution and projected increase of this single species are closely linked to the
current biomass distribution and projected increases for these three categories as well, of
which this species forms an important component. Roundnose grenadier is an Atlantic species
(Sélmundsson et al. 2025), which means that an increase in seawater temperatures is likely to
cause a biomass increase of this species around Iceland. Moreover, it is also a bathydemersal
species, accordingly, a warming trend is also expected for the bathyal zone in the Icelandic
seas. On the other hand, Arctic species are expected to decrease in biomass, especially where
these are currently mainly found: the continental slope of Iceland. These findings are in line
with the observed borealisation of continental slope communities in co-occurrence with
increasing temperatures as reported for nearby eastern Greenland (Emblemsvag et al. 2020,
2022). It is likely that a similar process to the one observed in this neighbouring region is
occurring in the Icelandic seas as well, and that the next decades will see an increase in the
biomass of groundfish species with southern affiliation.

In turn, these projected changes in groundfish community composition have implications for
the distribution of areas of high priority for conservation of groundfish. Expected trends in
priority ranking are quite large for some areas, reaching an absolute value of 0.2-0.3 per
decade while the total possible range in priority ranking is 0-1. These large changes in priority
ranking are expected also in areas for which no large trends in biomass for the five categories
of species are projected. For example, none of the five categories are projected to undergo a
great increase or decrease in biomass on the Iceland-Faroe ridge, in the southeast of the study
area. However, the priority ranking of this area is expected to increase by ~0.5 by 2050. While
this would seem incongruous, the explanation is probably found in how Zonation 5 works: as
areas of high biomass in all (or most) of the five categories are the most favoured by the
prioritisation algorithm, a decrease in biomass for some (or all) categories in certain parts of
the study area mean that the algorithm will reward the areas where biomass of all categories
has been maintained. These areas might effectively constitute climate refugia that can provide
protection from global environmental changes (Roberts et al. 2017, Beyer et al. 2018).

Special attention needs to be given to the Arctic species. The approach of assigning priority
areas uses the sum of the rankings for 5 categories (Arctic species, commercially important
species, at-risk species, species sensitive to climate change, and species sensitive to fishing
pressure). Figure 4-2 shows 4 categories generally increasing and only one (Arctic species)
decreasing. As a result of summing the importance of Arctic species is not acknowledged in
the prioritisation process in many regions. Figure 4-2 also shows important decreases in Arctic
species especially on the slopes; dedicated measures seem therefore necessary for this
category. Some climatic refugia for Arctic species might be found in the northern part of the
study area, in the sites highlighted by an increase in the priority ranking. Protection of such
sites can contribute to the resilience of Icelandic groundfish species sensitive to
environmental changes and can thus safeguard the resilience of ecosystem functioning to
climate change.

This phenomenon also shows that the developments of each category in time and space
should be analysed at their own merits as well.
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It is acknowledged that the baseline (2015-2024) predictions of biomass for these five
categories of groundfish species are different from those presented in report D4.3 for
comparable time periods (Engelhard et al. 2026). This is probably due to several factors. First,
the predictions of biomass distribution presented here were developed using an
environmental data product different from that used for report D4.3. The present analysis
used NEMO-MEDUSA data, while the D4.3 analysis used Copernicus data products
(Copernicus Marine Service 2025a, 2025b). NEMO-MEDUSA was chosen here over Copernicus,
as the latter could not provide future estimates of environmental covariates. Second, contrary
to the predictions developed for D4.3, the newer predictions were not developed using
information on spatial and temporal random effects. The lack of random effects in developing
the species distribution predictions eliminates the bond between species and specific
locations and vyears, effectively allowing for a much larger degree of freedom in the
spatiotemporal distribution of occurrence probability and biomass of the 79 groundfish
species. A possible sensitivity analysis would be to re-develop the predictions of species
distribution from NEMO-MEDUSA data but with the inclusion of the spatial and temporal
random effects, and then to repeat the same steps of this analysis to compare those results
with the ones shown here.
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5 Projected risks from invasive species in the Mediterranean

5.1 Introduction

Biological invasions are severe disruptors of marine ecosystems, comparable in magnitude to
overexploitation, habitat destruction, and pollution (Edelist et al., 2013). Climate change is a
major driver of marine bio-invasions, reshaping communities worldwide and leading to the
rapid homogenisation of marine assemblages across multiple regions (Molinos et al. 2015,
Angeles-Gonzalez et al. 2026). Among all regions, the Mediterranean stands out as the most
invaded sea by a significant margin, with over a thousand marine non-indigenous species (NIS)
recorded to date (Azzurro et al. 2022, Zenetos et al. 2022, Galanidi et al. 2023). Alien species
enter the Mediterranean through natural (or anthropogenically assisted) dispersal from the
Gibraltar Strait, through Port Said via the Suez Canal, through ship fouling or ballast waters,
via aquarium releases, or via aquaculture escapes (Katsanevakis et al. 2013). The species that
enter the basin through the Suez Canal are frequently referred to as “Lessepsian”
species/migrants, commemorating the French diplomat’s role, Ferdinand de Lesseps, in the
construction of the Canal (Por 1971).

Climate change is expected to further facilitate the spread of Lessepsian species by weakening
thermal barriers and creating increasingly favourable conditions across the Mediterranean
Sea. This process is already transforming native communities in parts of the Eastern
Mediterranean, where invasive herbivores, predators and toxic species have affected
biodiversity, habitats, ecosystem functioning, fisheries and human health (Katsanevakis et al.
2014; Galanidi et al. 2018; Bédry et al. 2021). Sea warming, through the progressive weakening
of climatic barriers, has assisted the spread of the Lessepsians around the Mediterranean
(Azzurro and D’Amen 2022, Azzurro et al. 2022, D’Amen et al. 2022). Moreover, through the
cause of climate-driven range contractions of native species, sea warming has also weakened
the biotic barriers on the Lessepsian expansion (Clark et al. 2020, Albano et al. 2021). To date,
these NIS have proliferated as far west as Gibraltar and as far north as the Gulf of Trieste in
the Adriatic (Azzurro 2023). The rate of spread of some of these species has been staggering,
approaching 1000-1500 km per year in the case of the blue-spotted cornetfish Fistularia
commersonii, which was able to colonise almost the entire basin in seven years from its first
confirmed sighting in the Mediterranean (Azzurro et al. 2013). As warming continues, the
expansion front of NIS is likely to move further northward and westward, increasing the
probability of interactions with marine protected areas, fisheries restricted areas and juvenile
fish nursery grounds.

These interactions are particularly important for conservation planning. Marine protected
areas (MPAs) can help reduce human pressures and support ecosystem resilience, but they
may also provide refuge for invasive populations if no specific control measures are
implemented. The establishment of the Lessepsian NIS has led to a variety of negative
interactions with MPAs as well as with habitats critical for early life-stages of key foodfish
species. Invasive herbivorous fish have caused intensive deforestations along several locations
of the eastern and central Mediterranean Sea, with abrupt impacts and a multitude of
negative cascading effects (Katsanevakis et al. 2018, Giakoumi et al. 2019, Dimitriadis et al.
2021, 2024). Invasive predatory species can also cause local native species extirpations, if their
populations are left unmanaged (Galanidi et al. 2018). Climate change is expected to
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exacerbate these interactions as MPA susceptibility to invasions increases basin-wide
(D’Amen and Azzurro 2020). In addition, MPAs and fisheries-restricted areas may serve as safe
harbours or unintended major feeding grounds for harmful NIS, assisting in the establishment
of large NIS populations and their propagation further into the basin (Galil 2017, Giakoumi et
al. 2019, Kleitou et al. 2024). This ultimately complicates biodiversity conservation efforts in
the area, as the potentially beneficial effects of fishing effort reductions, which are already
projected to diminish due to future sea warming (Corrales et al. 2018), must be coupled by
NIS-specific management actions lest their populations increase massively (Kleitou et al.
2024).

The present study builds on our previous work (Rozemeijer et al. 2025, Engelhard et al. 2026,
Hidalgo et al. 2026). It projects the future occurrence probability of Lessepsian species under
a high emission climate scenario and assesses how alternative fishing pressure scenarios may
influence their expansion. It also examines projected changes in juvenile fish diversity and the
persistence of nursery grounds in the Central and Eastern Mediterranean. The specific
objectives are:

1. To project the potential future expansion of Lessepsian NIS in the Central and Eastern
Mediterranean up to 2050.

2. To assess how future warming and alternative fishing effort scenarios may affect their
occurrence probability.

3. To evaluate projected changes in juvenile fish diversity and nursery ground locations,
in relation to projected NIS hotspots.

We then discuss management implications for marine protected areas, fisheries-restricted
areas and sensitive nursery habitats.

5.2 Methods

Benthic nekton data (fishes, molluscs, crustaceans) from the Mediterranean International
Trawl Surveys (MEDITS) from 1999 to 2021 were used to construct Lessepsian NIS
presence/absence generalised additive models (GAMs), as detailed in Chapter 9 of Deliverable
4.2 (Rozemeijer et al. 2025). As covariates we used monthly averaged environmental variables
from the Copernicus Marine Environment Monitoring Service (CMEMS) Mediterranean Sea
Physics (Escudier et al. 2021) and Biochemistry (Teruzzi et al. 2021) Reanalysis products, as
well as annual fishing pressure indices calculated through the Multi-Criterion Decision Analysis
(MCDA) tool developed during RDBFIS-II (Kavadas et al. 2015, 2025). The MEDITS dataset, up
to 2021, is only sparsely populated by a small minority of the introduced Lessepsian species in
the Mediterranean, therefore we aggregated their occurrences at haul level and considered
hauls with at least one Lessepsian NIS as a presence, and hauls without any Lessepsian NIS as
an absence. Two models were made, a) a simple spatiotemporal model, with haul coordinates,
depth and year as predictors; and b) an environmental model, with the winter — summer sea
surface temperature interaction, surface salinity, depth, trawling fishing pressure index and
year as predictors (Rozemeijer et al. 2025).

We then used RCP8.5 (high-emissions climate change scenario) bias-corrected environmental
modelled data (POLCOMS/NEMO-ERSEM) (Kay et al. 2020) to make future projections on the
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Lessepsian NIS occurrence probability, up to 2050. Because two different environmental
covariate datasets were used, we applied a bias correction to the projected data to match
their mean with the historical data baseline (Kuehn 2023). For fishing effort, three scenarios
were considered, a) a “baseline” scenario, where fishing effort was assumed to stay constant
at 2021 levels, b) a “reduced” fishing effort scenario, where a 15% universal decrease in effort
was assumed, and c) an “increased” fishing effort scenario, with a 15% universal increase in
effort. Subsequently, we calculated the NIS occurrence probability in the Central-Eastern
Mediterranean, from 2000, and for every five years, up to 2050 (except for 2045 due to data
unavailability). The spatial predictions were made on a 0.1° square grid (same as the resolution
of the environmental data) and up to 1000 m in depth. To compare the effect of fishing effort
on the projected occurrence of Lessepsian NIS, we calculated the probability difference
between the “reduced” and the “increased” fishing effort scenarios from the “baseline”
scenario.

In addition, we explored possible future shifts in the locations of fish nursery grounds as well
as changes in the juvenile fish alpha diversity, for the same fishing effort scenarios under
RCP8.5. We used Hierarchical Models for Species Communities (HMSC) (Ovaskainen & Abrego
2020) to model 60 juvenile and 44 adult life stages of 61 unique species in the Central-Eastern
Mediterranean, as described in Chapter 5 of Deliverable 3.2 (Hidalgo et al. 2026). We then ran
the spatial hindcasts and forecasts using the same grid resolution and datasets as above, with
the exception of fishing pressure, which was the sum of trawling, purse seine and small-scale
fisheries indices, rescaled back to [0, 1] range. These predictions were then used to calculate
the juvenile fish Shannon diversity (H), species richness (R) and Pielou’s evenness (J’) indices.
Mann-Kendall trend tests were used to find monotonically significant trends per grid cell and
for every index (Mann, 1945). Finally, to identify the fish nursery grounds in the area, we first
normalised the juvenile life stages’ abundances to unit variance, by dividing each value with
the annual standard deviation of each species, and then summarised the normalised
abundances into a single juvenile abundance index (Hidalgo et al. 2026). This index was then
used to find local areas of spatial dependence by calculating the Getis-Ord Gi* statistic for
each year. The analysis was run on Queen’s contiguity spatially weighted neighbours for 20000
simulations, to ensure consistency. Hotspots (grid cells with Gi*>0) were identified at two
significance levels (p <0.05 and p <0.01).

All analyses were done in R (v. 4.5 to 4.6). The R packages ‘mgcv’ (v. 1.9-4) and ‘Hmsc’ (v. 3.3-
7) were used to run the GAM and the HMSC model predictions, respectively. Alpha diversity
indices were calculated with the help of the R package ‘vegan’ (v. 2.7-3). Mann-Kendall trend
tests were conducted through the ‘Kendall’ R package (v. 2.2.2), and the Getis-Ord Gi* statistic
was calculated with the help of the ‘sfdep’ R package (v. 0.2.5).
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5.3 Results

According to the simple spatiotemporal GAM projections, Lessepsian NIS will continue to

proliferate further north and west from locations where they already established a

permanent presence (
Figure 5-1). By 2050, projections indicate that the probability of catching a Lessepsian species
will be significant as far north as the southern Adriatic and the northwestern Aegean Sea, and
as far west as western Sicily. Additionally, in areas such as Cyprus, Crete, southern Aegean,
eastern lonian and the southern coasts of Sicily, the occurrence probability is projected to
approach unity by 2050, suggesting the establishment of permanent and large populations of,
probably multiple, Lessepsian species in these areas.

Simple spatiotemporal model

robabilit
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Figure 5-1. Projected Lessepsian NIS occurrence probability in the Central-Eastern
Mediterranean based on simple spatiotemporal GAM, under the “baseline” (constant)
fishing effort scenario, for 2030, 2040 and 2050, compared to the 2020 extent. This figure
denotes the rate of spread of these NIS towards the western and northern part of the
basin (i.e. the speed of the migration).
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The environmental GAM model, which was influenced predominantly by temperature and
salinity variations, and to a much lesser degree by year (Rozemeijer et al. 2025), indicated that
future climatic conditions will become more favourable for the Lessepsians, facilitating their
spread. Their occurrence probabilities modelled for 2020, and projected for 2030, 2040 and
2050 (assuming no change in fishing effort since 2020), are shown in (

Figure 5-2).

Environmental model
2020
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Figure 5-2. Projected Lessepsian NIS occurrence probability in the Central-Eastern
Mediterranean of the environmental GAM, under the “baseline” (constant) fishing effort
scenario, for 2030, 2040 and 2050, compared to the 2020 extent. This figure denotes
mainly the effects the climatic variables (sea surface temperature and salinity) have on
the occurrence probability of Lessepsian migrants.

Projected occurrence probabilities under two scenarios assuming either increased or
decreased future fishing effort, tested through the environmental GAM, are shown in Figure
5-3. These indicated that reducing trawling fishing pressure by 15% is projected to mildly
reduce the occurrence probability of Lessepsian NIS by 2050, with increasing fishing pressure
by the same amount having the opposite effect (

Figure 5-3).
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Figure 5-3. Effect of a 15% increase (left) or reduction (right) in fishing effort on the
occurrence probability of Lessepsian NIS on the year 2050, according to the environmental
GAM projections. The effect is expressed as the probability difference from the “baseline”
(constant) fishing effort scenario.

Juvenile fish alpha diversity is projected to show fluctuations over time in all indices, with few
grid cells showing monotonically significant trends by 2050; nevertheless, several consistent
patterns emerged. Up to 2050, notable drops in juvenile fish Shannon diversity (H) and
Pielou’s evenness (J’) are projected along the southeastern Adriatic coasts, in the northern
Adriatic west of Istria, at several locations along the slope waters and southern coasts of Sicily,
with sporadic drops in the southern Aegean and central-eastern lonian Seas (Figure D-1 and
Figure D-2). Conversely, notable increases in juvenile fish diversity and evenness are projected
in intermediate and deep waters of the northern Aegean Sea and at various locations around
Cyprus (Figure D-1 and Figure D-2). Concerning species richness (R) in juvenile fish, no patterns
remained monotonically significant by 2050. Regardless, the central Adriatic Sea, Crete, and
southeastern Aegean Sea (between the islands Samos and Kos) are projected to suffer a net
loss in species richness (Figure D-3).

According to projections, a 15% reduction in fishing pressure will have a predominantly
positive effect on juvenile fish alpha diversity across all three indices (Figure D-4). In contrast,
a 15% increase in fishing pressure will result in losses in diversity and evenness in the northern,
western and southeastern Adriatic, in the south Sicilian coasts, in the eastern lonian, in the
northern Aegean and in the southern coasts of Cyprus (Figure D-5). Interestingly, this increase
will have a positive effect on species richness compared to the “baseline” (constant) fishing
pressure scenario (Figure D-5).

Finally, the locations of fish nursery grounds in the Central-Eastern Mediterranean are
projected to remain largely constant between the present and 2050 (
Figure 5-4: with red zones indicating juvenile fish hotspots). Projections for 2030, 2040 and
2050 fluctuate slightly on the significance level of the hotspots; however, the general area
demarcations are projected to remain remarkably stable.

61



Juvenile fish nursery grounds (hotspots)
Constant fishing effort scenario

2020

45°N

40°N+

35°N
hotspot
no pattern
45°N coldspot

40°N+

35°N

15°E  20°E  25°E  30°E  35°E  15°E  20°E  25°E  30°E  35°E

Figure 5-4. Juvenile fish nursery grounds (hotspots) and coldspots in the Central-Eastern
Mediterranean for 2020 (hindcast), 2030, 2040 and 2050 (forecasts). Darker colours
denote significance at o = 0.01 and lighter colours at « = 0.05.

5.4 Discussion and conclusions

The so-called Lessepsian migrants have become a common sight in the Eastern Mediterranean
Sea (Azzurro & D’Amen M 2022; Azzurro 2023), as corroborated in our previous work showing
that active NIS hotspots now reach are as far north as Corfu Island (lonian Sea) and as far west
as Sicily (Engelhard et al. 2026). This new study, projecting into near-future decades, indicates
that Lessepsian NIS will continue expanding rapidly northwards especially into the Adriatic,
and westwards establishing a strong presence in the shelf waters along the Strait of Sicily.
Future climatic conditions (namely, sea surface temperature and salinity) are projected to
favour this expansion. Unavoidably, this will increase NIS interactions with fish nursery
grounds, which are projected to remain mostly where they presently are in the Central-
Eastern Mediterranean, up until 2050. Furthermore, losses in juvenile fish alpha diversity are
projected for areas including the southeastern Adriatic coasts, coasts of Sicily, eastern lonian
and southern Aegean Seas, and Crete; these losses might get exacerbated due to NIS impacts.
Fishing pressure reductions may alleviate this, as a 15% reduction in fishing effort is predicted
to result in a drop in the Lessepsian NIS occurrence probability and a net gain in juvenile fish
alpha diversity.

Our Lessepsian NIS models are subject to some limitations that should be addressed. The
simple spatiotemporal GAM was initially made for the purpose of using a data-poor dataset
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to map the occurrence probability of these NIS in the Mediterranean from 1999 to 2021, by
putting constraints on their distribution through the inclusion of haul location and depth as a
penalised tensor and smoother respectively, and using year as the main forcing driver to
simulate an ongoing process. Therefore, this model did not put any environmental constraints
on the Lessepsians’ occurrence probabilities, other than depth (which is static), and cannot
inform how future climatic conditions will shape their distributions around the basin. This
model is more useful to gauge the speed and direction of the Lessepsian expansion, i.e. where
and when these NIS will be present in the basin, assuming the absence of potent
environmental barriers. Furthermore, because we were forced to aggregate the Lessepsians
under a single binary variable due to data density constraints, the modelled occurrence
probability loses its informative value once it saturates in an area. In other words, the model
informs that a Lessepsian NIS observation will be guaranteed in that area, but gives no
information on which species, how abundant or how damaging they will be.

On the other hand, the environmental GAM incorporates variables such as surface
temperature, salinity, and trawling pressure. Consequently, it can help determine whether
environmental and/or anthropogenic barriers or drivers are influencing the expansion of
Lessepsian species. This model though, does not include an explicitly spatial factor that can
inform better on the direction of the expansion, and the year effect is much less influential by
comparison, making it less informative regarding the speed of the expansion. Instead, the
environmental GAM projections are more useful for observing how climate change will benefit
the Lessepsians, by making conditions more favourable for these species around the basin,
and for testing the effect of fishing effort reductions or increases on their probability of
occurrence. Finally, neither of our models include biotic interactions, which can be important
(Mellin et al. 2016) but are largely unknown for most of the Lessepsian species in the
Mediterranean. It is expected that, as time passes and Lessepsian NIS continue to proliferate
across the Mediterranean, they will also be sampled more frequently during the MEDITS
surveys, increasing data density and allowing for the construction of better, more
sophisticated models that can inform on both species’ abundances and their vector of
expansion, as well as allowing species-specific analyses.

Despite these, arguably, severe limitations, we are fairly confident that the rate of the
expansion the simple spatiotemporal model predicts is realistic and in line with other,
previously published models (Coro et al. 2018; D’Amen & Azzurro 2020; Loya-Cancino et al.
2023; Mitchell & Almela 2025), albeit on the conservative side due to the low catchability of
these NIS in trawls. Occurrence records for harmful Lessepsian NIS such as the silver-cheeked
toadfish Lagocephalus sceleratus, the blue-spotted cornetfish Fistularia commersonii and the
common lionfish Pterois miles, show that these NIS have already expanded across the entire
Mediterranean (Ulman et al. 2021, Azzurro et al. 2022, Azzurro 2023, Bottacini et al. 2024,
Ivesa et al. 2025). It is expected that impacts of these NIS will start to materialise in the Adriatic
and western Mediterranean Sea sooner rather than later. We can also be fairly confident that
future climatic conditions are bound to favour the Lessepsians, mostly through the weakening
of the low water temperature barrier that several locations around the Mediterranean
currently still exhibit during winter. There is now extensive evidence of climate change
benefiting invasive and thermophilic species, not only in the Mediterranean, but globally
(Molinos et al. 2015, Clark et al. 2020, D’Amen & Azzurro 2020, Albano et al. 2021, Angeles-
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Gonzalez et al. 2026). Sea warming is expected to lead to rapid large-scale biotic
homogenisations across the globe, severely compromising conservation schemes built on
assumptions that are becoming progressively irrelevant under the future biodiversity
landscape (Molinos et al. 2015, D’Amen & Azzurro 2020, Engelhard et al. 2026).

One of the most important aspects of marine biodiversity conservation efforts will be the
protection of fish nursery grounds across the Central-Eastern Mediterranean. Thankfully,
according to our models, the nursery ground locations will persist largely unchanged in the
sub-basin, making spatial prioritisation easier. The spread of the Lessepsians will certainly
create complications towards this goal. As shown here and in our previous work (Engelhard et
al. 2026), these sensitive habitats have already been compromised by the presence of NIS in
Cyprus, the southern Aegean and eastern lonian Seas. Serious NIS impacts on these habitats
have already been reported in these areas (Katsanevakis et al. 2018, Giakoumi et al. 2019,
Dimitriadis et al. 2021, 2024). According to our model results, the expansion of the Lessepsian
migrants is projected to reach the southern Adriatic, the northern Aegean and the south
Sicilian nursery grounds within the few coming decades. The go-to solution for the
management of such habitats has been assigning them under some level of protection status,
prohibiting certain or all human activities in the area. Indeed, there is merit for such
approaches since our analyses showed that mild reductions in the overall fishing effort can
have positive effects in both juvenile fish alpha diversity and in reducing the occurrence
probability of NIS, in agreement with previous studies in the Mediterranean (Corrales et al.
2018, Clark et al. 2020). However, overall reductions in fishing effort are conceptually and
substantively quite different from localised fisheries closures. Total prohibitions of fishing
activity may lead to the opposite of the desired effect, potentially increasing the presence and
the abundance of NIS inside protected areas (Galil 2017, Giakoumi et al. 2019, Kleitou et al.
2024). Therefore, fisheries closures should be always coupled by specific NIS management
plans that include targeted removals of harmful NIS, public engagement and, ultimately, the
economic exploitation of these species (Kleitou et al. 2021, 2024, Ulman et al. 2022).

In conclusion, the projections indicate that the Lessepsian migrants, marine species of Indo-
Pacific origin that include several invasive species, are likely to continue expanding northward
and westward across the Mediterranean during the coming decades. By 2050, these non-
indigenous species are projected to establish a strong presence in the southern Adriatic and
across the shelf area south of Sicily, while remaining highly prevalent in the Eastern
Mediterranean, including Cyprus, Crete, the southern Aegean and the eastern lonian Sea.
Future sea warming is expected to facilitate this expansion by making climatic conditions
increasingly suitable for thermophilic invaders. The projected spread of Lessepsian species is
particularly concerning because juvenile fish nursery grounds are expected to remain
relatively stable in space. This stability is useful for spatial prioritisation, but it also means that
nursery habitats may become increasingly exposed to invasive species as the invasion front
progresses. Areas such as the southern Adriatic, south Sicily, the eastern lonian, the southern
Aegean and Crete should therefore be treated as priority zones for monitoring and adaptive
management. The fishing pressure scenarios suggest that moderate reductions in fishing
effort may contribute to lower occurrence probability of Lessepsian species and may benefit
juvenile fish diversity. However, broad reductions in fishing effort should not be confused with
local fisheries closures. In invaded areas, closures without active invasive species management
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may unintentionally favour the build-up of invasive populations inside protected areas.
Consequently, spatial protection in the Mediterranean should be coupled with specific
management plans for non-indigenous species, including early detection, targeted removals,
public engagement, fisher involvement and the development of selective fishing practices
where appropriate. Overall, the management of Lessepsian species should become an explicit
component of Mediterranean conservation planning. Marine protected areas and nursery
grounds cannot be managed only by reducing conventional human pressures. They must also
account for the changing biogeographical context produced by climate warming and biological
invasions. This requires adaptive, site-specific and species-specific strategies that combine
biodiversity protection with active control of harmful invasive populations.
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6 General discussion and management implications

6.1 Brief synopsis of key findings

This deliverable provides a forward looking assessment of projected risks and vulnerabilities
of marine species and communities across selected European regional seas. Building on the
trait-based sensitivity and risk framework developed in WP4, the analyses presented here
move from retrospective assessment towards scenario-based projections for the coming
decades up to mid-century. An innovative methodology was applied to map hotspots of
biodiversity, marine communities’ sensitivity, vulnerability, and risk to fishing pressure and
climate change across Europe’s regional seas. Across the Mediterranean Sea, Northeast
Atlantic and Icelandic waters, the results show that future ecological risk will be shaped by
both the persistence of current vulnerability patterns and the gradual spatial redistribution of
species, communities, sensitivities and pressures under future climate change. Overall, this
means that mid- and long-term conservation planning and fisheries management at basin-
and area-specific scales should not rely only on present-day hotspot maps, but should
consider projections, their uncertainties, and regular monitoring.

6.2 Strengths and weaknesses

The main strength of this deliverable is the integration of trait-based sensitivity indices with
spatially explicit environmental projections, exposure layers and hotspot analyses. This allows
risk to be assessed not only as a function of external pressures (also referred to as ‘hazard’),
but also as a function of the biological characteristics of the communities exposed to that
pressure (i.e. sensitivity). The framework is therefore useful for identifying areas where
ecological vulnerability or risk may persist or intensify in the future.

A further strength is that the spatially explicit maps describing projected risks and sensitivities
are useful for evaluating the designation and management of MPAs. In our previous
deliverable report (D4.3) we already showed that sensitivity or risk hotspots may shift over
space and time as a result of climate-driven range shifts of species, thereby both informing
and complicating evaluation and decision-making (Engelhard et al. 2026). The maps on
projected risk hotspots may provide additional information to support the inherently complex
decisions around MPAs, FRAs and OECMs, which require a balancing of stakeholder,
management, and conservation interests.

One limitation is that our maps on projected biodiversity hotspots describe sensitivities and
risks to two (arguably highly dominating) key pressures only — climate change and fishing (Polo
et al. 2025). However, other important drivers are also impacting marine life; these include
pollution, marine traffic, oil and gas extraction, aggregate dredging, offshore windfarms,
recreational activities, and further pressures (Kenny et al. 2009, 2018; Tiano & Rozemeijer in
Lindegren et al. 2025, Piet et al., 2023). As also highlighted previously (Engelhard et al. 2026),
a possible extension of this research would be to include sensitivity and risk maps to these
other anthropogenic pressures (e.g. dredging, Piet et al. 2023), and so obtain more integrated
maps of the risks to marine biodiversity. Ideally, such an extension would incorporate future
projections of these other important pressures on marine life —some of which might increase,

66



TS
mIRNG
iy
o

Ugee

=J/ Project: B-USEFUL, EC HEU Grant No. 101059823

others decrease in the future, partly depending on future climate change, fisheries multi-
annual management plans and socio-political scenarios (Pinnegar et al. 2021).

An important limitation is also that future projections depend on the quality and resolution of
the available environmental and biological data. There is considerable uncertainty in future
climate projections; these should be seen as ‘possible futures’, not as definitive predictions of
most likely trajectories (Pinnegar et al. 2021). Moreover, the only climate variable included
here was temperature, while other environmental changes such as salinity, ocean currents,
wind speed and storms are also likely to impact marine species and communities. It should
also be acknowledged that the model’s sliding window validation approach was limited in the
total duration over which the ability of the GAM to project could be calibrated. As existing
models indicate declining model ability when tested into the future (Rutterford et al. 2015),
we have lower confidence in the model projections beyond 5 years and increasingly to 2050.

Several other limitations should be acknowledged. First, fishing effort scenarios remain
difficult to define consistently across regions, and in several analyses fishing exposure had to
be held constant or simplified. Second, the communities explored here are primarily the
surveyed demersal species of the case study areas, which do not include a wide range of
taxonomic and trait-based diversity, including seabirds, marine mammals, phyto- and
zooplankton, and infauna. Third, important habitats and communities were not included in
the analysis, such rocky grounds, sites very close to the coast, or deep-sea areas. Fourth,
projections of community sensitivity do not fully account for biotic interactions, behavioural
adaptation, evolutionary responses, or unexpected ecological thresholds. Fifth, the taxonomic
focus differs among regions. All these considerations mean that the results should be
interpreted as regional case studies rather than a fully harmonised pan-European assessment.

Despite these limitations, the analyses provide a useful screening-level framework for
identifying future risk and sensitivity patterns and management priorities. They have defined
more or less persistent risk hotspot areas over time, which may be seen as ‘no-regret’ areas
regarding targeted management action. The resulting sensitivity and risk maps should not be
seen as definitive predictions or concrete forecasts of future ecosystem states, but rather be
part of the evidence to support decisions, guide management and further targeted analyses.

6.3 Management implications per basin

At the core of B-USEFUL is the intention to provide tools for policy making on marine
biodiversity. The following section provides a range of take-home messages for biodiversity
policy makers and area managers, emerging from this report’s focus on future projections of
sensitivity and risk hotspots for marine biodiversity. First, we highlight key messages and
management implications at the basin or area level; next, the implications beyond basins or
areas are presented, valid more widely across European regional seas and beyond.

6.3.1 Maediterranean Sea
What are the key findings?

e The Mediterranean Sea case study has projected how climate change- and fishing-
related sensitivity (Scc, Srp) and risk (Rcc, Rep) may evolve for Mediterranean demersal
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communities under a high-emission scenario (RCP8.5). Overall, the results suggest that
previously identified spatial patterns of risk are likely to persist, with moderate
changes at the basin scale but local intensification in specific hotspot areas.

Although projected shifts in risks are generally moderate, risk is expected to increase
in several priority areas. The locations of major hotspots remains relatively stable
compared with current patterns, suggesting persistence rather than a complete spatial
reorganisation of risk.

Projected climate change risk, Rcc, to the Mediterranean’s demersal communities
highlights persistent hotspots, particularly around Cyprus, in the southern Aegean Sea,
and in the south of Strait of Sicily. These areas combine high thermal exposure with
demersal communities that are sensitive to climate driven change.

Projected fishing pressure risk, Rep, remains associated with historically exploited
fishing grounds, including areas off the Iberian coasts, the Gulf of Lion, the Sardinian
Channel, the Strait of Sicily, and localised parts of the Adriatic and Western lonian Seas.

At basin level: To improve protection, what policy recommendations are emerging from this
case study?

Adaptive spatial management is recommended in projected risk hotspots if these are
persistent, intensifying, or emerging, especially if currently only partially covered by
effective protection such as MPAs, FRAs or OECMs. These recommendations should be
interpreted alongside wider ecological evidence, monitoring data and existing
management frameworks.

At basin level, existing MPAs, FRAs and spatial management measures should be
maintained and strengthened where they already overlap with projected risk hotspots,
or extended as well as new measures would also be required where persistent or
emerging hotspots remain outside effective protection.

This study indicates that priority areas regarding projected Rcc (including south of
Cyprus, Aegean Sea, south of the Strait of Sicily) are important because they combine
high thermal exposure with sensitive demersal communities, which suggests
increasing ecological vulnerability under continued warming. Response measures
could include strengthening protection in existing high-risk areas, limiting impactful
demersal gears where risk and fishing pressure overlap, and strengthening
management in areas already identified as persistent hotspots.

The study has also highlighted priority areas regarding projected Rep (areas off the
Iberian coasts, the of Gulf of Lion, south of Sardinian Channel, southern Strait of Sicily,
localised parts of the Adriatic Sea and western lonian seas). In these areas, risk to
demersal communities may increase because of the combined climate-driven effect
on the community and consequent reorganisation that may increase sensitivity to
fishing pressure even if fishing effort remains constant. No-regret measures may
include managing fishing pressure more precautionarily in climatically exposed
subregions, especially where high fishing effort already coincides with rising ecological
sensitivity. This may be achieved through improving selectivity, reducing seabed
disturbance, protecting structurally important habitats, and continue in targeting
effort reductions in grounds where persistent Rep hotspots are already evident.
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e Projected shifts in risk centres of gravity indicate that Mediterranean management
cannot remain static. Given the uncertainties associated with projections, ecosystem
responses and future pressure trajectories, an adaptive management approach is
needed, supported by regular monitoring. Our approach can aid in evaluating the
developments alongside other projections exploring ecosystem risk. A basin-level
monitoring framework should be used to update hotspot maps regularly and to detect
changes in community composition, sensitivity, exposure and risk. The tracking of risk
hotspots could be readily achieved as both could be calculated from routine MEDITS
survey data, combined with traits data by species. These indicators, as early-warning
signals, would allow management to respond to emerging hotspots before they
become long-term areas of high vulnerability.

At the European level: what broad-scale recommendations are emerging from this case
study, relevant to biodiversity protection across European basins?

o The effectiveness of protection of marine biodiversity in European regional seas
depends on whether management measures reduce the pressures that drive
ecological risk. For fishing-related risk, this means that spatial measures (e.g. MPAs,
FRAs and other spatio-temporal measures) must guarantee effective regulation of
fishing activities. For climate-related risk, protection should be combined with broader
actions that enhance resilience, reduce local stressors and maintain ecological
connectivity.

e Marine management should explicitly consider the interaction between climate
change and fishing pressure. The Mediterranean projections suggest that warming
may alter community composition in ways that increase sensitivity to fishing pressure.
This means that fisheries management should also take into account possible effects
of climate adaptation.

e Adaptive management should become a core principle of European marine
conservation. This would account for the combination of (1) persistent hotspots
(offering the potential for no-regret measures); (2) shifting hotspots, urging for
adaptive management; and (3) a lack of overlap between MPAs and risk hotspots
(Rozemeijer et al., 2025, Engelhard et al., 2026). Current boundaries of protected areas
in the mid- and long term may be insufficient when risk hotspots shift over time.
Regular monitoring, scenario-based projections and periodic reassessment of spatial
and management measures are needed to ensure that conservation networks remain
aligned with ecological vulnerability.

6.3.2 Northeast Atlantic (Greater North Sea, Celtic Seas and Bay of Biscay)
What are the key findings?

e In the Northeast Atlantic case study area, climate change risk is projected to increase
across most of the region into the future, despite slight declines in community-level
climate sensitivity. This indicates that rising exposure (warming) is the main driver of
increasing risk and outpaces communities’ rates of change in climate sensitivity.

e Community-level sensitivity to fishing pressure is projected to increase in the Celtic
Seas and Bay of Biscay, despite the model’s assumption of constant fishing exposure.
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This suggests community restructuring and changing trait composition, rather than
increased fishing effort, play a role in increased Sep.

e Climate risk hotspots are projected to be spatially stable, concentrated in southern,
western and shelf regions of the Celtic Seas and Bay of Biscay, and persist or expand
slightly through time. In contrast, fishing pressure risk is more spatially variable and
fragmented, with hotspots mainly in the northern North Sea and parts of the Celtic
Seas.

e Areas where climate and fishing risks overlap (e.g., southern Celtic Seas) represent
potential zones of compounded vulnerability.

At basin level: To improve protection, what policy recommendations are emerging from this
case study?

e |t is recommended to prioritise persistent climate-risk hotspots (southern, western
and shelf regions) for long-term monitoring, protection and adaptive management, as
these are likely recurrent areas of vulnerability.

e Climate change should be explicitly integrated into ecosystem-based fisheries
management (EBFM), recognising that warming is increasingly becoming a primary
driver of ecosystem risk. The implementation of adaptive spatial management
measures (e.g. dynamic MPAs or flexible closures) would allow responding to shifting
risk patterns and species distributions.

e Management efforts should focus on areas of overlapping climate risk and fishing risk
(e.g. Celtic Seas), where communities may face compounded pressures. Where
evidence supports it, enhanced habitat connectivity and protection in high-risk areas
is recommended, allowing species redistribution and adaptation.

e |t may need to be recognised that community change may be unavoidable in some
areas. Therefore, management may need to shift from strict preservation towards
adaptive strategies. This might potentially include supporting transitions to new
community states.

At the European level: what broad-scale recommendations are emerging from this case
study, relevant to biodiversity protection across European basins?

e At the European level, climate change needs to be embedded as a central pillar of
marine biodiversity policy (e.g., European Green Deal, EU Biodiversity Strategy 2030,
MSFD), not just as a secondary consideration.

e Thereis aneed to transition from static conservation approaches to adaptive, forward-
looking strategies. This would account for dynamic species distributions, changes in
community structure and shifting risk patterns. MPA networks and spatial measures
need to be climate-resilient, with consideration of connectivity, shifting habitats and
future conditions.

e Strengthening integration between fisheries management and biodiversity
conservation policy would be beneficial. This would ensure that policies address both
combined and interacting pressures rather than treating these separately.

e Cross-border coordination in marine spatial planning is encouraged, reflecting that
climate-driven species redistribution and risk patterns occur at large spatial scales
beyond national jurisdictions.
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The development of pan-European risk mapping and forecasting frameworks to would
help identify future vulnerability hotspots across basins. Over-reliance on single-model
outputs should be avoided — instead, multi-model, multi-scenario approaches are
needed to build confidence and consensus in projections. All outputs like this should
be seen as screening-level, decision-support evidence, rather than definitive
predictions, to guide iterative policy development and adaptive management.

Icelandic waters

What are the key findings?

In Icelandic waters in future decades up to mid-century, projections in groundfish
biomass patterns differ strongly among species groups. Arctic species, which are
concentrated on the continental slopes, are projected to decline. Relatively stable or
increasing biomass levels are projected for commercially important species, at-risk fish
species (classed as Endangered by IUCN), climate-sensitive species, and fishing-
sensitive species. Increase are especially protected, especially around the Reykjanes
Ridge (south-west of Iceland) where the warming waters arrive.

This case study indicates an ongoing, climate-driven reorganisation of Icelandic
groundfish communities (with likely borealisation) and decreases in Arctic species and
implications for future marine spatial planning and protection.

The methodology of using five species categories aids in obtaining an overview of the
general patterns. Still, it is also urged to carefully analyse the development for the
individual category as well. Essential information can be retrieved from that analysis
as well (as was shown for the Arctic species category).

At basin level: To improve protection, what policy recommendations are emerging from this
case study?

Projected changes in groundfish community composition have implications for the
distribution of areas of high priority for conservation of groundfish around Iceland.
These are expected to shift by 2050, with increasing importance of the Iceland—Faroe
Ridge and parts of northern Iceland, and decreasing priority in parts of the southern
slope, eastern shelf and Greenlandic shelf. Adopting dynamic, climate-informed
conservation planning is recommended, rather than relying only on static protected
areas, because priority areas for groundfish conservation are projected to shift by
2050.

Safeguarding potential climate refugia and vulnerable deep-slope habitats is
recommended, particularly those supporting Arctic species and species sensitive to
climate change and fishing pressure, to maintain biodiversity resilience under ongoing
warming.

At the European level: what broad-scale recommendations are emerging from this case

study, relevant to biodiversity protection across European basins?

The Icelandic case study re-emphasises that at the European level, marine
conservation policy should become more climate-adaptive and dynamic, recognising
that sensitivity and risk hotspots, and priority areas for conservation, may shift
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substantially over coming decades rather than remain spatially fixed. This is in close
agreement with the Europe-wide implications arising from the Mediterranean case
study.

Marine protected area design and broader marine spatial planning should incorporate
projected species redistribution and climate refugia, especially in northern and sub-
Arctic seas where warming-driven borealisation is already reshaping ecosystems.

6.3.4 Mediterranean non-native species

What are the key findings?

Lessepsian non-indigenous species (NIS) are projected to continue to rapidly expand
westward and northward in the near future.

By 2050, Lessepsian NIS will have established a strong presence as far west as the
entire shelf area south of Sicily and as far north as the southern Adriatic coasts.

Sea warming is projected to further facilitate their spread; however, fishing effort
reductions on native species might slightly curtail it. Reduced fishing effort is expected
to leave the original communities less disturbed with less open niches to occupy.

The locations of fish nursery grounds are projected to remain mostly unchanged by
2050. With an increasing coverage by NIS, fish nursery grounds are anticipated to be
increasingly influenced.

At basin level: To improve protection, what policy recommendations are emerging from this

case study?

NIS-specific management plans should be developed and implemented in MPAs across
the Mediterranean, focusing on active population management (e.g. selective
fisheries) in areas where NIS are already present and on early detection and mitigation
in areas where they are expected to arrive in the future.

NIS-specific management plans should also cover sensitive habitats such as nursery
grounds, including those relevant to key foodfish species, or any areas deemed
necessary to achieve conservation targets and mitigate the ecological impacts of
invasive NIS.

As also previously argued, engaging stakeholders and the public to incentivise the
sustainable exploitation of NIS will be crucial. Investing in the development of highly
selective fishing gears could support this goal, while simultaneously minimising the
ecological footprint of fisheries. In this context, targeted NIS fisheries can be a useful
tool within an integrated management strategy.

At the European level: what broad-scale recommendations are emerging from this case

study, relevant to biodiversity protection across European basins?

Climate change is expected to lead to rapid biotic homogenisations world-wide on
native ecosystems and potentially leading to range contractions or area shifts of
indigenous species. In addition, increasing NIS pressure will add additional pressure on
these developments. Therefore Europe-wide and beyond, adopting NIS-specific
management plans focused on early detection, mitigation and where possible removal
will be beneficial. Large-scale biodiversity changes should be monitored, and existing
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management plans and policies should be reassessed if deemed inadequate for
achieving conservation targets in the context of NIS.

Research on the biology, biotic interactions, and impacts of harmful or potentially
harmful NIS is essential, as these factors remain largely unknown for most species in
both their native and invasive ranges. Such research and species-specific ecological
knowledge are strongly encouraged to enable the development of effective species-
specific NIS management plans.

6.4 Generalised management implications at the European level

This work provides evidence towards the outcome of supporting thriving future marine
communities and protecting 30% of the marine environment in European regional seas by
2030, including species sensitive to climate change and fishing pressure, whilst also enabling
continued valuable exploitation and development of the marine environment. At the
European level, important broad-scale recommendations emerge from each of the above case
studies. This section synthesises these recommendations in a general perspective valid for
biodiversity protection across all basins.

We have an informative methodology allowing projections of biodiversity, sensitivity
and risk into the future, so far applied to several important groups of species. Building
on this, it is advised to apply this methodology to all relevant species groups across sea
basins.

Protection should be evaluated in terms of ecological effectiveness, not only spatial
coverage. The achievement of area-based targets such as 30x30 will be insufficient if
protected areas do not overlap with vulnerable communities or if permitted activities
continue to generate the pressures that drive risk.

The study has shown that biodiversity, risk or sensitivity hotspots can shift over time,
which is challenging to accommodate through marine spatial planning and regulations
that are rigid — understandably so given the high stakes and governmental complexity.
Appropriate and regular monitoring and risk assessment will generate management
warning signals that could indicate potential shifts in vulnerability. Such information
could underpin decisions on additional spatial-temporal management measures (e.g.
temporary area closures) to hotspots in need of protection.

Management should prioritise areas along two lines. The first line is to protect areas
that appear persistent risk hotspots through time; here the projections and modelling
results appear to have a certain robustness. This could justify no-regret measures on
protecting and assigning functional MPAs. The second line is to protect areas where
multiple pressures overlap. In the Mediterranean, this includes regions where
warming, fishing pressure and biological invasions interact. In the Northeast Atlantic,
this includes areas where climate exposure and fishing risk coincide. In Icelandic
waters, this includes areas where Arctic species and other vulnerable groundfish
categories are likely to experience climate-driven redistribution.

Across all basins, there is a need for strengthened monitoring to support system
understanding and informed decision-making. Better monitoring of the present state
will support enhanced projections of future ecosystem states.
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e Targeted (additional) monitoring could also support adaptive management, required
given the substantial changes projected. Monitoring should be designed to detect
changes in community composition, trait structure, biomass distribution, juvenile and
spawning habitats, invasive species occurrence and the effectiveness of management
actions. In addition, because projections into the future have high uncertainties,
targeted monitoring is needed to continuously reassess projections and potential
impacts, to be able to adapt when and where urgencies shift in time and space.

e Non-indigenous species require adaptive management, not only in the Eastern
Mediterranean but Europe-wide. Drawing from successful management examples,
these plans should contain monitoring of their populations and regular targeted
removals of harmful NIS, especially where these are entering MPAs, and/or where
these may impact negatively on nursery areas of native species.

e As marine basins are typically shared between countries, it is advisable to strengthen
European collaboration in both monitoring and management. Transboundary
cooperation will support the achievement of (inter)national targets, including the
30x30 target, through effective biodiversity conservation measures.

e At the European level and beyond, no-regret advice includes minimising climate
change pressure through mitigation (i.e. reducing greenhouse gas emissions), to
reduce exposure and therefore risk to sensitive marine communities. This would likely
not only reduce climate pressure on communities but potentially also offer greater
capacity for species to build resilience and adapt.

6.5 Perspectives

This deliverable demonstrates the value of combining trait-based indicators, climate
projections, exposure layers and spatial analyses to anticipate future biodiversity risks. The
approach can support decision-making by identifying areas of persistent vulnerability,
emerging risk and potential spatial mismatch between ecological priorities and management
measures. Ideally such an approach is developed for economic users and socioeconomic
interests as well.

The work has largely built on B-USEFUL deliverable D4.2 (Rozemeijer et al. 2025), which
mapped present-day biodiversity and risk hotspots for a broad range of marine communities
across surveyed areas of European regional seas — but it has extended the analyses by
projecting risks into the future up to 2050. Previous work by B-USEFUL also assessed to what
extent present-day biodiversity and risk hotspots are sufficiently protected through Europe’s
MPA network, or are lacking adequate protection levels (D4.3, Engelhard et al. 2026). A
possible extension of the present deliverable could be an evaluation to what extent the
current MPA network might be appropriate and effective in protecting future hotspots. This
could be achieved by combining information on MPAs and other protected or regulated areas
(such as FRAs and OECMs) with the projected sensitivity and risk hotspots as described in this
deliverable report. Importantly, there is a need to explore additional evidence sources to
corroborate the projections to add confidence and consensus to support decisions that take
account of future risks.
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The use of additional climate models, ensemble members and scenarios (as these become
available) would enable greater understanding of the uncertainty around projections, not only
for future conditions but also on how these may influence biological responses. Inclusion of
additional environmental variables, influenced by climate, that impact marine species is
needed. The use of several community sensitivity modelling approaches would offer
indications of confidence and consensus (or lack thereof) between approaches to support
decision making.

Looking ahead towards a more thorough reassessment, we recommend that the approach is
extended to assess the hotspots of biodiversity, sensitivity, and risks for the many other
marine taxonomic groups of the seas of Europe. This would need to consider additional and/or
cumulative pressures beyond fishing and temperature affecting marine communities. A
temporal analysis should be included in that approach to assess for any shifts in space and
time of both hotspots and the pressures. It should also integrate more detailed fishing
scenarios, socio-economic constraints, habitat data, biotic interactions and uncertainty
analyses. For the Mediterranean Sea in particular, attention should be given to the combined
effects of warming, fishing pressure and non-indigenous species expansion, as these pressures
are likely to interact strongly in shaping future biodiversity outcomes.

The biggest challenge is in its application. Across earlier studies (e.g. Claudet et al. 2020;
Conners et al. 2022; Aminian-Biquet et al. 2024) and recent deliverable reports (Rozemeijer
et al., 2025, Engelhard et al., 2026, this report) it was noted that current MPAs may not
provide sufficient protection to various taxonomic or ecologically sensitive groups, due to
spatial mismatches with biodiversity hotspots and/or insufficient pressure reduction. How to
proceed with adaptive management in such a densely regulated environment with many high
value activities? An important starting point is to include the engagement of human
stakeholders and a consideration of their interests. Calculating ecological exposure layers for
different (climate) impact scenarios and combining these with economic exposure and impact
layers will yield insights in zones of conflicting economic and ecological considerations. A
possible approach would include mapping biodiversity or risk hotspots, sites of overlap and
non-overlap with human activities, and defining potential no-regret measures. In
combination, this would allow for a more holistic assessment, integrating the needs and
services to human society with the requirements and risks to marine life when assessing how
to optimise spatio-temporal management measures in European waters.

Overall, the findings support a shift towards adaptive, risk-based and spatially explicit
biodiversity management. European marine conservation strategies should be designed
taking into account the present-day biodiversity patterns, but also looking beyond and
projecting into the future, to remain effective under the changing ecological conditions
expected in the coming decades.
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A. Appendix: Mediterranean Sea
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Figure A-1. Pairwise Pearson correlation matrix of the environmental predictors included in the
GAM modelling framework.
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Figure A-2. Residual inspection of the Scc (left panel) and Sep (right panel) GAM models,
including residual distributions, fitted-versus-observed relationships, and QQ-plots.
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Figure A-3. Partial-effect smoothers of the Scc GAM, illustrating the nonlinear effects of spatial,
bathymetric, and thermal predictors included in the final model formulation.
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Figure A-4. Partial-effect smoothers of the Srp GAM, illustrating the nonlinear effects of spatial,
bathymetric, and thermal predictors included in the final model formulation.
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Figure A-5. Variance partitioning of Scc (left panel), and Sep (right panel) GAM models, showing
the relative contribution of predictor groups to the total explained deviance.
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Figure A-6. Sliding-window temporal validation of the Scc model. Left panel: observed RMSE
values and projected nonlinear variation up to 10 years beyond the calibration period. Right
panel: R? and projected nonlinear variation up to 10 years beyond the calibration period.
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Figure A-7. Sliding-window temporal validation of the Srp model. Left panel: observed RMSE
values and projected nonlinear variation up to 10 years beyond the calibration period. Right
panel: R? and projected nonlinear variation up to 10 years beyond the calibration period.
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Figure A-8. Spatial extrapolation-risk maps for the Scc model for selected future periods (2030
and 2050), showing the proportion of environmental predictors exceeding the calibration
range of the fitted GAM.
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Figure A-9. Spatial extrapolation-risk maps for the Sep model for selected future periods (2030
and 2050), showing the proportion of environmental predictors exceeding the calibration
range of the fitted GAM.

CC Sensitivity

Figure A-10. Delta predictions for the future periods relative to the baseline period (2012—
2021) of Scc (upper panel) and Srp (lower panel), illustrating the magnitude and spatial
distribution of projected changes.
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Figure A-11. Boxplots of the distribution of Rcc predictions across temporal periods and
Mediterranean subregions, illustrating regional differences and temporal shifts in projected
exposure-weighted vulnerability. The statistical analyses were based on the Kruskal-Wallis
test, followed by pairwise Wilcoxon rank-sum comparison.
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Figure A-12. Boxplots of the distribution of Rep predictions across temporal periods and
Mediterranean subregions, illustrating regional differences and temporal shifts in projected
exposure-weighted vulnerability. The statistical analyses were based on the Kruskal-Wallis
test, followed by pairwise Wilcoxon rank-sum comparison.
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Figure A-13. Delta projections of Rcc (upper panel) and Rep (lower panel) for future periods
relative to the baseline period (2012-2021), highlighting spatial patterns of projected risk
intensification (red) and decline (blue) across the Mediterranean Sea.

96



B. Appendix: Northeast Atlantic

Pairwise correlation matrix — model covariates
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Figure B-1. Correlation matrix of environmental variables considered for inclusion in the

GAM modelling framework. Those pairs of variables with r>0.7
same models.
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Figure B-2. Variance partitioning plots showing the relative contribution of each predictor
to the total explained deviance in the GAM models for predicting community-level

sensitivity to climate change (left) and fishing pressure (right).

97



— o |
T = -
=t =
g L= % L=
- E - W
ml EI
E =
22 g 51
- ml L=
w w
oo T T~ o |
w = =]
T T “I T T m _'FF_LLLIL'.LI_I_F_L
2 -1 0 1 0 100 200 300 400 S00
m_ - sst_anom_annual depth_m
(o]
r\-\__
§ sbt_annual —»
e 12.2 137 15.2 — —
ml "
-
B ol 4
w ' 4]
i w % ﬂ’ﬁ)) ]
k= i _—
| o
=
= o 2 -
5 B Gj\ N ,/ j{“ﬂ“’
= _
Evl
2o J 8 7
3
=
R
=3
i=l

5 3
IgmudE :|:| Sbl_annual —

ti(longi ud

gih m

Figure B-3. Partial effect smoothers for the GAM models that predict community-level
sensitivity to climate change.
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Figure B-4. Partial effect smoothers for the GAM models that predict community-level
sensitivity to fishing pressure.
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Figure B-5. Results from sliding-window validation analysis for predicted community-level
sensitivity to climate change. Left panel shows the observed R? and projected nonlinear
variation up to 19 years beyond the calibration period. The right panel shows the RMSE
values and projected nonlinear variation up to 19 years beyond the calibration period.
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Figure B-1. Results from sliding-window validation analysis for predicted community-level
sensitivity to fishing pressure. Left panel shows the observed R? and projected nonlinear
variation up to 19 years beyond the calibration period. The right panel shows the RMSE
values and projected nonlinear variation up to 19 years beyond the calibration period.
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Figure B-6. Absolute change in predicted community-level sensitivity to climate change
(CC; upper panel) and fishing pressure (FP; lower panel) between the reference period
(2016-2020) and near-future (left panel) and mid-century (right panel). Increases in
sensitivity are shown in red, decreases in sensitivity are shown in blue.
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Figure B-7. Boxplots of the distribution of Rcc predictions across three OSPAR regions in
the Northeast Atlantic and temporal periods, illustrating spatio-temporal shifts in
projected exposure-weighted vulnerability. Region Il = Greater North Sea, Region Il =
Celtic Seas, and Region IV = Bay of Biscay (not including Iberian Coast). The statistical
analyses were based on the Kruskal-Wallis test, followed by pairwise Wilcoxon rank-sum

comparison.

v

Kruskal-Wallis, p = 0.99

ns 0.94

=}
w©

ns

0.34

Mean FP Risk
o
o o
w >

Kruskal-Wallis, p = 0.7

ns

0.8+

0.44

0.24

Kruskal-Wallis, p = 0.99

ns

ns
ns

—

EQ%

Period

8] v in
3 ) o
oF oF oF

N I
& o s

period
BES 2016_2020

B3 2026_2030
ES 2046_2050

Figure B-8. Boxplots of the distribution of Rrp predictions across three OSPAR regions in the
Northeast Atlantic and temporal periods, illustrating spatio-temporal shifts in projected
exposure-weighted vulnerability. Region Il = Greater North Sea, Region Il = Celtic Seas,
and Region IV = Bay of Biscay (not including Iberian Coast). The statistical analyses were
based on the Kruskal-Wallis test, followed by pairwise Wilcoxon rank-sum comparison.
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Figure B-9. Proportional change in climate change (CC) risk and fishing pressure (FP) risk in
near future (2026-2030) and mid-century (2046-2050) compared to reference period (2016-
2020). Increases in risk are shown in red, while decreases are shown in blue.
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C. Appendix: Icelandic waters

Table C-1. Weights associated with each feature during the prioritisation.

Group Gro%lp's Feature Indivic-iual Effec'tive
weight weight weight

Daff <127m 30 9.750

127< Da£<216 20 6.500

Arctic species 26.00 | 217< Da<431 10 3.250
432< Dars <701 10 3.250

D.# 2701 10 3.250

Daff <127m 30 5.063

Species 1275 Dar <216 20 3.375
zﬁ”ms:t';’e to 13.50 | 217 Dar<431 10 1.688
change 432< Dag<701 10 1.688
D, 2701 10 1.688

Datr <127m 30 14.438

Species 1275 D <216 20 9.625
:i‘z:“s:éve to 38.50 | 2175 Dy <431 10 4.813
pressure 432< Do<701 10 4.813
Dass 2701 10 4.813

Anarhichas lupus 13 0.094

Brosme brosme 0.2 0.015

Gadus morhua 63.2 4.582

Lophius piscatorius 0.2 0.015

Com .merdal 295 Melanogrammus aeglefinus 13 0.943
species Microstomus kitt 0.5 0.036
Molva molva 1.1 0.080

Pleuronectes platessa 1.9 0.138

Pollachius virens 8.6 0.624

Sebastes norvegicus 10 0.725

Anarhichas denticulatus 4 2.926

Anarhichas minor 1 0.731

Centrophorus squamosus 4 2.926

Chimaera monstrosa 1 0.731

At-risk species 19.75 Coryphaenoides rupestris 4 2.926
(Endangered) Hippoglossus hippoglossus 2 1.463
Molva dypterygia 2 1.463

Reinhardtius hippoglossoides 1 0.731

Sebastes mentella 4 2.926

Squalus acanthias 4 2.926

ngsnuies -5.00 | Bottom trawling intensity 1 -5.000
Total: 100.00 Total: 100.000
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D. Appendix: Projected risks from invasive species in the
Mediterranean
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Figure D-1. Juvenile fish Shannon diversity projections in the Central-Eastern Mediterranean
for the years 2030, 2040 and 2050. The top row shows the value of the index, the middle
row the relative change (delta) from the year of reference (2020) and the bottom row the
Mann-Kendall significant trends.
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Pielou's evenness
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Figure D-2. Juvenile fish Pielou’s evenness projections in the Central-Eastern Mediterranean
for the years 2030, 2040 and 2050. The top row shows the value of the index, the middle
row the relative change (delta) from the year of reference (2020) and the bottom row the
Mann-Kendall significant trends.

106



Project: B-USEFUL, EC HEU Grant No. 101059823

Species richness
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Figure D-3. Juvenile fish species richness projections in the Central-Eastern Mediterranean
for the years 2030, 2040 and 2050. The top row shows the value of the index, the middle
row the relative change (delta) from the year of reference (2020) and the bottom row the
Mann-Kendall significant trends.
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Reduced fishing effort scenario
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Figure D-4. Effect of a 15% reduction in fishing effort in juvenile fish alpha diversity
projections in the Central-Eastern Mediterranean for the years 2030, 2040 and 2050. The
effect is expressed as the relative difference between the “reduced” and the “baseline”
(constant) fishing effort scenario. Top row (H): Shannon diversity, middle row (R): species
richness, bottom row (J’): Pielou’s evenness.
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Increased fishing effort scenario
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Figure D-5. Effect of a 15% increase in fishing effort in juvenile fish alpha diversity projections
in the Central-Eastern Mediterranean for the years 2030, 2040 and 2050. The effect is
expressed as the relative difference between the “increased” and the “baseline” (constant)
fishing effort scenario. Top row (H): Shannon diversity, middle row (R): species richness,
bottom row (J’): Pielou’s evenness.
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