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Executivesummary

This deliverable report is part ¢forizon project BJSSEFUMWK A OK | A Y& luser RSOST ;
oriented tools and solutions to conserve and protect marine biodivérsitk y & dzLJLJ2 NI 2 F
Green Deal, Biodiversity Strategy 2030, and national biodiversity poMWi#sin BUSEFUL,

the specificobjective of the present deliverable (D5.2)tasproject changes in speciesnd
communitylevel risks and vulnerabilitiés European regional seads.looksespecidly at the

risks posed by tw&eypressureon marire communitiesclimate change and fishingVith a

particular emphasis on neduture decadesup to midcentury,this deliverable aims to:

(1) Project future sensitivities and risks tdemersal 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 changesand risks to demersal fish communitiesd
conservation priority areas Icelandiavaters and

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

To address these aimsyait-based approachesvere usedto estimate communiz S a Q
ASYaArAldA@AGASE YR NAal oRIIhésavedSdambingd waht n a wA
spatial forecastingbased orrecent survey andenvironmental datacombined with future
environmentaldata, assuminghe high-emissionsclimate scenario RCP8.5 (in line wite

overall2 t pForécasting and scenario simulatiéns

Across case studiean importantfindingwasthat riskis not projected tancrease uniformly
but to remain especiallgoncentrated in identifiablepersistenthotspots while intensifying
in some areas but alsdecreasindocally, with gradual redistributions of risk in space:

1 Inthe Mediterranean Sea, both climathangerisk (Rg and fishingpressure risk ()
to demersal communitiesre projected to increase toward 2050, but in spatially
coherent areas rather than across the whole baBrrsistenclimate riskhotspots are
projected around the Aegean Sea, Cyprus, and Strait of Sicily, fighilag risk
hotspots remairlinked 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.

1 In the Greater North Sea, Celtic Seas and Bay of Biscay, clislateotspots are
projected to be spatially stable, concentrated in southern, western and shelf regions
of the Celtic Seas and Bay of Biscay, tarukrsist or expand slightly through time. In
contrast, fishing pressure risk igrojected 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 mtential zones of compounded vulnerability.

T LOStIFTYRAO ¢ (SNBA aKz2g¢g aiGNRry3d SOARSyOS 27
indicate a decline in Arctiaffiliated species, especially on the continental slope, and
increases in southern/Atlantiaffiliated species. Biomastevels of commercial
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species, atisk species (based on IUCN criteria), species sensitive to climate change,
and thosesensitive tdfishing pressureare projected to increase in areas wheltgeese
are already high, particularly on the southern slope and around the Reykjanes Ridge.
1 In the Central and Eastern Mediterranean, future warming is projected to make
conditions increasingly suitable for namdigenous specie§NIS) including invasive
Lessepsian species (i.e. those that originatitered via the Suez CanaBy 2050, the
probability of catching at least one Lessepsian species is projected to become high as
far north as the southern Adriati8ea ad as far west as western Siciyeas around
Cyprus, Crete, the southern Aegeand eastern loniarSeaand southern Sicily may
approach neatcertain occurrence. This greatly increases likely interaction with marine
protected areas, fishgrrestricted areasand nursery groundsf native fish species

Importantly, all resuls presented should be interpreted with caution and sgeeningevel
forecastsonly, rather than asexact prediction®f most likely future stated-urther limitations
include the use of only one climate scena®CP8.5highremissiors scenarig, noting that
future projections have considerable uncertainty; and thature fishing effortdistribution
was mostly held constant because robtdigture spatial scenarios/ere unavailableWe also
acknowledge variousegionspecific uncertaties. Even so, the framework is considered
robustenough to identify where future riskom climate change and/or fishing pressure to
the species groups being considemdy be mostikely 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 (R2) is thesecondof three reports in WB2 ¥ 9! LBe®R2%e€di
Solutions for Improved Monitoring and Management of Biodiversity and Ecosystem services

in vulnerable European Séas-'0{ 9 C! [ 0 G KI { { Roe&stirgSantd se@2aNoLINA & S
simulationg ®

' YRSNEGFYRAY3I (GKS aSyaruAaAgaidArsSa 2F 9dz2NRLISQ
environmental and humamduced) will support the overarching aim o ESEFUL to develop

tools and solutions to manage marine biodiversity. This work supports internatiotialgs

including the EU Green Detthe Biodiversity Strategy 203nd Marine Strategy Framework

Directive (MSFDIt also supports national policies: within the UK, it is relevant for the Marine
Environment Plan and UK Biodiversity Strategy; and foadét 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 (owxploitation of marine life are seen as kawyvers

2T OA2ZRAQOSNREAGE f2aadaX 020 Krhedé dRiers dpérate throldgh Ay 9
multiple ecological mechanisms including trophic restructuring, habitat degradation, shifts in
species distributions and loss of functional diversftPCC 2022; IPBES 201dgnce,
understanding the mechanisms by which climate change and fishing pressure impact marine
ecosystems is crucial for biodiversity conservation and sustainable resource management.

INBUSEFUE t n Fdzy Ol A2y It I LILINRIF OKS& ol aSAastyzy &LJS
we assessethe sensitivities andiulnerabilities of marine specie® the impacts of climate

change and fishing pressure (Deliverable D4.1, Engelhard et al. Z8&Hvas done through

the development of two new traibased sensitivity indicators: @gnsitivity to climate change

(&9 and (ii)sensitivity to fishing pressu(&p presented in D4.1 (Engelhard et al. 2024). The
approach is described inapaperdfi A A KSR aAyO0S (KSy o6t2ft2 SO | f
2F 9dzNRPLISQa YINRYS &aLISOASE | O0O2NRAYy3I (2 GKSA
The second step has been to scale up from spdeied, to assessommunitylevel

sensitivities and risks to European marine biodiversity (Deliverable D4.2, Rozemeijer et al.
2025). Communityevel sensitivity i®stimaed based on the weighted average sensitivities

across all species that comprise a local marine community; this allows establishing where local
WO2YYdnpo®éd aSyarldArogrite K2GaL)R23GaQ SEMevel T | & ¢
sensitivity over time Sensitivities, in combination with spatiemporal variations in the

exposure to pressurésither climate change or fishing pressure, or both) allow the estimation

of communitylevel risks0 12 SAGKSNI LINBaaAdzNESX 2NJ 620KO D«
K2GallkRadaqQs |faz2 wiasdmidqd fokBuopeadnarilife ke parSof A2 Sy
w21 SYSA2SN) S |fd HAaHpODP ¢KAA KlIa o6SSy F
(Mediterranean, North Sea, North East Atlantic, Icelandic and Greenlandic wétegrt of

D4.2, we have moreover assessed the risks posed by a major threat to the Mediterranean

Sea: that of nofindigenous species (NIS), with focus on focalledW[ SAaSLIAAl Y Q &
(those that have entered the Mediterranean via the Suez Canal).
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This report also builds on théitd deliverable of WP4)4.3, which has identifietinportant
OA2ZRAGSNRAAGE WK20GaLR2(daQ AsgessedimtlaSdntyhotdgdisa A 2 y I §
either are or are not appropriately protectepeither through marine protected areas (MPAS,

which is preferred) or through fishemngstricted areas (FRAsSThere has been a particular

emphasis on discussimgK SNB G KSNBE | NS Of SI NJ WYAaYl §O0KSaQ
or risk hotspots and protection or conservatiomeasures, 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 mllst century. To achieve this, WP5 aims at achieving

three objectives achieved with associated deliverable reports: (D5.1) performing se&sonal

decadal forecast of species distributions and biodiversity indicators; (D5.2) projecting changes

in species and/orK I 6 AGF GaQ NR&al FyR @dzf ySNIoAfAGASEZ
ecosystem functions and services. It is the secontedd three deliverables that is described

in the present report. Specificallthe present deliverable takes WP4 into the néaure and

aims at assessing the projected risks and vulnerabilities of European marine life during the
2030s and 2040s up @050 Specifically, it aims to:

(1) Project future sensitivities and risks tdemersal 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 changesand risks to demersal fish communitiesd
conservation priority aream Icelandiovaters,

(4) Project future risks posed by nerative species in the Eastern Mediterranean Sea.
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1 Generalintroduction

9 dzNR2 LJISQa Y I NAR y Snuliiple présdu@sSrisifighamlimate cdhahge, fisheries,
habitat loss and pollution (Burrows at. 2011; Poloczanska at. 2013 Hidalgo et al. 20292

Halting biodiversity loss require®bust scientific advice to guide management plans and
assess conservation measures, especially the design and placement of marine protected areas
(MPAg, fisheries restricted areas (FRAs) and Other Effective -lfased Conservation
Measures (OECMspecisiord dzLJLJ2 NIi G22fa ' NB NBIjdzA NBR (2
K20alLl2idaQ || Yy Rste@sziviylS dddequdrding @Y ecdspstem seryisash as

food provisioning and climate regulation. The Horizon projedd S EFUL develops user
oriented decisiorsupport tools to help conserve marine biodiversity, building on existing
European data and governance framewoitksdoing so, it contributes to the policy goals of

the EuropearGreen Deadnd EUBIodiversity Strategy 203@s well as to thé&larine Strategy
Framework Directive (MSED} also contributes taligned national policiesncluding the

| Y Qadtional Biodiversity Strategy and Action Plan (NBS&m) for Icelandic waters, the
Nordic Biodiversity Framework

Two dominant pressures on marine ecosystems include (1) climate change and (2) fishing
pressure (and associatgghysicalseabed disturbance)Xdimate change, together with the
(over)exploitation of marine life, is seen as a key driver of biodiversity loss globally and in
9dzN2 LJISQa NBIA2yLtf &aStrad ¢KSaS RNAOSNA 2 LISNI
including trophic restructuring, habitat degtation, shifts in species distributions, and loss of
functional diversity (IPCC 2022; IPBES 2019). Undédistahow climate change and fishing

pressure affect marine ecosystems is therefore crucial for biodiversity conservation and
sustainable resource managemenand a central theme with the-BSEFUL project.

Within BUSEFUL, two WPs haained at assessingcent and currenthange in marine
biodiversity in European regional sed$e aims o¥WP3are to assess the status, trends, and
cumulative impacts of pressures acting on multiple biodiversity indicators and establish their

links to ecosystem functions and servicem@egrenet 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 WPHut is aimed at forecasting and future scenario simulatighmoking

ahead tovards the neaffuture decades, up to mi@15 century. To achieve this aim, WP5

pursues the following objectives achieved through three deliverable reports: (D5.1) to
perform seasonalo-decadal forecast of species distributions and biodiversity indicators;
05pdPH0 (2 LINR2SO0 OKI yBskand VulyerabilitidS, GRdI@5.3)F o/ Rk 2 N.
forecast changes in ecosystem functions and services. It is the second of these three
deliverables that is described in the present report.

2S KIS LINBGA2dzate aKz2gy Ay 2tn (GKIFG FdzyOda
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 impatimtwas the
development of two new tratbased sensitivity indicators: ($gnsitivity to climate change

(&9 and (2)sensitivity to fishing pressurerfs presented in D4.1 (Engelhard et al. 2024). The

10
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F LILIN2F OK A& RSAONAROGSR AY | &adzoaSljdzsSyd LI LISNJI
species to be scored according to their sensitivities to these two pressures.

We then scaled up from the species level to assessmunitylevelsensitivities and risks to

European marine biodiversity (D4.2, Rozemeijer et al. 2025). Commeandlysensitivity is
estimatedas the weighted average sensitivity across the species comprising a local marine
O2YYdzyAGeT (KAA ARSVOSTASBYRAQRADARO2 KEdn LR & :
in communitylevel sensitivity over time. Sensitivities, combined with spégimporal

variation inexposure to pressuréslimate change, fling pressure, or both), allow estimation

of communitylevel risks0 12 SAGKSNI LINBaadzNESX 2NJ 6020KO D«
K20all2idaeatimedWNAfad2 K20all2GaQ F2N 9dzZNRLISEY
w21 SYSA2SN)I SO Itd HnHpOP® ¢CKAA HFa R2yS F2NJ
North Sea, Northeast Atlantic, Icelandic and Greenlandic waters). As part of D4.2, we
moreover assessed thasks posed by a major threat to the Mediterranean Sea:-non
indigenous species (NIS), with ademn theso-calledW[ SaaSLJAALF Yy Q &LISOASaE
entered the Mediterranean via the Suez Canal).

CKANRf &> Fa LINIL 2F 2tnx 6S ARSYUGATASR AYLRN
seas (4.3, Engelhard et al. 2026) and assessed whether they are appropriately protected
through marine protected areas (MPAs) or fisheggtricted areas (FRAsRarticular
SYLKIFIaAra ol & LIIFOSR 2y RAaOdzaaAy3da Of SINJ WYAA
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 teceniairy.
Specifically, it aims to:

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

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

(3) Project future sensitivities and risks in demersal fish communities in Icelandic Waters,
and identify conservation priority areas (Chap4gr

(4) Project future risks posed by nerative species in the Eastern Mediterranean Sea
(Chapters).

The report closes withapte 6, providingan overview of the key messages emerging from
the precedingchapters, a consideration of management implicati@pgcific to each case
study regionandthe broaderscale implications relevant beyond each region

11
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2 MediterraneanSea

2.1 Introduction

The Mediterranean Sea represents a highly complex and dynaem@enclosed basin
charactersed by strong environmental gradients, high biodiversity, and a large proportion of
endemicspecies Bianchi et al. 2012, Bianchi & Morri 2000, Coll et al. 200l#secological
uniquenessis increasingly threatened by multipknd interactinganthropogenicstressors

(Coll etal. 2013, Tsirintanis et al. 2028rticularlyclimatechange Cramer et al. 2018, Marba

et al. 2016, which isactingat a rate exceeding the global averaggonello & Scarascia 2018),
and fishing pressurdMarguin et al. 2025)These drivers have substantially altered marine
ecosystem structure, functioning, amdoductivity Hidalgo et al. 2018, Mannino et al. 2017,
Marba et al. 2016)Consequentlyjmportant ecological responsesave become evident,
includingshifts in speciedistributions (Azzurro et al. 2019, Saiartin et al. 2024)changes

in abundance and functions of marim®@mmunities Hidalgo et al. 2022, Pita et al. 2021,
Rubino et al. 2024 productivity declingReale et al. 2022and biodiversity los¢Frid et al.
2023). The overexploited situatiof many stockshas been reversed in the recent years,
though there are cases with harvestitgpyond sustainable levels despite management
measures(FAO2025). As a consequence, marine ecosystems are currently shaped by the
cumulative and interactive effects of climatigiven and anthropogenic pressures, with
important implications for biodiversity conservation and fisheries sustainabilliye
Mediterranean is also shaped by strong regional contrasts. Western, Central, Eastdrn
Adriatic subregions differ in their thermal regimes, bathymetry, productivity, biogeographical
composition and fishing history5 Q h NIi S y | 280®; Cdllda et 4l.,4201Kubin ¢ 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 exploitedor 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 approachese particularly useful in this context because they allow
to assessthe vulnerability of communities through the biological characteristics of the
species, ando examine species sensitivity, exposure, and risk to multiple presgDeeduan

& Demestre 2012, Polo et al. 2Q280zemeijer et al. 2025These approaches make use of
ecological and lifdistory traitssuch agrophic position, mobility, longevity, and fecundity,
whichallowto provide useful insights into speci@ssponses and their capacity to withstand
environmental disturbance@Hiddink et al. 2026, Zupa et al. 2025, Beukhof et al. 2019, Butt
et al. 2022, Pecuchet et al. 2018y combining species level sensitivity scores with
community composition data, it is possible to estimate community level sensitivity to climate
change(&9, and sensitivity to fishing pressui&p. 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 andsiblecoming increasingly

12
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essential for effective conservation and management strategias required by the
Convention on Biological Diversity (2021).

To address these challenges, scendidsed 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 assfssme
potential ecosystem responses under different emission trajectories, supporting the analysis
of impacts, vulnerabilities, and adaptation strateg{®an Ruijven et al. 2013, V6lz & Hinkel
2023) By explicitly accounting for uncertainty, scenario pleag provides a framework to
inform decisioamaking and develop robust management strategies in the face of ongoing
environmental changéLawrence et al. 2021, Oriol et al. 2024)particulay the use of high
emission scenariog.e. RCP8.%8nables exploring uppdround ecological responses and the
identification of the potential worstase scenario for marine communities in the
Mediterranean Sea.

Understanding howmarine 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 chage and fishing pressure across Mediterranean demersal assempfage®ar

to mediumfuture decades up to 2050NMe project future sensitivity and risk patterns for
Mediterranean demersal fish and macroinvertebrate communities under a-drigission
climate scenario. The analysis combines sptgimporal modelling, environmental
projections, exposure layers, hotspot detectjand 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 subregiofi$ie specific aims are:

1. To project futurecommunitylevelsensitiviy to climate change undex highemission
scenario (RCP8.ahd fishing pressure across the Mediterranean Sea up to 2(3%ty
a spatiotemporal Beta Generaled Additive Modelling (GAM) framework;

2. To estimate climate change riskcdRand fishing pressure riskgsdRby combining
projected sensitivity with exposure to thermal conditions and fishing pressure

3. To identify persistent hotspots and areas of rapid change in projectedthisiugh
predictive mappingnd 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 scaléy analysing shifts in the Centre of Gravity (COIG)
Rccand Ry

5. To provide an integrated and reproducible forecasting framework capable of
supporting ecosysterbased fisheries managementarine spatial planningand
biodiversity conservation across future environmental change scenarios.

2.2 Methods

Thecommunitylevelriskto climate changelReg andto fishing pressurelRk-s assessment was
conducted across the Mediterranean Sea using a spatially explicit annual prediction grid,
spanning the period 2012050. The workflow integrated environmental predictors,
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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 ofd&gand Rr The analysis was conductednsideringwo different spatial
scales: the whole Mediterranean Sea and the -sedponal level, dividing the area into
Western, Central, Eastern Mediterranean, and Adriatic Sea.

The first step of the analysis aimed to estimate commutatyel sensitivity to climate change,

S and fishing pressureg$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., 20EQropean Commission, 202@ere used to derive
trait-based, speciespecific sensitivity estimates. These estimates were then combined with
species abundance data at haul level to calculate commumiighted mean sensitivity
indices (Polo et al. 2025).

The sensitivity indices were then incorporated into a modelling framework based on
Generaised Additive Model{GAMg9, fitted with a Beta regression family and a logit link, to
account for the bounded distributionf the indicesbetween 0 and 1Thisensured that all
predictions remained within biologically interpretable bounds. Environmental predictors
included in the tested models accounted for annual sea surface temperé88% annual

sea bottom temperature(SBY, and their corresponding anomalies assed using the
hindcast period (2012021) 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 fréopernicus 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 climatanediated reassembly of demeatscommunities, which may alter their trait
composition and therefore their communHgvel sensitivity to both climate change and
fishing pressure. Therefore, future changes in temperature, bottom thermal conditions, and
thermal anomalies were consideredlevant predictors not only forgg but also for & as

they may indirectly affect fishing sensitivity through climatediated community
reassembly.

Conversely, fishing effort was not used as a primary predictor of futeirbeBause 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 fRmeijer et al. 2025). Accordingly, fishing
effort was retained as the exposure component in the subsequent estimatiorrofvRile
environmental predictors were used to model clgges in the communitevel 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 adjdstetbR 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 anaies, and tenseproduct interactions
describing nonlinear relationships among environmergegdictors and spatial structure.
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dimension,with a correlation threshold set at 0.@&nd hierarchical deviance partitioning
analyses.

First, a rolling onetep-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 compudrsegved

and predicted values for each test year usiogt mean squared errofRMSEand observed
predicted R2.

Second, a sliding window validation was applied by fitting the models on sequeiyar5
calibration windows across the 202921 historical time series. For each calibration window,
predictions were generated for all years with available observationd,amnual 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 relatiships 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 obtainedincluding associated standard errors and 95% confidence
intervals. For each annual prediction, the predicted climate sensitivity \ealdétslower and
upper 95%confidence limitsvere generated, and the width of the confidence interwvehs
used as a measure of uncertainty. Annuatc®nd Sp projections were subsequently
aggregated intothree temporal windows,which includedthe baseline: 20122021; near
future projection years: 2028030; and longerm future 20462050. Within each period,
mean predicted sensitivitgnd 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 otf-range indicators were computed for eaphedictor variable.

For each yeanye calculatedhe percentage of cells exhibiting at least one of the-ofistange
predictors, the corresponding mean number, and the maximum extrapolation level. Then,
spatial extrapolation maps were produced for selectedure 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 \shhanges in predictedss

and Spacross future periods.

Rccand Rrwere estimated by combining sensitivity with exposuiteermal exposure (SST)

for Reg and fishing effort exposure foreR 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 referenaxipd, as no spatially explicit and
managementconsistent future fishing effort scenarios were available at the resolution
required by the analysis. First, SST exposure was nisethdb a @1 scale using the global
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minimum and maximum SST values across all years and cells; also;tiiam$édgrmed fishing
effort values were normaed to a 01 scale across all years and cells. Then, the final scores
for both risks were computed as the arithmetic mean of norisedl 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 et &d Rpover the year, and maps were
produced to identify areas undergoing the most rapid changes in clineddged
vulnerability. The resulting slope coefficients were interpreted as spatial rates of risk change
and mapped to identify areas experiencing the mgiid increases or decreases in climate
related community vulnerabilityRegional differences incRwere statistically evaluated
among periods and subregions using Kruskallis tests to assess overall differences among
periods, followed by pairwise Wilcoxon tests for pbsic comparisons. Spatial clustering of
Rccand Rpwas assessed using the Gefisd 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 & and Rp at the 95% confidence level. Hotspot persistence was
subsequently estimateds the proportion of years within each temporal period during which

a cell was classified as a hotspot, and then maps were generated.

Finally, the spatiatentres of gravity (COGipr Recand Rewere estimated annually fothe

entire Mediterranean Sea and at the sudgion levelsto identify regional redistributions of
vulnerability across the Mediterranean basiRotential shifts in the COG over time were
assessed usinpe MannKendall tesfor trend analysis. fie rate of spatial displacement was

idzl yGAFTASR dzaAy 3 { SyQa aftlaitifk ordoagiuddshified&i>Z S E LIN
8SI N 6c &8SIENEUOD / hD O22NRAYI (S8 o5aNBROI f Odzt
values as weights.

2.3 Results

2.3.1 Model Performance and Structuring

The final GAM structures forcSand S$r were defined following exploratory analyses of
covariate relationships using a Pearson pairwise correlation m&iguieA-1), together with
model diagnostics and performance evaluation. Norgg 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 thec8nd $,GAM models. Goodnesgs-fit metrics
progressively improved from simpler formulations to more flexible model structures,
incorporating nonlinear smoothers and tengmroduct interactions.

The formulas and the fitting parameters of the final selected models for bethrtel Srare
reported inTable2-1. Both models showed a good predictive performance and explained a
substantial proportion of variability in sensitivity patterns across the Mediterranean Sea.
Specifically, the &achieved a robust fit, explaining 68% of the deviance with an adjusted R
of around 0.67. Similarly, the-8nodel demonstrated strong structuring explained 60.4% of
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the deviance (R= 0.58). The inclusion of nonlinear smooths and tefqsoduct interactions
improved model performance, indicating that demersal community sensitivity was structured
by complex spatial, bathymetric and thermal gradients.

Table2-1. Performances ofdgand $Srmodels, indicating AIC (Akaike Information Criteric
R (adjusted coefficient of determination), and explained deviance percentage of the
selected GAM models. Model formulation included spatial smoothers (s), {ershrct
smoothers describing nonlinear interactions (te), and interactions (ti).

Model | Predictors AlC R | Explained
Deviance
Sc Scc~ s(lon,lat) + te(depth,SBT) + ti(SSTa,SBTa) + -29630.59| 0.67| 68.0%
ti(lon,lat,SBT,d = ¢(2,1))
S Sp~ s(lon,lat) + s(depth) + ti(SSTa,SBTalon,tit,SBT) 18470 | 0.58| 60.4%

Model diagnostics indicated good agreement between observed and fitted values ford&oth S
and $Srmodels. Residual distribution&igureA-2) were generallycentredaround zero, and

the model diagnostics supported the adequacy of the selected GAM formulations for both
models.

Partialeffect smoothers Figure A-3 and Figure A-4) confirmed that strong spatial and
environmental structuring charactesed both models across the Mediterranean Sea. kr S
the two-dimensional spatial smoother revealed a marked geographieterogeneity, 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 destrated the existence of regien
specific thermal sensitivity patterns. A similar pattern emerged far 1$onlinear effects
associated with depth contributed substantially to the spatial organization, reinforcing that
both SCC and SFP are governed by ptexninteractions among spatial configuration,
bathymetry, and thermal environmental gradients, rather than single predictors acting
independently.

2.3.2 Variance partitioning and model validation

Variance partitioning analyse§&igure A-5) highlighted that the spatial structure was the
dominant factor driving both&and Sp(contributing approximately 40% to 50% of explained
deviance, respectively). Beyond this lasggale pattern, the predictive power of both models
relied heavily on nosmadditive environmental interactions. Specifically, the depth
temperature and spatiallyarying temperature interactions wemnsistentamong 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 otal variability.
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To further evaluate the temporal robustness of the modelling framework, rollingstee
ahead croswalidation and sliding temporatindow 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 faitlsan $r(FigureA-6; Table2-2).

For the 3cmodel, 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. TheFbmodel showed lower, but still consistent, predictive skill, with RMSE
values between 0.106 and 0.12da correlation of 0.69.

Table 2-2. Rolling temporal crosgalidation performance for&gand $» GAM models
Reported metrics included the mean root mean square error (RMSE) and the F
correlation coefficienbetween observed and predicted sensitivity values

Model Rolling validation yearg Mean RMSE Correlation
Sc 2017-2021 0.07 0.78
Se 20172021 0.11 0.69

The sliding &ear window validationFigure A-6, provided no evidence of a systematic
degradation in predictive performance foedas the temporal distance from the calibration
window increased. The nonlinear model fitted to R2 showed no significant temporal decay,
and RMSE also remained statistically stable, with no significant relationship with temporal
distance, p = 0.122. Thidicates that Scpredictive performance did not show a detectable
deterioration across the validation horizon. Fate §igure A-7), R2 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 slidingvindow validationindicated that model performance was largely stable
through time, with no significant degradation in R2 for eithet® Srand no significant RMSE
increase for & being suitable for exploring future climatelated changes in the sensitivity
across the Mediterranean Sea.

Extrapolationrisk analyses indicated generally low anftrange risk for both &and S$p
models projections, although with a clear increase in future periods, mainly driven by thermal
anomaly variablesHrror! Reference source not foundand Error! Reference source not
found.). For g anomalyrelated extrapolation increased from 0.03% in the baseline to 0.44%
in 20262030 and 13.51% in 2048050, while depthbottom temperature and spaae
bottom temperature extrapolation remained low, around 0GR57% and 0.03.08%,
respectively. A siilar pattern was observed forg® with anomalyrelated extrapolation
increasing from 0.03% in the baseline to 0.46% in 220@80 and 13.85% in 2048050,
whereas depthrelated extrapolation remained stable at about 0.51% and sglagtom
temperature extapolation remained negligible.
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2.3.3 Sensitivity and Risk estimates for CC and FP

Predicted sensitivity for the period 202050 was evaluated for both CC and FP across the
Mediterranean Sea. Foe§predictions revealed a strong spatial structuring, veirojected
increase inccin the Aegean Se@op row inFigure2-). For &p projections indicatedhigher
sensitivity scorein the southern part of the basin and in the Aegean ep rowin Figure
2-2). It is important to note that the associated confidence intervals were relatively narrow
(bottom rows inFigure2-1 and Figure2-2).

Delta analysesHgure A-10) highlighted noruniform changes in bothcgand $p with
localsed increases dominating baswide patterns and only limited areas of stability or
decrease in sensitivity (eitheer Sp.

Risk indices, i.e.,d@and Rpr 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 pressurecBoth R
and Rp were predicted to consistently increase across future periods examined in each
subregion of the study aredigure). Moreover, significant shifts in risk distribution were
predicted between current and future periods. This was further confirmed by boxplot
analyses Kigure A-11 and Figure A-12), indicating an increasing exposuseighted
vulnerability over time.

Hotspot detection (using Getidrd Gi* statistics) identified persistent areas of elevated risk
for Recand Rp(Figure2-3), with increasing hotspot persistence over time in coming decades.
For Rg persistent hotspots were particularly identifiéal the southern part of the Strait of
Sicily,around Cyprus, and in the Aegean Sea. k@rpersistent hotspots were especially
identified in the western Mediterranean Sea off the Spanish coast, in the Gulf of Lion, Ligurian
Sea,Sardinian Channel, the Strait 8fcily, Malta, and localised areas in the Adriatic Sea,
corresponding to the most intensively exploited fishing grounds. Additionally, risk delta
analysesKigureA-13) revealed a widespread intensification of botbcBnd Rpacross 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 highrisk zones.
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Figure2-1. Top row: Spaal projections of &across the Mediterranean Sea over the three periods: 2004, 20262030, 20462050 with
darker blue shading indicating high€Csensitivity. Bottom rowthe associated prediction uncertainty expressed as confidence interval \
with darker orange shading indicating higher uncertaintydepgedictions
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Figure2-2. Top ow: Spaial projections of sacross the Mediterranean Sea over the three periods: -20P4, 20262030, 20462050 with
darker blue shading indicating highePsensitivity. Bottom rowthe associated prediction uncertainty expressed as confidence interval\
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Figure2-3. Spatial distribution of &(upperpanek) and Rp(lowerpanek) across the Mediterranean Sea in the three periods: 20PA4, 2026

2030, 20462050.
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Figure2-4. Hotspot persistencéor Rec(upper panel) and /&R (lower panel) across the Mediterranean Sea in three periods:-2022, 2026
2030, 20462050.
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Spatial analysesn projected annual rates of change isd8&nd Rpare shown in Figure. This

revealed relatively moderate but spatially coherentates of change in riskmostly
characterised by slight increaskg up to +0.003 per yearfor R.g andrangingF N2 Y b nandnam
+0.01per yearfor Rep(i.€. both local increases and decreases #f).RThisindicatesa slightly

higher temporal variability and faster redistribution dynamics fegd®@mpared with Re

CC Risk

Risk/Year
0,002
0,001
0,000
-0.001
-0.002

Figure2-5. Spatial patterns in rates of change iscRupper panel) and R (lower panel)
across the Mediterranean Sea between 2012 and 2050.
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2.3.4 Spatietemporal variations of ristentreof gravity

Finally, risk centre of gravity GOG analyses Kigure 2-6) revealed a coherent spatial
redistribution of both Rcand Rp with a gradual basiscale displacement of the risk centroid
through time and directional shifts varying within stdgions.

For Rg COG exhibited relatively limited displacement over taméhe Mediterraneanwide

level Figure2-6, top panel) suggesting moderate redistributioat this scale At the sub
regional scale, however, clearer directional trends emeligevo of the four sukbasins(the
Central Mediterranean andhe Adriatic Seg where significant trends were detected
(indicated by red arrows ifrigure2-6). In the Central Mediterranean, thgouth-westward
displacement of the COG suggests thatiR progressively increasing in the southern and
western sectors of the subasin. Thishiftappears to be largely driven by the marked rate of
change observed in the Strait of Si¢dyound Maltg FigureA-11), where climaterelated risk

is expected to increase more rapidly. This increase likely reflects the combined effect of rising
thermal exposure (SST) ahiyjh 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 northwestern part of the basin, suggests a possible restructuring of the
assemblage, with a progressive increase in more clirmatesitive taxa towards the north.

R-pCOG trendsHigure2-6) showed clearer progressive and statistically significant directional
changes than &; both at basin and sutegional scales. At the Mediterranean scale, absolute
spatial displacement remained relatively limited bués neverthelessignificantin mostly
southward direction This pattern occurredssociatedvith greaterpredictedchanges in the
sensitivity component in the southern Mediterranean, where temperattefated variation
was more pronounced. At the suegional scale, the Western Mediterranean showed a
significantsouth-westward displacement, consistent with thecRCOG results. The Central
Mediterranean displayed yedo-year fluctuations around a relatively compact spatial cluster,
but with a significant overall displacement towards the south. The Adriatic Se&astdrn
Mediterranean exhibited significarsiouth-eastward shifts, indicating that Rweighted 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 Scand S$p capturing complex nonlinear interactions among spatial, bathymetric, and
thermal drivers. Projections indicate a consistent increase in both climatkfishingrelated
sensitivities and risks across the Mediterranean Sea in the-penigd projections,with
persistent hotspot regions clear spatial redistribution patterns. These findings highlight a
progressively intensifying and spatially structureckriandscape, supporting the need for
targeted, regiorspecific management actions under future environmental and anthropogenic
threats.
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Figure2-6. Temporal trajectories adnnual centres of gravityQOG for Recand Rpacross
the Mediterranean Sea ankh four subregions between 2012 and 2050, illustrating t
spatial redistribution and directional displacement of projected risk patterns over Ret
arrows indicate the direction and magnitude of statistically significant trends i€ ®&of

RecandRpg A G KAY SIF OK NBIA2YS 0l aSR 2gkenfd 6.
Arrow direction reflects the dominant shift in latitude and longitude, and arrow leng
scaled to the rate of change over time.
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2.4 Discussiorand conclusions

This study provides a scenatiased projection of climateand fishingrelated sensitivity and

risk for the Mediterranean demersal communities under a keghission climate scenario.
Building on the hindcast assessment developed in previous analysesn&fezeet 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 integratingait-based sensitivity indices with spatio
temporal GAM projections, hotspot persistence analyses, and COG dynamics, the results
revealed a risk landscapdth persistent and localised risk hotspofrojected changes were
generally moderate in magnitude, yet spatially coherent, with persistent hotspot regions,
locaised increases in sensitivity amigk, and gradual redistributionis the areas of higherisk
across the basirMore preciselyRccandR-pare 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 exposuiEigure 2-3). Persistent Bc hotspots were
identified in the Aegean Sea, Cyprus andiththe Straitof Sicily while Rphotspots remained
closely associated with historically important fishing grounds, including parts afiélséern
Mediterranean, Gulf of Lion, Ligurian S8#ait ofSicilyand localised Adriatic areas.

The projected spatial structuring of&nd Spacross the Mediterranean Sea is consistent with
previous evidence suggesting that climate change and fishing pressure affect demersal
communities unevenly across the Mediterranean SRangirez et al., 2018Aragéaoet al.,

2022 Hidalgo et al2022 Agnetta et al., 2026 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 gradieasl processe¢Danovaro et al.
2009) Local dynamics may arise from changes in the relative abund@ecee contribution)

of sensitiveversus resilientaxa, as well agrom increasing thermal exposure, particularly in
the southern sectors of the basin. Furthermore, the semclosed nature of the
Mediterranean and its predominantly eastest orientation constrain latitudinal rangénigts

and may therefore force warrsensitive taxa to redistribute toward deeper and northern
habitats in response to increasing temperatures (Cramer et al. 2018). Such efirediated
reorgangation processes may contribute to the projected increase of clinsgesitive
assemblages in some northern sectors, includmtghe Aegean and Adriatic Seas, and are
consistent with previous evidence of species migration to celdater refugia under ongoing
warming (Chaikin et al. 2022, Saviartin et al. 2024).

The higher projected values of sensitivity to fishing pressure in the southern Mediterranean
and Aegean Sea should therefore be interpretath caution.Because future fishing pressure
was kept constant in the projections, th@edicted patterns do not necessarily indicate an
intensification of fishing impacts, nor do they provide direct evidewefishingdriven
selection Rather, they suggest that communigvel sensitivity to a fixed fishiqgressure
layer may vary under changing climatic conditi@i@elo et al2025). In these areas, increasing
temperature and thermal anomaliesiay modulate the relative contribution of taxa with
different ecologicaland life-history traits, thereby altering communitjevel estimates of
sensitivity b fishingpressure.Thisinterpretation is broadlyconsistent withthe trait-based
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framework used to deriverg in which communitylevel sensitivity can change when taxa with
different vulnerability traits contribute differently to assemblage compositidawever, since

the present analysis was conducted at the community level, it cannot directly identify the
species responsible faheseprojected changes. The observed increaserirparts of the
southern basin should therefore be regarded as an indication of possible cimedeated
modulation of fishingsensitivity rather than as direct evidence of a sgacitaxonomic
replacement procesdn this context, communities in relatively stable environments may be
less resilient to additional stressors, whereas highly dynamic system$anay species with
greater ecological plasticity and adaptive capacity (Dutertre et al. 2013, Jennings & Kaiser
1998).

In the present framework, futureebchanges 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 bottet@mperature changes and thermal anomalies, may
favourassemblages with trait combinations that are more sensitive to fishing pressure. As a
result, Rpmay increase even under a constant fishegposure footprint, not because fishing
pressure is projected to intensify, but because climditen 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 climateelated risk directly but may also reinforce theatogical consequences of
fishing by increasing the vulnerability of communities already exposed to fishing pressure.
Such climatalriven restructuring processes may further alter trophic interactions, ecosystem
functioning, and recovery capacity, partiadl 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 spadigjanisationunder

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 lifehistory traits such as mobility, reproductiveategy, habitat specificity, and
recovery potential, which influence their adaptivepesity and vulnerability to cumulative
stressors (Burkett et al. 2005, Lindmark et al. 2023). Therefore, the changeai Selikely
reflect the emergence of lodakd ecological transitions and community restructuring
processes that may intensify over time undemtinuedenvironmental change, rather than

as evidence of basiwide regime shifts within Mediterranean demersal communities
(Kamberi et al. 2025).

Both Rcand Rrincreased consistently over time, with persisteisk hotspots concentrated

in ecologically sensitive andore exploited regions, such as theesternMediterranean, the
Adriatic, and the Aegean Seas. The persistence edethisk hotspots likely reflects the
combined influence of increasing environmental exposure and the high sensitivity of local
demersal communities. &lsosuggests 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 elimate
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 basiscale structure. The limited magnitude of arah changes should
therefore not be interpreted as evidence of negligible ecological chaRgther, this pattern

may be consistent with delayed or gradual commumégponses to environmental change
particularlyin demersal assemblages whose spatigganisationis strongly constrained by
persistent bathymetric, habitat, and biogeographical gradients (Gage; ZD@2ovaro et al.
2009; Essl et al. 2015a, 2015b; Dulvy e2@08).The slow rate of projected change does not
weaken the ecological signal, but suggests that community sensitivity and risk may be
undergoing gradual, cumulativeorganisationwithin an apparently stable spatial structure.

In particular, thesouth-westwarddisplacementof the risk centroidobserved in the Central
Mediterranean, espeially abund the southreastern part of theStrait of Sicily, suggests a
progressive intensification of climatelated vulnerability in areas experiencing increasing
thermal exposure, which may explain the laseadl acceleration in Robserved in the annual
rate-of-change and delta analyses. The temporal consistency of these shifts indicates that
even small yeato-year changes may accumulate into detectable spatial trends over-multi
decadal time scales, reinforcing the interpretatiof a coherent adjustment of demersal
community vulnerability to changing climate conditions over time (Pinsky et al. 2013).

Overall,from a management perspectivihese findingssupportthe need for adaptiveand
region tailored measuresin persistent higkrisk areas, priority should be given to reducing
cumulative pressure, improving fisheries selectivity, limiting seabed disturhbaacd
strengthening the effectiveness of spatial protection. In areas where risk is projected to shift
or intensify,specificmonitoring should be designed to detect early changes in community
composition, trait structure and risk indicators. Because many countrigisare the
MediterraneanSea these actions will require coordination at basin and subregionaésgcal
especially inransboundary areas such as the Strait of Sicily, the Adrsatecthe Aegean Sea

In conclusion, the present study demonstrates that climate change and fishing pressure are
expected to progressively intensify and spatially reorgaacological risky midcenturyfor
Mediterranean demersal communities under future warming scenafibecombired use of
trait-based sensitivity indices with spatiemporal GAM projections, hotspot persistenead

COG analysegrovide auseful framework for identifying priority areas for futurepecific
managementactions The results revealed a risk landscape charaster 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, potenyiateducing ecosystem resilience and
adaptive capacity. These findings empkaghe need to move from static conservation
planning towards adaptive ridkased management that can account for both persistent
vulnerabilities and gradual climatériven redistribution oflemersalcommunitiesto mitigate

the future impacts of climatic and anthropogenic pressures on Mediterranean demersal
ecosystems.
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3 NortheastAtlantic: GreaterNorth Sea,CelticSeasand Bayof
Biscay

3.1 Introduction

Marine ecosystems across the Northeast Atlantic smbject toincreasing pressure from
multiple anthropogenidrivers with commercial fishing and climate change among the most
pervasive (Halpern et al. 2008, Holt et al. 2012, Punzon et al. 2016)tdromgyarming trends

and associatedenvironmental changesre already reshapingspecies distributions and
community composition (Thompson et al. 2023, Carroll et al. 2024), while fiphasgure
continues toinfluencepopulation 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 pressure®ften interact andreshage communities andare 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. ZB28g pressures are
recognised as major drivers of biodiversity change, with imporiamtlications 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 exposWeile previous work
focused primarily on retrospective analyses and recent historical conditions (Deliverables
D4.1,D4.2 andD4.2), there is a growing need tonove beyond retrospective analyses towards
forward-looking assessments that consideow these patternsmay evolve under future
environmental change. In the Northeast Atlantic, projected iases 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 distributionsnghaFernandes et al. 2020;
Thompson et al. 2023rownhill et al. 2028 Understanding how these changes will translate
into shifts in communitjevel sensitivity is essential for anticipating future risks and
supporting adaptive management strategies.

To address this gap, this sectiagentifies future communitylevel sensitivity and risko
climate change (CC) and fishing pressure f¢gfottom-dwellingfish (see also the previous
deliverable reports: Engelhard et al. 2024, Rozemeijer et al. 202Benidentifieshotspots

of high risk to climate change and fishiagross the Greater North Sea, Celtic Seas and Bay of
BiscayWe 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 higlemission scenario (RCP8.5) using a spatiotemporal Beta Geadral
Additive Modelling (GAM) framework;

(2) To assess the spatial and temporal dynamics of clirrete fishingdriven risk through
predictive mapping, hotspot persistence and rate of change metrics;
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(3) To identify potential spatial redistributions of sensitive and higtk areas by analysing
shifts in the Centre of Gravity (COG) of climate change rigkdRd fishing pressure risk
(Rep acrossNortheast Atlanticsubregions

By quantifying thepotential future impacts of climatehangeand fishing on community
sensitivity and risk,the analysis providesan integrated and reproducible forecasting
framework capable of supporting ecosystdrased fisheries management and biodiversity
conservation across future environmental change scenaiibs. 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 builden the communitylevel sensitivity for bottorroriented fish and risk layers
developed in the precedingeports (Rozemeijer et al2025 Engelhard et al. 2026The
analysis here focused on the Northeast Atlantic, covering the Greater North Sea, Celtic Seas
and Bay of Bisc@DSPAR regions Il, Il and e IberianCoastwas excludedrom region 1V

due to the lack of accurate fishing pressure datad to censure consistency between
modellingapproachedor each pressure (climate changed fishing pressureHenceforth, all
mentions ofregion IVrefer to the Bay of Biscay onlll analyses and data were conducted

and aggregated to a regular ICES rectangle @@i8 degrees of latitude by 1 degree of
longitude) Here, webriefly summarise the previously used data and methods, and outline
additional methods specific to this report.

3.2.1 Fishingpressureand environmental data

We used the same fishing pressure data from the International Council for the Exploration of
GKS {SIF oL/ 9{ 0 &h{ t-intensithBdpuaSIEESE2018 4dt updatede FA &4 KA
used the same environmental data as the previous reports from NEMOUSA reanalysis

(Yool et al. 2013), providing annual sea surface and bottom temperatures on a 0.25° grid
across the Northeast Atlantic (200056°E, 35°K70°N). These were ailable to match our

species data from 1992020. AnnualSST and SBiata from 2020 to @50 for each ICES

rectangle wereadditionallydownloadedfor the analysi®n future community sensitivity and

risk to climate changeéAnnual anomalies for SST and SBT were calculated at theefjridvel

by subtracting the longerm mean for each cell from the annual value, thereby isolating
interannual variability from spatial gradients.

3.2.2 Species and community data

Community composition datand speciedevel sensitivities (used to calculate community
sensitivitieswere derived from the FISHGLOB database as before and aggregated to the ICES
grid and annual time steps (192D20).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). Communitylevel sensitivity scores were calculated following Polo et 2029.
Speciedevel sensitivity scores were aggregated across hauls within each |G&®)lem a

given year and weighted by%ogtransformed 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 Modellingcommunitylevel sensitivities

Communitylevel sensitivityto climate change(Scq and fishing pressuréss was modelled
using beta Generalised Additive Models (GAMs) with a logit link, approdoateesponse
variables bounded between 0 and 1. The response variable was the weighted community
sensitivity valuewith 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 saths (longitude, dtitude), depth, SST and SBT
(amual absolute values and anomalies), and interaction terms (tensor product smaeths;
and ti) capturing noHdinear interactions between enronmental variables and spatial
structure. All models were fitted using tmegcvpackagewith restricted maximum likelihood
(REML) estimatiorRrior to modelling, multicollinearity among predictors was assegSaor!
Reference source not founyl. 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 ddate models using Akaike trfnation
Criterion (AIC), alongside adjustetiaRd deviance explainedhe model with the lowest AIC
was selected as the final model used for projections. Model diagnostics inclodecurvity
assessment to evaluate redundancy among smooth terofecks of the adequacy of
smoothing parameters viaikdex tests; and inspection of residuals and fitted values. Variance
partitioning was condued using hierarchical partitioning to quantify the relative
contributions of each variable to model deviance explained.

Predictive performance was assessed using two complememntdigation approachesFirst,

we usedrolling onestep-ahead validationwhere models were trained on data up to ydar
and used to predict yedr+ 1, iteratively across the time series. This approach evakiahort
term predictiveskill under realistic forecasting conditions. Second, we used slidyeps
window evaluation where models were trained on fiweear windows and tested on owtf-
window years. This method allows evaluation of pregtperformance as a function of
temporal extrapolation distanceModel skill was quantified usingpot mean squared error
(RMSE;, mean absolute erroAB), bias, correlation and¥between observed and predicted
values. In addition, performance decay with increasing temporal extrapolation was modelled
using both loginear and nonlinear decay functions, providing an estimate of forecast
reliability over extended time horizons.

3.2.4 Projecting communitjevel sensitivities

The selected GAM was applied to a predictive grid of environmental variables (SST, SBT,
anomalies and depth) spanning 199@50. Predictions of communHgvel sensitivity were
generated annually and subsequently aggregated into three periods: referemus 2016

2020), near future (2028030) and miecentury (20462050). This allowed assessment of
temporal changes in spatial patterns of community sensitivity.
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3.2.5 Fishingoressureandclimatechangerisk

Communitylevel risk was calculated by combining projected sensitivity with exposure Jayers
following the framework established in previous deliverables. Climate change risk was derived
from the absolute valueof SSTrather than thetemperature anomalies(from the NEMO
MEDUSAnodel scenario RCP8.5). Since we do not have reliable and accurate predictions of
future fishing effort fishing riskwas derived from current fishing pressure as theosure

layer. Risks were calculated as the mean of finejected communitysensitivity score and the
SST(for Rg or surface SAR (foreR for each ICES grid cell per ye@o evalua¢ temporal
trends in climate and fishingelated risk across the Northeast Atlantic, the annual rate of
change in both RCC and RFP wadsutated for each grictells using linear regreiss. The
resulting regression slopes represented the annual rate of change in risk and were mapped to
identify areas experiencing the greatastreases or decreases in risk over tirD#ferences

in risk among study periodad OSPAR region were assessed using KAl&Mas tests, with
pairwise Wilcaon signedrank tests conducted as pogtoc 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 analyse(g., GetisOrd Gi*; see D4.3Engelhard et al. 2026)This method
identifies statistically significant spatial clustering of high and low values of risk (fishing
pressure and climate change separatelifpr each grid cell the Get®rd Gi* statistic
O2YLJ NBa (GKS adzy 2F NRa|l OlftdzSa Ay (GKS OStfQ
overall studyarea distribution, producing a standardiseeés@re and @alue that indicate
clustering strength ad significance. Positive significa@aores indicate hotspots (clusters of

high values), while negative significada@resmdicate coldspots (clusters of low values); the
magnitude reflects clustering intensity. We identified robust higgk clusters by classifying
Xppr K2ialkRda #D208f Ha no A yeded)JapK dichnoufythen G 6 2
categorise lowetxconfidence hotspots or coldspots for mappingp assess temporal stability,
hotspot persistence was quantified across time periods, highlighting areas where high or low
risk consistently occur3his enabled identification of priority regions where communitigé
potentially be persistently exposed to high combined risk from climate change and fishing
pressure in future.

3.2.7 Centresof gravity analysis

To examine largscale spatial redistributions of risk across the Northeast Atlantic, annual
centres of gravity (CQ8sfor Rcand Rp were calculated for the study region and its
subregions (OSPAR regions). COG coordimates derived as weighted spatial means, using

RCC and RFP values as weights. Temporal trends in COG location were assessed using the
MannY SYRIFff GNBYR (Sad>x ¢6KAfS GKS NXraGsS 27 alLld
slope estimator and expressed @sgrees of latitude or longitudghifted per year.
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3.3 Results

3.3.1 Model performance andtructuring

Generally, models performed very well, feicmodels outperformeds-pmodels(Table3-1).
The Scmodel hadstrong predictive ability, explaining a higher proportion of deviaf8290)
and higher R(0.89) compared to th&pmodel (52% deviance explainet€ = 0.49) Based on
these metrics, th&sscmodel was considered highly robust for projection, while $aemodel,
although weaker, was retained as the bg&rforming formulation for representing fishing
sensitivity. Both final models incorporatedpatial structure, depth andnteractions with
climate.Satial variables weréhe mostimportant of the variabledor predicting both &cand
S more so than environmental variables aldiigror! Reference source not founyl.Spatial
variables accounted for60%of explaineddeviancein Scmodels and #0%of explained
deviancein Ssemodels(Error! Reference source not founy.

Table3-1. FinalScand $Srmodelsselectedand their performancgindicatingn (sample size)
AIC (Akaike Information Criterion¥,(Rdjusted coefficient of determination), and explain
deviance percentage of the final select€dneralised Additive Model&AMs). Model
formulation included spatial smoothers (s), tenpooduct smoothers describing nonline
interactions (te), and interactions (t.C = climate change, FP = fishing pressure.

Model Predictors n AIC R Explained
Deviance

CcC s(lon,lat)s(SSTarqdepth)+ti(lon,lat, SBFi(depthSBY 7605 -25253 0.89 88%
FP s(lon,lat)+te(depth,SBT)+ti(lon,lat,SBT) 7605 -92& 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-eatial
smoothers demonstrated strong spatial and environmental structuring it Inebdels, with
clear evidence of notinear and noradditive relationships among prexdors (FigureB-3 and
FigureB-4). For the CC model, the twadimensional spatial smoothaevealed pronounced
geographical heterogeneity, with depth exerting a strong Hiaear influence and thermal
variables contributing more subtle effects. Interaction terms highlighted complex responses
across spatial, bathymetric, and thermal gradientsdi¢ating 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 rolving 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 madéisatedthat risk patterns are
governal 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 tBecand Spsensitivity moded, a rolling onestep-

ahead croswalidation 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 (20122020), model performanceemained consistently higlor both S

and &g indicating strong temporal transferabilityPredictive accuracy showed relatively
limited variation between years, with RMSE values ranging from 0.037 to 0.053 and mean
absolute error (MAE) ranging from 0.0&80.042in CC model¢§Table3-2). For FP models,
RMSE values ranged betwe@t26to 0.136 and MAE ranging frof.096to 0.103(Table3-2).

Model fit remained strong throughout the validation perioghore so for theScthan Sp
model, with correlations between observed and predicted values consistently highq0.93
0.95), corresponding to R2 values between 0.87 and 0.91. These results demonstrate that the
modek are able to reliably reproduce interannual variability in commudéyel climate
sensitivity.

Aslight decline in predictive performance was observed in later test yeatsoth Sccand Sp
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 erroiceetr
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-gear validation windows, model performance remained consistently high,

with mean RMSE of approximately 0.05 and MAE of approximately 0.038. The model
YFEAYGlrAySR aGNRy3 FFaINBSYSyld 0S06SSy 20aSNIBSF
nopoT wuy F ndyT0I AYRAOFGAY3I IA22R LINBRAOUGA DS
period.

Table 3-2. Mean crossvalidation statistics from rolling onstep-ahead approach for fina
models predicting community sensitivities to climate change and fishing pre:
Performance metrics include RMSE (root mean square error), MAE dbvexduateerror), bias
(mean difference between observed and predicted valuas)elation(Pearson correlation
coefficient between observed and predicted valwes) R values(proportion of variance ir
observations explained by model predictions)

Model Rolling validationyears RMSE MAE  Bias Correlation RPobserved: predicted

Sc 20132020 0.05 0.4 0.02 0.94 0.89
Se 20132020 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 period0162050 was evaluated for both CC and FP across the
Northeast Atlantic For $g predictions revealeda clear spatial gradient in community
sensitivityto warming across the north of the study region, particularly the Greater North Sea
and Celtic Seasvhile communities in the Bay of Biscay havagherrelative abundance of
traits less sensitive to warmin§igure3-1). These trends refledhe actual data for present

day S shown in D4.2Rozemeijer et al. 2025%enerally, the change predicted Scis small

and mostlydeclines in future eross most of the study region relation to presentay(Figure

B-7). The width of confidence intervals arounds the-fredictions remains smaland only a

few grid cells have lower confiden@eottom row, Figure3-1).

For Sr presentday predictions generally follow the actual values in D4.2 (Rozemeijer et al.
2025), withspecific areas in the central Greater North Sea and Celtic Seas as areas of high
communitylevel sensitivity to fishing pressur@ensitivityto fishing pressuréncreasescross

most of the study regiomver time which is particularly pronounceih the southern Celtic

Seas (red grid cells iigure3-2 and see absolute change FigureB-7). Once againit is
important to note that the associated confidence intervals were relatively narffmettom

row, Figure3-2).

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, southwestedrsome
southern shelf regions, and lower risk across much of the central and northern North Sea (top
row, Figure3-3). The overall general pattern in future periods remained broadly similar to the
baseline By midcentury howeverrisk increases slightgnd becomes more extensive in some
western and central areasuggesting that climatdriven risk is likely to remain spatially
persistent and increase modestly over tim&cincreases acrosmost of the Northeast
Atlantic region(top row, Figure3-4) with larger increases occurring between present and-mid
century compared to present versus ndature.

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 regioftgs distribution
remained broadly consistent between the baseline (Z#20) and neafuture (2026;2030)
periods, indicating persistence in the main areas of fishetgted risk By midcentury (204§

2050), the overall pattern remained similar, althdugome areas showed slight reductions in
intensity and increased spatial heterogeneifthese changes are more noticeableFigure

3-4 and FigureB-9 whereby changes time vary spatially, with the largest increases i R
occurring in the southerCeltic Seas.
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Figure3-1. Projected communitjevel sensitivity to climate chang&§ for current, neafuture and midcentury using beta GAM$op panel)
Associated confidence intervals are shown in the bottom panelFigeire B in the Appendix for maps of absolute change between refere

period and future periods.
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GAMs(top panel) Associated confidence intervals are shown in the bottom paneFi§ee B7 in the Appendix for maps of absolute char
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Figure3-3. Communitylevel risk to climate change (CC) and fishing pressure (FP) for current (reference periddiree¢20262030) and mid
century (20462050). Risk was calculated by combining the projected commlenigy sensitivities to CC with normalised $8posure.
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Figure3-4. Annual rate of change (linear slope frdi97 to 2050) in climate chang€C)
risk (upper) and fishing pressure (FP) risk (lowEng slope wasatculated using a simpl
linear modelRed showsn increase in risk, blue showslecrease in risk.
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3.3.4 Hotspots ofuture communitylevel risko CC and FP

Hotspots oklevatedRccin the baseline period (1992020) based on th@redictedrisk scores

and Getigh NR DA fF e coicEnhdiednka ddndRextending 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 regiomghe Bay of Biscafyed areas irFigure3-).

This overall pattern persists into the near future, with hotspots remaining spatially coherent
and largely unchanged extent, although there is a slight intensification and consolidation of
high-risk cells in the centredouthern shelf areas. By magntury, the core hotspot regions
continueto persist indicating strong temporal stability in the location of highest ek, with
amodestexpansion and increased persistence in some areas, particalarlg the western

and southwestern margins of the study region. In contrast, northern areasistently exhibit
lower risk levels across all time perioddth only limitedemergence of hotspots (near the
southern coast of Norway).

The Rphotspots occurred in a different spatial and temporal patterns compared toRke
hotspots (Figure3-). During the historical period (206820), elevated Ris concentrated
primarily in northern areas of the study regigparticularly across the northern North Sea and
areas of west Norway and Scotlaficherewere additional Rrhotspots in the southern Celtic
Seas, which overlap witiotspots of R In thenear future the northern hotspots persist but
show some contraction and redistribution, with higsk areas becoming more fragmeut
and slightly reduced in spatial extefithe cluster in the Celtic Sessmains, with more grid
cells within the clustebecoming more persistent over time. By nradntury, the spatial
footprint of R-pbecomes furthereduced and patchier overall, with only isolated higgk cells
remaining in the northern North Se@he hotspots in the Celtic Seas become more persistent
covering a larger area with high risk to fishing pressure.
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Figure3-5. Hotspots(HS)of communitylevel risk teclimate change@Cupper panél andfishingpressurgFP lower pane) and theirpersistence
over timefor current, neafuture and midcentury Hotspotsof highest persistence are shown in red, less persistent in yellowent periods

(19972020 and 2002020) reflect the available data for climate and fishing pressure.
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3.3.5 Spatiotemporal variations of riskrire of gravit COG)

Rccexhibited distinct spatial shifts among the Northeast Atlantic regigrsor! Reference

source not found). In the Greater North Sea, the centre of gravity shifted significantly
southward{ Sy Q& ft Bfi 2 108z2RS 02 ST F A QMBiyKendallp+£00®LpmimM T nc &
eastvardd £ 2y IA G dzRS 02 ST F Ap3A09H08)i Thé CetictSeas lsorsicowad & | N2 L
significant southward b n ®nn ndoic n&SiIvMBL T YR S| & (pebDNMB o6 ndnyJs
displacement although the magnitude of these shifts was smaller than in the Greater North

Sealn contrast, the Bay of Biscay displayed no significant latitudinal trerdf n n mym & S NJ
= 0.069), but the centre of gravity shifted significantly westwéarl 1 ® 1 n n ype ©.008)S | NB 1 =
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Figure3-6 Temporalrajectories of annual centres of gravity (COG) t@jaRd Rpacross the
Northeast Atlantic and ithree OSPARegions betweerl997-2050 for CC and 2002050
for FR illustrating the spatial redistribution and directional displacement of projected
patterns over timeRegion Il reater North Sea, region Ill = Celtic Seas, and region IV
of Biscay (not including Iberian Coa&gd arrows indicate the direction and magnitude
statistically significant trends in the COGRetand Rpg A G KAY S| OK NI 3
slope estimates (p < 0.05, Matitendall test). Arrow direction reflects the dominant shif
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 regiorsrior! Reference source not found.In the
DNBFGSNI b2NIK { SIS y2 &aA3IYAFAOLYG tFGAGAZRAY I
Mann-Kendall,p = 0.410), although the centre of gravity moved significantly eastward
On®nnHc pe0.0015 THICQLE Seas exhibited a significant northward shift (0.00246°

8SEFPBRUIPAHHY O02dzld SR AGK | AATYyHELMYHYIMI 6Sai
GKS . & 2F . Aa0Freésx GKS / hD &KAT(ipSR.00B)amy A TAO!l

SIFadsl NR 0 n dpenocod)p Overdl StheNspatjal redistribution ofrdRdiffered
markedly from that of B; 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 forcBn the Greater North Sea and Celtic Seas.

3.4 Discussiorand conclusions

This study provides new evidenfe potential spatial and temporal patterns in community
level sensitivity to climate change and fishing pressure, and their associatedcross the
Northeast Atlantic into the futureThe Sc model performed strongly and suggested that
projected sensitivity to climate changkeclines slightly irmany areas, through timen line

with decreased prevalence of warsensitive and increased prevalence of wamsistant
speciesChanges irS-pare much morespatially heterogeneous bubhis notablyincreases in

the Celtic Seas and Bay of Bis¢éytably, we find that climate change is likédybecome the
more spatially persistent and temporally consisteource of communityevel risk across the
Northeast Atlantic whereas fishingelated risk is more locally variable and less spatially
coherent through time.Rcc increases across most of the regi@md remains spatially
persistent, with hotspots concentrated in southern, western and shedfssociated areas and
becoming slightly more extensive by madntury. By contrast, Rp 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
SeasCentres of gravity analysis further showed that climate and fishing risks redistribute
differently through space, witRccexhbiting more regionally consistent directional shifts than
Rer

Our modelprojecting communitylevel sensitivity to climate changexplaineda 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 conagiolhisagrees with
regional studieshowing that sea temperature is a primary driver of fish community structure
across Northeast Atlantic sif seagRutterford et al. 2022)with depth and spatial variables

as additionally importandrivers (Tittensor et al. 2010;Eme et al. 2022)and that future
warming is expected to reorganise assemblages over large spatial $édaes& Cheung
2015; Thompson et al. 2023By contrast, thecommunitysensitivity to fishing modelvas
acceptable but weakemwhich likely reflectshe 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, stockspecific management, habitaipecific gear interactions and the patchiness
of fishing footprints Hence, the predicted increases in commudéyel sensitivity are much
more heterogeneous in space

We found that therisk from climate changencreased from present dayntil mid-century.
GCommunity-level sensitivity to climate change is projected to decline in future, so the
increased risk from climate change reflects more the increaspdsxe from increasing sea
surface temperatures.The decreasing sensitivity to climate change consistent with
expectations that communities are adapting to warmimgincreasing in relative abundance
of species with broader thermal toleranc@®olo et al. 2025)These patternsnay be related

to poleward distribution shifts and/ochangesn community structure as a result of changing
temperatures(Magurran et al. 2015VicLean et al. 2D9). Previous studies have showinat
regionaland localscale biodiversity patterns were driven ycreased productie energy
especiallythe benthicpelagic trophic linKkEme et al2022) Diversitychanges were driven by

an increasing abundance and diversity of small pelagic sp&digsh then positively impacted
the abundance of demersal speci€3ur results may bexplained by this phenomenon as
smaller, faster-growing species with higher thermal preferencese likely to benefittrom
climate warmingand hence community sensitivity to climate change would decrésistean

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 expsure component of risk continues to rise under continued warming.

A more complex pattern emerged for fishing sensitivity and Rsltterns in Rrlargely reflect

the underlying contemporary fishing exposure layer and therefore remain partly anchored to
the presentday spatial footprint of fishing pressure. This helps explain wimh&spots
broadly resemble current risk patterns from earlier deliverablgg.2 and D4.8Rozemeijer

et al. 2025Engelhard et al. 2026and why future change is more modest and spatially uneven
than for Rc At the same time, projected increases in community sensitivity to fishing
pressure particularly in parts of thesouthern Celtic Seasuggest that future community
composition in some areas may increasingly favour combinations of traits associated with
greater vulnerability to fishingThis is not entirely straightforward, because waaffinity
species moving into shelf systems are often smdilegied and fastegrowing(Cheung et al.
2009; Pereira et al. 201@ailley et al. 2Zb), traits that are commonly associated with greater
recovery potential after fishing mortalifCheung et al. 2007; Rijnsdorp et al. 2009)r that
reason, the increase in communilgvel fishing sensitivity is unlikely to be explained simply
by the arrival of individually more fishingiinerable species. A more plausible interpretation

is that climatedriven redistribution, the movement afommercially important species, and
shifts in relative abundance are together reweighting the community so that less resilient
components contribute more strongly to the overall sensitivity mefRgnsdorp et b 2009;
Hermant et al. 2010; Le Luherne et al. 202d)other words, the projected increase ig-@ay
reflect an emergent change in community balance, rather than a simplet@oee trait
response of the species moving in. This interpretation is consistent with studies showing that
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distributional responses in the Celiisiscay shelf are shaped by combined effects of climate,
abundance dynamics and fishing presske Luherne et al. 2024and that community
responses are often localised, speesgecific and mediated by fisheries management history
(Engelhard et al. 2014;e Luherne et al. 2024)ltimately,communityrecoveries from long
term fishing are likely incompletand potentially constrained in the longer term by climate
change.

The hotspot analysis is particularly informative from a management perspective. Glimate
change risk hotspots were more consistently located in southern and central shelf regions and
showed strong persistence through tim&he persistence and gradual intensificatiand
expansionin theseregionsby midcentury, aligns with weldocumented 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 signa(S§chmidt et al. 202(4olt et al. 2022Dong et al. 2025The fact that

these hotspots remain spatially coherent through the near future and-eeigkury suggests

that they are not transient artefacts of interannuariability but likely represent recurrently
vulnerable areas that warrant sustained monitoring and clirred@ptive management.

The centreof-gravity analysis adds an important nuance. The southward and eastward
displacement of R.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 manydsstth
Atlantic studies, individual taxa shift northward or into deeper waters in response to warming
(Perry et al. 2005=ngelhard et al. 2014 ordd-Vilaseca et al. 2024 )ut these responses are

far from uniform, and some species or communities show seastward, northwestward

or depthrelated redistributions depending on local conditions, abundance dynamics and
fishing history(Rubenstein et al2023;Le Luherne et al. 2024A southeastward 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 shifoleward. 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 mahbgea
through targeted interventionskErom a management perspective, this suggests that climate
adaptation needs to be integrated more explicitly into ecosystmmsed fisheries
management and biodiversity conservatiRobinson et al. 2025zuchs et al. 2026 with
persistent Rc hotspots treated as priority areas for monitoring, resiliedmélding and
potentially adaptive spatial managemei@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 ecosysteased management. In particular,
regions where high climate risk coincides with petent fishing pressurésouthern Celtic
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Seas)may represent priority areas for adaptive management, whereas areas dominated by
climate risk alone may require longesrm resiliencebased strategiegHorta 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 screetanwgl forecasting exercise rather than a
definitive prediction of future ecosystem states. The use of a fEghssion 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 relatigrssiinat likely
integrate unmeasured processes such as habitat differences, species interactions, historical
exploitation and biogeographic legacy. Nevatess, the strong validation resultsspecially

for &g 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 ni&ty to
persist, intensify or redistribute, thereby providing a useful evidence base for foreaking
marine management in a changing Northeast Atlantic.

Ultimately, this work contributes to the development of decis&upport tools for marine
spatial planning and biodiversity conservation. By identifying areas of persistently high or
emerging risk, the approach can inform the prioritisation of managemetibas, including

the design and adaptation dfiPAsand 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.

a7



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

4 |celandicwaters

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 Atlantiand 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 curmarhing from the south

which splits from the Gulf Stream andfter encountering the IcelanBaroe Ridgeflows
westward. This current then continues flowing clockwise arotinedisland, losing strength as

it reaches its northern coast§igure) (Valdimarsson & Malmberg 1999hiscurrent 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 (Ezstenlandic Current), Arctic (East
Icelandic Current) and Atlantic wateffSigure), resulting in lower temperature and salinity
than in the south west (Stefansson 1962, Astthorsson et al. 2007).

Figure4-1. The direction of the Atlantic (red) and Arctic/Polar (light and dark blue) w
masses around Iceland. From Simonarson et al. (2021).

This heterogeneity irpredominantwater mas®s has been linked to the presence of two
separate species assemblages: one locatedgly to the south and west oficdand,
characterised by aajority of Atlantic species, and one in the north and east, withaority
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of Arctic species (Astthorsson et al. 2007, Stefansdottir 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 warmemlacater temperatures
(Malmberg & Valdimarsson 2003, Jonsson & Valdimarsson 2005). Changes in the composition
of marine faunal assemblages in response to this variability have been reported in the past
(Vilhjdlmsson 1997, Stefansdottir et al. 2010, Valdssan 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, S6lmundsson et al. 2025).

Such communitghanges might become more frequent and range expansions more persistent
as global temperatures warm due to climate change. The arctic anéstic have been
warming at a fast rate, with the former having warmed almost four times faster than the
global aerage since 1979 (Rantanen et al. 2022). This has been associated with widespread
shifts in the composition of demersal fish communit&sundliceland (Campana et al. 2020,
Valtysson & Jonsson 201&0lmundsson et al. 2025)ff southeasten Greenland
(Emblemsvag et al. 2022) amithe northern Barents Sea (Frainer et al. 2020arming
induced shiftsin species compositioare expected to carry on into the future as well. For
exampek, GordéVilaseca et al. (2024)yojectedhigh extinction riskor Arctic demersal fish in

the BarentsSeatowards the end of the century, if no climate refugia will be available. This
increasa extinction risk was projected to be accompanied by an expansion in the range of
southern temperate specieSimilarscenarioscould 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 changewith climate changein nearfuture decades up to midentury. To
accomplish this, we estimated the present and future density of biomass of five categories of
marinespeciesalsopreviously analyseth BUSEFULeport D4.3¢ Arctic species, commercial
species, IUCN Red List species, species with high sensitivity to climate, emahgmecies with

high sensitivity to fishing pressure (Engelhadal. 2026). All these speciggoups are
particularlyrelevant for marine spatial planningwingto their sensitivity to anthropogenic
pressures and/or economic importance. Furthermore, we investigated whether the losation
of areasof high importance for the conservation of groundfish diversitg likely to change
substantiallyfrom 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 perio@2@b0&nd

a 0.083% 0.083°% n ¢ p Q resolutiore gi [Bngitude and latitude. The model consistéd

joint species distribution modelJEDM 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 usedvironmental data derived from the
NEMOMEDUSA coupled hyggeochemical 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 d¢lude spatial or temporal random effects when
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developing the predictions. More information on model setuparametrisation and
diagnosticss givenin BUSEFULeport D3.1 (Lindegren et al. 2025).

From these predictions we obtained estimates of biomass (k&)/kon the period 20158024
(average biomass, representing the baseline) and for the years 2030, 2040, and 2050. We thus
compared recent and expected distribut®im biomass of Arctic species, commercial species,
at-risk species, species sensitive to climate chaagd species sensitive to fishing pressure.

To define commercially important and-ask species we used the information available in the
Fisheries Overview by the Marine and FreshtavdResearch Institute of Iceland (MFRI 2024)
and the Red List of Threatened Speaéthe International Union for Conservation of Nature
(IUCNAY F2NXIF GAZ2Y | O0OSdaSR UKNRddAK G§KS w LI O1! 3
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 Arctiataffiliwere
identified using the information available both Rozemeijer et al. (2025) and Sélmundsson

et al. 025). More information on the classification of groundfish species in these five
categories is available in Engelhard et al. (2026).

To investigateexpected future changes in the distribution of priority areas for the
conservation of groundfish communitiege compared priority areas identified in 202524

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 anking and by removing the raster grid cells that can be lost with the
smallest aggregate loss of marine biodiversity (Virtanen let2818). Weights can be
associated to the species distribution rasters to influence phieritisation algorithm and
specify which features to favour in th@ioritisation (Virtanen et al. 2018, Moilanen et al.
2024). The rasters used in thpeioritisation all belong to the five categories of groundfish
species that have been outlined above. The same five categories, with subdivisions based on
speciesspecific depth preferences, were also the targetpoioritisation as outlined in B
USEFULeport D4.3 (Egelhard et al. 2026). The weights gmabritisationsettings used in this
analysis are the same tiwsedzd SR T2 NJ 6§ KS LINBOA2dza NBLI2 NI Qa |
to that report for additional details on thprioritisation process.

4.3 Results

The five categories of groundfish species (Arctic species, commercially important species
risk species, species sensitive to climate chamagel species sensitive to fishing pressure)
differed markedly intheir biomassdistribution patterns This was the case both for their
distributions in the recent past{gure4-2, left-most maps Figure4-3) and as projected for
the future in 2030, 2040 and 2056igure4-2, middle maps From 2015 to 2050, modest
changes in biomass are projected for each of the five categdfigare4-2, rightmost maps).

Arctic species were foungland are projected to be foundin higherdensities orthe slopes
surrounding the Icelandic shebidth the northern and southern sectionSigure4-2, top row),
with commercially important specieshowing highest biomass levels on the coastal sheélf
(Figure4-2, second row. At-risk (IUCN Red Listpecies wergand are projected to bemostly
presentin both the northern and in the southern sectismof the coastal slopeespecially in
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the deeper part of its southern sectiorgn either side of the Reykjan@&dge(Figure4-2, third

row). Similar patternsverefound for species sensitive to climate change and species sensitive
to fishing pressureRigure4-2, bottom two rowg. High levels of biomasm the southern
slopesfor at-risk species, species sensitive to climate change and species sensitive to fishing
pressure corresponad to high estimated population density for roundnose grenadier
Coryphaenoides rupestri©ut of the five categories of groundfish species, only the Arctic
species ar@rojectedto decrease in biomass density on the Icelandic continental gleigere

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 ofrégk species, species sensitive to climate change and
species sensitive to fishing effort is expectedy(ire4-2).
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Figure4-2. Estimded biomass levels in five groundfish species categories, in recent
(20152024, leftmost mapskynd projected forthe future (2030, 3040 and 2050); the righ
most maps showhe projeded change in biomas@rom 2015 to 2050)or each of the five
categoriesNote that helegend fo decadal change in biomass for Arctic species is sepi
from the legend for decadal change of all the other groupshighlight the changes ii
biomass of that relatively rare group.
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Figure4-3. Detailinghow the different categories contribute to the final pricgation.

Priority areas for the conservation of groundfish communites shown irFigured-4. For the
baseline period 2012024, highpriority areas were identified mainly on the Icelandic coastal
shelf and on the southern section of the continental slope of Icelatded lightyellow in
Figure4-4 A). In future decadespatternsin priority ranking are projected to undergo large
changes(Figure4-4Figure B-E). Areas expected toncreasein priority score, includehte
IcelandFaroeRidge, as weksseveral sections of the northern Icelandic coastal shelf and
slope On the other hand, areagxpected todecreasein priority ranking, includethe
Greenlandic coastal shelf, as well as the southern section of the Icelandic coastal slope and
the easternmost section of the Icelandic coastal stétjfre4-4 B-E).
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Priority rank baseline (2015-2024)
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Figure4-4. Priority rank for the conservation tfelandigyroundfishcommunitesduringthe

baseline 2012024 (A)with light-yellow indicating highespriority areas;and the change
in rank from the baseline to 2030 (B), 2040 (C), and 2050 (D). The decadal trend in
ranking is reported in (E).

4.4 Discussiorand conclusions

This study investigategbrojected future changes in the distribution of biomass for five
categories of groundfish species around Iceland: Arctic species, commercially important
species, aftisk species, species sensitive to climate change and species sensitive to fishing
pressure. The resis show that the overall biomass levels ofrek species, species sensitive

to climate change and species sensitive to fishamg expected to increase in the same
locations where biomass csirrentlyat its highest levels, i.e. the continental slope surrounding
the Reykjane®idge in the southwest of the study area. This increaseastly attributable

to the projected increase in biomass of the roundnose grena@inyphaenoides rupestris
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Thisspecieshas been categorised &ndangeredCook et al. 2015) as well Aging both
sensitive to climate change and fishing pressure (Rozemeijer et al. Z0#&5presentday
biomassdistribution and projected increase of thisinglespeciesare closely linked to the
current biomass distributiorand projected increase for these three categories as webf
which this species forms an important compongRbundnosegrenadieris an Atlantic species
(S6lmundsson et al. 2025), which means that an increaseawater temperatures is likely to
causea biomass increase of this species around Iceland. Moreavisralsoa bathydemersal
speciesaccordinglya warmingtrend is alsoexpected for the bathyal zone in the Icelandic
seas. On the other hand, Arctic species are expected to decrease in biespasallywhere
these are currentlynainlyfound: the continental slope of Iceland. These findings are in line
with the observedborealisationof continental slope communities in emxcurrence with
increasingemperaturesasreported for nearby eastern Greenland (Emblemsvag et al. 2020,
2022). It islikely 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 composiktereimplications for

the distribution of areas of high priority for conservation of groundfiSkpectedtrends in
priority rankingare quite large for some areas, reaching an absolute value eD@2er
decade while the total possible range in priority ranking-is These large changes in priority
ranking are expected also in areas for which no large trends in biomass for thetégeras

of species are projectedtorexample nore of the five categories are projected to undergo a
great increase or decrease in biomass on the Icelaabe 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 £em incongruous, thexplanationis 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 cgréats 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 (Robertsle?017, Beyer et al. 2018).

Special attention needs to be given to tAectic species.The approaclof assigningoriority
areasuses the sunof the rankings fos categories (Arctic species, commercially important
species, atisk species, species sensitive to climate chaagd species sensitive to fishing
pressure) Figure4-2 shows 4 categoriegenerallyincreasing and only one (&ic species)
decreasing. As a resuwf summingthe importanceof Arctic speciess not acknowledged in

the prioritisation processn many regionsFigure4-2 also shows important decreasasArctic
speciesespeciallyon the slopes dedicated measures seertterefore 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 tisendio
environmental changes and can thus safeguard the resilience of ecosystem functioning to
climate change.

Thisphenomenonalso shows thathe developments of each category in tinaad space
should be analysed at their own merits as well.
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It is acknowledgedthat the baseline (20122024) predictions of biomass for these five
categories of groundfish species are different frahose presented in report D4.3or
comparable time periodéEngelhard et al. 2026). This is probably duseweralfactors First,

the predictions of biomass distribution presented hemgere developed using an
environmentaldata productdifferent from thatused for report D4.3The presentanalysis
used NEMOMEDUSA data, while the D4.3 analysis used Copernicus dataigsod
(Copernicus Marine Servie@25, 2025). NEMOGMEDUSA was choskareover Copernicus

as thelatter couldnot provide future estimates of environmental covariates. Second, contrary
to the predictions developed for D4.8pe 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 years, effectivelgllowing for a much largedegree of freedom in the
spatiotemporal distribution of occurrence probability and biomass of the 79 groundfish
species. A possible sensitivity analysis would be tdeneslop the predictions of species
distribution from NEMGVEDUSA data but with the inglion 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 isksfrom invasivespeciesn the Mediterranean

5.1 Introduction

Biological invasions are severe disruptors of marine ecosystems, comparable in magnitude to
overexploitation, habitat destructiorand pollution (Edelist et al., 2013). Climate change is a

major driver of marine bienvasions, reshaping communities worldwide and leading to the

rapid homogenisation of marine assemblages across multiple regions (Molinos et al. 2015,
AngelesGonzalez et aR026).Amongall regions, the Mediterranean stands out as the most
invadedseaby a significant margin, with over a tharsd marine norindigenous species (NIS)

recorded to date (Azzurro et al. 2022, Zenetos et al. 2022, Galanidi et al. 2023). Alien species
enter the Mediterranean through naturgbr anthropogenically assisted)spersal from the
GibraltarStrait, 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
SYyGdSN) GKS o6Flairy GKNRBdAzZAK GKS {dzS1 /Iyl ¢ | N.
speciesmild yias O2YYSY2NIdAy3a (GKS CNBYyOK RALI 2Yl
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 pérteeoEastern
Mediterranean, where invasive herbivores, predators and toxic spebsege affected
biodiversity, habitats, ecosystem functioning, fisheries and human héditsanevakis et al.

2014; Galanidi et al. 2018; Bédry et al. 2021). Sea warmirayigh the progressive weakening

of climatic barriers, has assisted the spread of the Lessepsians around the Mediterranean
(Azzurrok YR 5 Q! YAzgurraetaiHizH HE  5Q! YSY SO I f® HAHHO O
cause of climatariven 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 haverpliferated as far west as Gibraltar and as far north asGudf of Trieste in

the Adriatic Azzurro2023).The rate of spread of some of these species has been staggering,
approaching 100500 km per year in the case of the bispotted cornetfishFistdaria
commersonjiwhich was able to colonise almost the entire basin in seven years from its first
confirmed sightingn the Mediterranean(Azzurroet 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 messare
implemented. The establishment of the Lessepsian NIS has led to a variety of negative
interactions with MPAss well as with habitatsritical for early lifestagesof key foodfish
specieslnvasiveherbivorousfish have caused intensive deforestats along several locations

of the eastern and central MediterraneaBiea with abrupt impactsand 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 (Galdniet al. 2018). Climate change expectedto
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exacerbate these interactions as MPA susceptibility to invasions increaseswidsin

05 Q! Y SA¥zurka30R0). In addition, MPAs and fisheriestricted 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, (Bidakd

al. 2019, Kleitou et al. 2024). This ultimately complicates biodiversity conservation efforts in
the area, as the potentially beneficial effeasfishing effort reductions, which are already
projected to diminish due to future sea warming (Corrales et al. 2018), must be coupled by
NISspecific management actions lest their populations increase massively (Kleitou et al.
2024).

The present studybuildson our previous work (Rozemeijer et al. 2025, Engelhard et al. 2026,
Hidalgo et al. 2026)t 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 gieerdithe
persistence of nursery grounds in the Central and Eastern MediterranBa@. specific
objectives are

1. To project the potential future expansion of Lessepd\dSin the Centrabnd 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 logations
in relation to projected NIS hotspots

We then discussnanagement implications for marine protected areas, fisheressricted
areas andensitive nursery habitats.

5.2 Methods

Benthic nekton datafishes, molluss, crustaceans) from the Mediterranean International
Trawl Surveys (MEDITS) from 1999 to 2021 were used to construct Lessepsian NIS
presence/absence generséd additive models (GAMSs), as detailed in Chapter 9 of Deliverable
4.2 (Rozemeijer et al. 202%s covariates we used montldyeraged 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 $ihing pressure indices calculated through the Mdititerion Decision Analysis
(MCDA) tool developed during RDBHI@&avadas et a2015, 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 aggregatéleir occurrences at haul level and considered
hauls with at least one Lessepsian NIS as a presancdehauls without any Lessepsian NIS as

an absenceTwo modelsveremade, a) a simple spatiotemporalodel, with haul coordinates,

depth and year as predictgrand b) an environmental model, with the winteiIsummer sea
surface temperature interaction, surface salinity, depth, trawling fishing pressure index and
yearas predictordRozemeijer et al. 2025).

We then used RCPgBigh-emissions climatehangescenario) biagorrected environmental
modelled data (POLCOMS/NENMBSEM) (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 ettioele scenarios

GSNE O2yAARSNBRI 0 | ol aStAaySé aOSylINA2Y ¢
Fd wnum £S@OStAas 600 | GNBRdAdzZOSReé FA&AKAY3I STFF2N
gl & | aadzYSRE | yR OU0 Isgenatich with NS arf/&sal intréadek y 3 ¢
effort. Subsequently, we calculated the NIS occurrence probability in the G&atsédrn
Mediterranean, from 2000, and for every five years, up to 2050 (except for 2045 due to data
unavailability). The spatial pdictions were made on a @.4quare 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
betweeni KS 4G NBRdAzOSRé¢ FyR (GKS AGAYONBFaSRé FAaAKA
scenario.

In addition, we explored possible future shifts in fleeationsof fish nursery grounds as well

as changes in the juvenile fish alpha diversity, for the same fishing effort scenades

RCP8.5We 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 Eeagtain
Mediterranean, as described in Chapter 5 of Deliverable 3.2 (Hidalgo eR8l. 28e therran

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 anessaiall

fisheries indices, rescaled back to [0, 1] ranQeese predictions were then used to calculate

the juvenile fish Shannon diversitil), species richnes®R)F Y R t A Sf 2 deOMiIOeS.FSYy y S 3
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
Y2NXIfA&ESR (KS 2dzgS yta dniSvariaricd, By di&idirlg 8ashavBue lwithdzy R | y
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-GadisGi* statistic for

SIFOK &@SIFNX¥ ¢KS Fylfeara ¢l a wNdegighBoirsfor@®®y Qa O:
simulations, to ensure consistency. Hotspots (grid cells with Gi*>0) were identified at two
AAIAYATFTAOLIYOS tS@Sta oL X ndnp YR LI X ndnamo @
lff FylrfeasSa gSNB R2yS Ay w ogd nyR Wl YROQ ¢
7) were used to run the GAM and the HMSC model predictions, respectively. Alpha diversity
AYRAOSEa ¢SNB OF f Odzf I G SR ¢ A G K-3)Yi MaBnKengdll tdnd2 T G K S
G6Sada 6SNB O2yRdzOGSR G KNPRdzZAK { K SOrdiGrStstigie £ Q w
gl & OFfOdAg I iSR ¢A0K GKS KSfLI 2F GKS WaTRSLIQ
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5.3 Results

According to the simple spatiotemporal GAM projections, Lessepsian NIS will cottinue
proliferate further north and west from locationsvhere they already established a
permanent presence (
Figure5-1). By 2050projectionsindicatethat 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 lonia and the southern coasts of Sicily, the occurrence probaliiprojected to
approachunity by 2050, suggesting the establishment of permanent and large populations of,
probably multiple, Lessepsian species in these areas.

Simple spatiotemporal model

robabilit
p ) y

I1

0.75
0.50
0.25
0.00

|2

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

Figure 5-1. Projected Lessepsian NIS occurrence probability in the CEastrn

Mediterraneanbased ond A YLX S aLJ GA20GSYLIR2 NIt D! asx

fishing effort scenario, for 2030, 2040 and 2050, compared to the 2020 extent. This 1
denotes the rate of spread of these NIS towards the western and northern part o
basin (i.e. the speedf the migration).
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The environmentaGAMmodel, 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 shofvn in

Figure5-2).

Environmental model
2020

45°N

40°N

robal
g 1.C

0.7
0.£
0.2
0.C

35°N+

45°N

40°N+

Py

35°N g
15°E 20°E 25°E 30°E 35°E 15°E 20°E 25°E 30°E 35°E

Figure 5-2. Projected Lessepsian NIS occurrence probability in the CEastrn
aSRAGSNNI ySIy 2F (GKS Sy@ANRYYSyidlf D!
scenario, for 2030, 2040 and 2050, compared to the 2020 extent. This figure de
mainly the efécts the climatic variables (sea surface temperature and salinity) have
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 (

Figure5-3).
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Effect of fishing effort
Difference from baseline

Increased Reduced

45°N
Proba
differe

40°N+

~

35°N

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

Figure5-3. Effect of a 15% increase (left) or reduction (right) in fishing effort on
occurrence probability of Lessepsian NIS on the year 2050, according to the environr
Dl'a LINRP2SOGA2yad ¢KS STFFSOU Aa SELNSa
(constant) fishing effort scenario.

Juvenilefish alpha diversitys projectedto showfluctuationsovertime in all indices, with few

grid cells showing monotonically significant trends by 20%¥erthelessseveralconsistent
patterns emerged Up to 2050,notable drops injuvenile fish Shannomwliversity (H) and

t A S fefedr@ssd Ve (projeced along the southeastern Adriatic coasts,tie northern
Adriatic wesbf Istria,at several locations along the slope waters and southern coasts of Sicily,
with sporadic drops irthe southern Aegean and centradastern lonian SeagigureD-1 and
FigureD-2). Converselynotable increases ijuvenile fish diversity and evennease projected

in intermediate and deep waters of the northern Aegea@aand at variouslocations around
CyprusftigureD-1 andFigureD-2). Concerning species richn€B in juvenile fisto patterns
remained monotonically significant by 2050. Regardless, the central Adriatic Seg,abckte
southeastern Aegean Sea (between the islands Samos and Kos) are projected to suffer a net
loss in species richnedsigureD-3).

According to projections, a 15% reduction in fishing pressure will have a predominantly
positive effecton juvenile fish alpha diversity acrossthltee indices FigureD-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 coastgprus FigureD-5). Interestingly, this increase

will have a positive effeand LJISOA S4 NAOKYy Saa O2YLI NBR (2 (K¢
pressure scenarid-{gureD-5).

Finally, the locations of fish nursery grounds in the Cesiedtern Mediterranearare
projectedto remainlargelyconstantbetween the present an@050(
Figure5-4: with red zones indicatinguvenile fish hotspots). Projections for 203m40 and
2050 fluctuateslightly on the significance level of the hotspot®wever,the general area
demarcatiors are projected to remain remarkably stable
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Juvenile fish nursery grounds (hotspots)
Constant fishing effort scenario
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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

Figure5-4. Juvenile fish nursery grounds (hotspots) and coldspots in the CEastrn
Mediterranean for 2020 (hindcast), 2030, 2040 and 2050 (forecasts). Darker co
denote significance a = 0.01 and lighter colours @ = 0.05.

5.4 Discussion and conclusions

The secalled Lessepsian migrants have become a common sight in the Eastern Mediterranean
Sea(!l TT dz2NN2 9 5Q! YSy g asHcaorroborated in loupe®iciiswerk showing

that active NIS hotspotsow reach are as far north as Corfu Island (lonian Sea) and as far west
as Sicily (Engelhard et al. 20ZH)is new studyprojecting into neaifuture decades, indicates

that Lessepsian NIS will continue expanding rapidly northwesgeciallyinto the Adriatic,

and westwards establishing a strong presence in the shelf waters alon§tthi of Sicily.
Future climatic conditions (namely, sea surface temperature and salinity) are projected to
favour this expansion. Unavoidably, this will increase NIS interactioith fish nursery
grounds, which are projected to remamostly where they presently aren the Central
Eastern Mediterranean, up until 2050. Furthermadssesn juvenile fish alpha diversitgre
projected for areas includintpe southeastern Adriatic coasts, coasts of Sicily, eastern lonian
andsouthern Aegeaiseasand Cretethese lossemight 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 irthe Lessepsian NIS occurrence probability and a net gain in juvenile fish
alpha diversity.

Our Lessepsian NIS models are subjecsamne limitations that should be addressed. The
simple spatiotemporal GAM was initially made for the purpose of using aptaia dataset
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to map the occurrence probability of these NIS in the Mediterranean from 1999 to 2021, by
putting constrairts 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 malighot put any environmental constraints
on the Lessepsia@bccurrenceprobabilities other than depth (which is static), and cannot
inform how future climatic conditions will shapeein distributions around the basin. This
model is more useful to gauge the speed and direction of the Lessepsian expanswonere.
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
probabiity loses its informative value once it saturates in an area. In other words, the model
informs that a LessepsiaNIS observation will bguaranteedin that area, but gives no
information onwhich specighow abundantor how damaginghey 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 expandion o
Lessepsian specieshis 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 speechefdxpansion. Instead, the
environmental GAM projections are more useful for observiag climate changeiill benefit

the Lessepsians, by making conditions more favourable for these species around the basin,
and for testing theeffect of fishing effortreductions or increasesn their probability of
occurrence. Finally, neither of our models include biotic interactiamgch can be important
(Mellin et al. 2016) but are largely unknown for most of the Lessepsian species in the
Mediterranean. It is expectkthat, as time passes and Lessepsian NIS continue to proliferate
across the Mediterranean, they will also sampledmore frequently during the MEDITS
surveys, increasing data density and allowing for the construction of better, more
A2LKAAGAOFGSR Y2RSt&a GKFEG OFy AYTF2NXY 2y 021
expansion as well as allowing specispecific 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,
LINSOA2dzat & Llzof AaKSR Y2RSt & ¢/ 2 NEaciBaetd.t @ H 1\
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 tthasdked
toadfishLagocephalus sceleratuhe bluespotted cornéfish Fistularia commersonand the

common lionfishPterois milesshow that these NIS have already expanded across the entire
Mediterranean (Ulman et al. 202BAzzurroet al. 2022 Azzurro2023, Bottacini et al. 2024,

LASOI SG ftd wnupod LG Aa SELISOGSR GKFG AYLI
and western Mediterranea®easooner rather than later. We can also be fairly confident that

future climatic conditions arboundto favour the Lessepsians, mostly through the weakening

of the low water temperature barrier that several locations arounck tMediterranean

currently still exhibit during winter. There is nowxtensiveevidenceof climate change

benefiting invasive and thermophilic species, not only in the Mediterranean, but globally
baztAyz2a SO Ft® uwunmpx /EFN] SO Ffd HAawANZ 5QI
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Gonzalez et al. 2026). Sea warming is expected to lead to rapid-deaige biotic
homogenisations across the globe, severely compromising conservation schemes built on
assumptions that are becoming progressively irrelevant under the future biodiversity
lay Ra Ol LIS 6az2ftAy2a Si [td HampI 5Q!'YSy 3 111

One of the most important aspects of marine biodiversity conservation efforts will be the
protection of fish nursery grounds across the CenEaktern Mediterranean. Thankfully,
according to our models, the nursery ground locations will persist largediianged in the
subbasin, making spatial prioritisation easier. The spread of the Lessepsians will certainly
create complications towards this goAlsshown here and in our previous work (Engelhard et

al. 2026) these sensitive habitats have already bempromised by the presenad NIS in
Cyprus, the southern Aegean and eastern lor8aas Serious NIS impacts on these habitats
have alreadybeen 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 andsdbéh
Sicilian nursery grounds within the few coming decades. Theo geolution for the
management of such habitghas 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 podive 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 owever,overallreductions in fishing effort are conptually and
substantively quite different fromocalsed fisheries closuresTotal gohibitions of fishing
activitymay lead tahe oppositeof the desired effectpotentiallyincreasing the presenand

the abundanceof NISinside 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 conclusionthe projections indicatehat the Lessepsian migrants, marine species of indo
Pacific origin that include several invasive spedass]ikelyto continueexpandngnorthward

and westward acrossthe Mediterraneanduring the coming decade8y 2050,thesenon-
indigenous species are projected @stablisha strong presence the southern Adriatic and
across theshelf area south of Sicilyvhile remaining highly prevalent in the Eastern
Mediterranean, including Cyprus, Crete, the southern Aegean and the eastern Baa&n
Future sea warming is expected to facilitate this expansion by making climatic conditions
increasingly suitable for thermophilic invadei$e projected spread of Lessepsian species is
particularly concerning because juvenile fish nursergugds 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 tloeithern 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 cantribute 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 invasaiespgnagement
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may unintentionally favour the buildp of invasive populations inside protected areas.
Consequently, spatial protection in the Mediterranean should be coupled with specific
management plans for neimdigenous 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
componentof Mediterranean conservation planning. Marine protectateas and nursery
grounds cannot be managed only by reducing conventional human pres3amsmust also
account for the changing biogeographical context produced by climate warming and biological
invasions. This requires adaptive, ssfgecific and speciespecific strategies that combine
biodiversity protection with active control of harmful invasive populations.
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6 Generaldiscussiorand management implicatiois

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 regionaBsédsig on the
trait-based sensitivity and risk framework developed in WP4, the analyses presented here
move from retrospective assessment towardsenariebased projections for the coming
decadesup to midcentury. An innovative methodologywas appliedto map hotspots of
OAZRAGSNEA G O sénditivity, BulnetedilityyadayriskiitcfishiagPressureand
climate changel ONR & & 9 dzNP LJS Qcioss Nii® Medefrhnkan 88, Northeast
Atlantic and Icelandic waters, the results show that future ecological rislbbwishaped by

both the persistence ofurrentvulnerability patterns and the gradual spatial redistribution of
species, communitiessensitivitiesand pressures undduture climate changeQverall,this
means thatmid- and longterm conservation planning and fisheries managemanbasin

and areaspecific scalesshould not rely only on presemtay hotspot maps, but should
considerprojections,their uncertainies, and regular monitoring.

6.2 Strengths and weaknesses

The main strength of this deliverable is the integration of ttaised 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 pregsuré® | £ 82 NB ¥ SNNBR
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 vulnerabilitpr riskmay pesist or intensify in the future.

A further strength is thathte spatially explicit maps describing projected risks and sensitivities
are useful for evaluatinghe designation and management of MPA® our previous
deliverable report (D4.3) we already showed tlsansitivity or risk hotspots may shift over
space and timeas a result otlimatedriven range shifts of speciethereby both informing
and complicating evaluation and decistoraking (Engelhard et al. 2026)The maps on
projected risk hotspots may provide additional informatisupport the inherently complex
decisions around MPA$RAsand OECMs which require a balancing of stakeholder,
management, and conservation interests.

One limitation is thabur maps on projectediodiversity hotspotgescribesensitivities and
risks to two(arguably highly dominatirydgeypressurenly ¢ climate change and fishir{§olo

et al. 2025) However, other importandrivers arealsoimpacting marine lifethese include
pollution, marine traffic, oil and gasexraction, aggregate dredging, offshore windfarms
recreational activities, and further pressur@éenny et al. 208, 2018 Tiano & Rozemeijan
Lindegren et al. 202%iet et al., 2028 As also highlighted previously (Engelhard et al. 2026),
a possibleextension ofthis researchwould be to include sensitivity and risk maps to these
other anthropogenic pressusge.g. dredgingPiet et al. 2023)and so obtain morentegrated
maps of the risks to marine biodiversitgeally, such an extension would incorporate future
projections of these other important pressures on marinedigame of which might increase,

66



4
/zﬂ.“n‘k\\\‘\

'/"lll _“\\
@ .l Project: B-USEFUL, EC HEU Grant No. 101059823

Ugee

others decrease in the future, partly depending on future climate charfigheries mult
annual management plarend socigpolitical scenarios (Pinnegar et al. 2021).

An important limitation is also thdtiture projections depend on the quality and resolution of

the available environmental and biological dafdere isconsiderable uncertainty in future

Of AYIF(S LINP2SOlA2yaT GUKS&aS aKz2dZ R 6S aSSy I a
most likely trajectoriesKinregaret al. 2021) Moreover, the only climate variable included

here was temperature while other environmental changes such as salinggean currents,

wind speedand storms are also likely to impact marine species and communitieshould

also be acknowledged that teodelQ & & f A R Aafidatiomappfdadmas limited in the

total duration over whichthe ability of the GAM to projeatould be calibratedAs existing

models indicate declining model ability when tested into th&ure (Rutterford et al. 2015)

we have lower confidence in the model projections beyongt&'s and increasinglyo 2050.

Several other limitations should be acknowledgédlst fishing effort scenarios remain
difficult to define consistently across regions, and in several analyses fishing exposure had to
be held constant or simplifiedSecond the communites explored here are primarily the
surveyed demersal species of tlkase study areasyhich donot include a wide range of
taxonomic and traHbased diversity including seabirds, marine mammals, phytand
zooplankton, and infaunarhird, important habitats and communitiegere not included in

the analysis such rocky groundssites very close to the coast, or desga areasFourth,
projections of community sensitivity do not fully account for biotic interactions, behavioural
adaptation, evolutionary responsgsr unexpected ecological thresholdstth, the taxonomic
focus differs among regionsAll these considerationsnean that the results should be
interpreted as regional case studies rather than a fully harmoniseeEpanpean assessment.

Despite these limitations, the analyses provide a useful scredeire framework for

identifying futurerisk andsensitivty patterns and management prioritie$hey have defined

Y2NBE 2NJ f Saa LISNEAAGSY(d NARa|l K2 G ANBINBHGNS [FENB?
regarding targeted management actiofheresulting sensitivity and risk magkouldnot be

seen aglefinitive predictionor concrete forecastsf future ecosystem statedut ratherbe

part of the evidence to suppodecisionsguidemanagement andurther targeted analyses.

6.3 Managementimplicationsper basin

At the core of BUSEFUL is the intention to provide tools for policy making on marine
biodiversity. The following section provides a range of thkme messages for biodiversity

L2t A0& YI{SNE YR IINBI YIylI3ISNBEX SectemBAy 3 TN
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 Europeanmabseas and beyond.

6.3.1 MediterraneanSea
What are the key findings?

1 The Mediterranean Sea case study has projedted climate change and fishing
related sensitivit S S and risk(Reg Rp) may evolve for Mediterranean demersal
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communities undea high-emission scenari(RCP8.6 Overall, the resultsuggesthat
previously identifiedspatial patterns of risk are likely to persistwith moderate
changes at the basin scale but local intensification in specific hotspot.areas
Although projectedshiftsin risksare generally moderate, risk é&pectedto increase

in severalpriority areas The locations ofmajor hotspotsremairs relatively stable
comparedwith current patterns suggesting persistence rather than a complete spatial
reorganisatiorof risk

Projected climate change riskcRto 0 KS a S R A (i deiavsal ye@rimyirfiés
highlightspersistent hotspotsparticularly around Cyprus, in tleeuthern Aegean Sea,
andin the south ofStrait of SicilyThese areas combine high thermal exposure with
demersal communities that are sensitive to climate driven change.

Projected fishing pressure riskgdRremains associated with historically exploited
fishing grounds, includingreas off the Iberiaroass, the Gulf of Lion, theSardinia
Channelthe Strait ofSicily and localised parts of the Adriatod Western loniases.

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

1 Adaptive spatial managemens recommended iprojected risk hotspots if these are

persistent, intensifyingpr emerging, especially if currently orpartially covered by
effective protectionrsuch as MPA&RA®r OECMsThese recommendations should be
interpreted alongsidewider ecological evidence monitoring data and existing
management frameworks.

At basin levelexisting MPAs FRAsand spatial management measures should be
maintainedandstrengthened where they already overlap with projecteskhotspots,

or extended as well asew measuresvould also be required where persistent or
emerging hotspots remain outside effective protection.

This study indicates thatriprity areas regarding projectedcR(includingsouth of
Cyprus, Aegean Sea, southtloé Strait of Sicilyare important because they combine
high thermal exposure with sensitive demersal communitieghich suggests
increasing ecological vulnerability under continued wamgniResponsemeasures
could include strengthening protection in existing higisk areas, limitingmpactful
demersal gearswhere risk and fishing pressure overlap, arstrengthening
managemenin areas already identified as persistent hotspots.

The study has also highlightedigrity areas regarding projected-R(areas off the
Iberian coasts, the dbulf of Lionsouthof Sardinian ChanngsouthernStrait ofSicily,
localised parts of theéAdriatic Seaand western lonian seasin these areasrisk to
demersal communities may increabecause othe combinedclimate-driven effect

on the community and consequenteorganisationthat may increase sensitivity to
fishing pressure even if fishing effort remains constawt-regret measuresmay
include managingfishing pressure more precautionarily in climatically exposed
subregions, especially where high fishing effort already coincides with rising ecological
sensitivity. This may be achieved througmproving selectivity, reducing seabed
disturbance, protecting structurally important habitats, amdntinue in targeting
effort reductions in grounds where persistengdRotspots are already evident.
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1 Projected shifts in risk centres of gravity indicate that Mediterranean management
cannot remain staticGiven the uncertaintieassociated withprojections,ecosystem
responsesand future pressure trajectoriesan adaptive managementapproach $
needed, supported byregular monitoring. Our approach can aid in evaluating the
developmentsalongside otherprojections exploring ecosystem rislid basinlevel
monitoring framework should be used to update hotspot maps regularly and to detect
changes in community composition, sensitivity, exposure and Tisé.tracking ofisk
hotspots could be readily achieved as batbuldbe calculated from routine MEDITS
survey data, combined with traits data by species. These indicators, asaearing
signals,would allow management to respond to emergirhotspots before they
become longterm areas of high vulnerability.

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

1 The effectiveness of protectionf marine biodiversity in European regional seas
depends on whether management measures reduce the pressures that drive
ecological risk. For fishirglated risk, this means that spatial measufesy. MPAs
FRAs and other spattemporal measures) must guaranteeeffective regulation of
fishing activitiesFor climaterelated risk, protection should be combined with broader
actions that enhance resilience, reduce local stressors and maintain ecological
connectivity.

1 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 managemehiould also take into account possible effects
of climate adaptation.

1 Adaptive management should become a core principle of European marine
conservation This wouldaccount for the combination ofl) persistent hotspat
(offering the potential for noeregret measure$; (2) shifting hotspots urging for
adaptive managementand (3) a lack of overlap between MPAs ansk hotspots
(Rozemeijer et al., 202&ngelhard et al., 28). Currentboundarieof protected areas
in the mid and long termmay be insufficient when risk hotspots shift over time.
Regular monitoring, scenarmased projections and periodic reassessment of spatial
and managemenineasures are needed to ensure that conservation networks remain
aligned with ecological vulnerability.

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

1 Inthe Northeast Atlanticase study arealimate change risks projected toincrease
across most of the regiomto the future, despite slight declines in communitgvel
climate sensitivity Thisindicatesthat rising exposure (warming) is the main driver of
increasing risk Y R 2 dzii LI O0Sa O2 YYdzy dlithadteSendmivittd G Sa 2 F
1 Communitylevel sensitivity to fishingressure is projected tincrease in the Celtic
Seas and Bay of Biscay, desfitk S Y 2 RS{ Q& cdnsiaatdstihdiexpasyre 2 F
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This suggestsommunity restructuringand changing trait compositiomather than
increasedishingeffort, play a role in increasedSs

Climate risk hotspots arprojected to bespatially stable, concentrated in southern,
western and shelf regionsf the Celtic Seas and Bay of Biscayd persist or expand
slightly through timeln contrast, fshing pressure risk is 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.

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

|l

At the
study,

It is recommended to oritise persistent climateisk hotspots (southern, western
and shelf regions) for loagerm monitoring, protection and adaptive management, as
these are likely recurrent areas of vulnerability.

dimate changeshould be explicitly integrated into ecosysterrbased fisheries
management (EBFM), recognising that warmingneeasingly becoming primary
driver of ecosystem riskThe mplementation of adaptive spatial management
measures (e.g. dynamic MPAs or flexible closuresjld allowrespondngto shifting
risk patterns and species distributions.

Management effortshould focuson areas of overlapping climateskand fishing risk
(e.g. Celtic Seas), where communities may face compounded presdViese
evidence supports it, enhandédabitat connectivity and protection in higtisk areas

is recommendedallowingspecies redistribution and adaptation.

It may need to beeacognisel that community change may be unavoidable in some
areas Therefore, management may need to shift from strict preservation towards
adaptive strategie This mightpotentially include supporting transitions to new
community states.

European level: what broatale recommendations are emerging from this case
relevant to biodiversity protection across European basins?

At the European leveklimate changeneeds to beembedied as a central pillar of
marine biodiversity policy (e.gguropean Green DedtUBiodiversity Strateg2030,
MSFD, not just as a secondacpnsideration

There is a need toréinsition from static conservaticapproachedo adaptive forward-
looking strategiesThis wouldaccount for dynamic species distributigrehanges in
community structureand shifting riskpatterns. MPA networks and spatial measures
need to ke climateresilient,with consideration of connectivity, shifting habitats and
future conditions

Strengthering integration between fisheries management and biodiversity
conservation policyvould be beneficial. This woukhsure that policiesaddress both
combined and interacting pressuresther than treating theseseparately

Qossborder coordination in marine spatial planning encouragedreflecting that
climatedriven species redistribution and risk patterns occur at large spatial scales
beyond national jurisdictions.
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1

6.3.3

The development of paiffcuropean risk mapping and forecasting frameworksoald
helpidentify future vulnerability hotspots across basier-reliance on singlenodel
outputs should be avoided; instead, multi-model, multiscenario approacheare
neededto build confidence and consensus in projectioAl outputs like thisshould
be seen asscreeningevel, decisiorsupport evidence, rather than definitive
predictions, to guide iterative policy development and adaptive management.

Icelandiovaters

What are the key findings?

|l

In Icelandic watersn future decades up to midentury, projections in goundfish
biomass patterns differ strongly among species groulstic specieswhich are
concentrated on the continental slopeare projected to declineRelativelystable or
increasng biomass levels aprojected for commercially importanspeciesatriskfish
species (classed as Endangered by IUCNpatesensitive species,and fishing
sensitive speciedncrease are especialprotected, especially around the Reykjanes
Ridge(south-west of Icelanjilwhere the warming waters arrive

This case study indicates amgoing climatedriven reorganisation of Icelandic
groundfish communitiegéwith likely borealisatiopand decreases in Arctic specasd
implications for future marine spatial planning and protection.

The methodology of usinfive speciescategories aids in obtainirgn overviewof the
general patterns. Stjlit 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 tiacticspecies category).

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

1

At the
study,

Projectedchanges in groundfish community composition have implications for the
distribution of areas of high priority for conservation of groundfesiound Iceland
Theseare expected to shift by 2050, with increasing importance of the Iceaarbe
Ridge and parts of northern Iceland, and decreasing priority in parts of the southern
slope, eastern shelf and Greenlandic shéflopting dynamic, climatenformed
conservation plannings recommendedrather than relying only on static protected
areas, becaus priority areas for groundfish conservation are projected to shyft
2050.

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

European level: what broatale recommendations are emerging from this case
relevant to biodiversity protection across European basins?

The Icelandic case study -eenphasises that tathe European level, marine
conservation policy should become more climatdaptive and dynamiagcognising
that sensitivity and riskhotspots and priority areasfor conservation,may shift
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substantially over coming decades rather than remain spatially fiXas is in close
agreement with the Europgide 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 warmindyiven borealisation is already reshaping ecosystems.

Mediterraneamon-nativespecies

What are the key findings?

T

Lessepsian neimdigenous 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
reductionson native speciemight slightly curtail itReduced fisimg effortis expected

to leave the original commundasless disturbedvith less open niches to occupy.

The locations of fish nursery grounds are projected to remain mostly unchanged by
2050 With an increasing coverage byiS fish nursery grounds are anticipated to be
increasinglynfluenced

At basin level: To improve protection, whatipy recommendationare emerging from this
case study?

T

At the
study,

NISspecific management plans should be developed and implementedPitross

the Mediterranean, focusing on active population managemdatg. 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.

NISspecificmanagement plans should also cover sensitive habgath ashursery
grounds including those relevant to key foodfish species,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
ecologial footprint of fisheries. In this context, targeted NIS fisheries can be a useful
tool within an integrated management strategy.

European level: what broatale recommendations are emerging from this case
relevant to biodiversity protection across European basins?

Climate change is expected to lead to rapid biotic homogenisations wode on
native ecosystems angotentially leading to range contractions or area shifts of
indigenous specie$n addition increasindNISpressurewill add additional pressure on
these developments Therefore Europewide and beond, adopting NISpecific
management plans focused on early detectiontigationandwhere possible removal
will be beneficialLargescale biodiversity changes should be monitored, and existing

72



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

management plans and policies should be reassessed if deemed inadequate for
achieving conservation targeis the context of NIS

1 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 reseanuth speciesspecific ectogical
knowledgeare strongly encouraged to enable the development of effective species
specificNISmanagement plans.

6.4 Generalisednanagementimplications at the European level

This work provides evidence towards the outcome of supporting thriving future marine
communitiesand protecting 30% of the marine environment in European regional d®as
2030 including species sensitive to climate change and fishing pressure, whilst also enabling
continued valuable exploitation and development of the marine environméitt the
European level, important broasicale recommendations emerge from each of the above case
studies. Tis section synthesises these recommendations in a general petrgépevalidfor
biodiversity protection acrosall basins.

1 We have an informative methodolo@llowing projections obiodiversity sensitivity
and riskinto the future, so far appliedo severalimportant groups of speciefuilding
on this, itis advised to apply this methodologyall relevant species groups across sea
basins.

1 Protection should be evaluated in terms of ecological effectiveness, not only spatial
coverage. The achievement of arbased targets such as 380 will be insufficient if
protected areas do not overlap with vulnerable communities or if permitted activities
continue to generate the pressures that drive risk.

1 The study has shown thatdaliversity, riskor sensitivity hotspots can shift over time,
which is challenging to accommoddteoughmarine spatial planning and regulations
that arerigid ¢ understandablysogiven the higlstakesand governmental complexity
Appropriateand regulamonitoring and risk assessment will generate management
warning signalshat could indicatgpotential shifts in vulnerabilitySuchinformation
could underpin decisions on additional spati@imporal management measures (e.g.
temporary area closures) to hotspots in need of protection.

1 Management should prioritise areadong two lines. The first line is to protect areas
that appear persistentisk hotspotghrough time here the projectionsand modelling
results appear tdhave a certaimobustness. Thisoald justify noregret measurgon
protectingand assigning functional MPAs. The second line is to prateeswhere
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 climatgaven redistribution.

1 Across all basins, there is a need for strengthened monitoring to support system
understanding and informed decisionaking.Better monitoring of the present state
will support enhanced projections of future ecosystem states.
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i Targeted(additional)monitoring could also support @aptive managementrequired
given the substantial changes projectedionitoring should be designed to detect
changes in community composition, trait structure, biomass distribution, juvenite
spawnng habitats, invasive species occurrence and the effectiveness of management
actions. In addition, becauseprojections into the future havehigh uncertainties
targeted monitoring is needed to continuously reassess projections and potential
impacts, to beableto adaptwhen andwhere urgeries shift in time and space.

1 Non-indigenous species require adaptive managemendt only in the Eastern
Mediterraneanbut Europewide. 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 M&#for where
these mayimpact negatively on nursery areas of native species

1 Asmarine basins are typically shared between countries, it is advisable to strengthen
European collaborationin both monitoring and management. ansboundary
cooperationwill support the achievement ofinter)national targets, including the
30x30 targetthrough effective biodiversity conservation measures.

1 At the European level and beyond, -negret adviceincludes nmimising climate
change pressurghrough mitigation (i.e. reducing greenhousegas emissios), to
reduce exposure and therefore risk to sensitmarinecommunities. 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 ibaised indicators, climate
projections, exposure layers and spatial analyses to anticipate future biodiversity risks. The
approach can support decisianaking by identifying areas of persistent vulnerability,
emerging risk and potential spatial mismatch between ecological priorities and management
measures.ldeally such an approach is developed for economic users and socioeconomic
interests as well

The work hadargely built on BJSEFUUMdeliverableD4.2 (Rozemeijer et al. 2025), which
mapped presentlay biodiversity and riskotspotsfor a broad range of marine communities
acrosssurveyed areas oEuropeanregional seas; but it has extended the analyses by
projecting risks into the futurep to 2(0. Previousnvork by BUSEFU&Iso assessetd what
extentpresentday biodiversityandrisk 2 1 & LJl2 G a NS &adzFFAOASyYyl(f @
MPA network, or are lacking adequate protectit@vels (D4.3, Engelhard et al. 2026}
possible extension of therpsent deliverablecould be an evaluation to what exterthe
currert MPAnetwork might be appropriate and effective in protectifigture hotspots This
could be achievedy combining information on MPAsd other protected or regulated areas
(such as~RAsand OECMs)vith the projected sensitivity and risk hotspots as described in this
deliverable report.Importantly, there is a eed to explore additional evidence sources to
corroborate theprojectionsto add confidence and consensus to support decistbas take
account of future risks
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The use of additional climate models, ensemble members and scer{asahese become
available)vould enable greater understanding of the uncertainty around projections only

for future conditions but als@n 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 conssus (or lack thereof) between pmaches to support
decision making.

Looking aheadowards a more thorough reassessmewe recommend that the approach is
extendedto assesghe hotspots of biodiversitysensitivity and risksfor the many other
marinetaxonomicgroupsof the seas of Europ&his would eed to consider additionand/or
cumulative pressures beyond fishing and temperature affectim@rine communiies. A
temporal analysis should be included in that approach to assess for anyislsfpace and
time of both hotspots and the pressure$t should also integrate more detailed fishing
scenarios, sockeconomic constraints, habitat data, biotic interactions and uncertainty
analyses. For the Mediterranean Segarticular, attention should be given to the combined
effects of warming, fishing pressure and Aioligenous speciempansion as these pressures
are likely to interact strongly in shaping future biodiversity outcomes.

The biggest challengis in its application.Acrossearlier studies (e.g. Claudet et al. 2020;
Conners et al. 2022; AminidBiquet et al. 2024) and recent deliveralskports (Rozemeijer
et al., 2025, Engelhard et al., 202®is repor) it was noed that current MPAsmay not
provide sufficient protection tovarious taxonomic or ecologidgplsensitivegroups, dueto
spatial mismatchewvith biodiversity hotspot@ndor insufficientpressurereduction. How to
proceedwith adaptive managemenin sucha densely regulated environment withanyhigh
value activities? An important starting point is toinclude the engagement of human
stakeholdersanda consideration of theinterests.Calculatingecologicakexposure layers for
different (climate) impact scenarios and combining these with economic exposure and impact
layers will yield insights in zoned conflicting economic and ecologit considerations A
possible approach would include mappibgdiversity or riskhotspots, sitesof overlap and
non-overlap with human activities, and defining pdential no-regret measures In
combination this would allow for a more holistic assessmeittegratingthe needsand
services tdhuman societyith the requirementsand risks to marine lifeehen assessinigow

to optimisespatiotemporal management measures in European waters

Ovenrll, the findings support a shift towards adaptive, fisdsed and spatially explicit
biodiversity management. European marine conservation strategies should be designed
taking into accountthe presentday biodiversity patterns, but alstooking beyondand
projecting into the future to remain effective under the changing ecological conditions
expected in the coming decades.

75



7 References

| 3y 8§l 55 +-502§2 LS thyl SNR 55 / StHROCOMAHERE ARG
0N} gt Ay3a YR SY@ANRBYYSyilltf @FNARIFIofSa RNA@GS (GKS
FaasSyofl3aSaod {OflDa WSHIDP2 MPYNEmmy POy oy KA N Mp dy

Akaike H (1974) A new look at the statistical model identification. IEEE Trans. Autom. Contr: 19: 716
723.https://doi.org/10.1109/TAC.1974.1100705

lfoly2 tDX {(S3ISNIwsz .20yel]l aX 5dzyyS .3 DdzA FI NN
%dza OKAY a OHNnHMO bl a@S O0A2RAGSNAAGE O2ffl LAS A
HNHNHKOCLAEDY K K R2 A P2 NHKMAPMA Py K NBLIO PHAHADPHN C

lf02dz2 /X DdzAf KFdzyY2y C3X [ SLINASdzNJ CZ [F&aN}Y C. wxX

OHnmMoU tNR2SOGSR OtAYIFIGS OKIFy3aS yR GKS OKIFy3A
Uad KWa& . A 23S IINID LEESAYK KpRoeZMA P2 NHK MA PMMMMK 20 A PMH T MO

I YA VAN ydz§G WS D2NBIYO {= {t8§Sy Ws +AyOSyd ¢35 [F]
/[ 2aGF . O6Hnun0 h@SNIymx: 2F GKS 9dzNRLISIY ! yA2yQ
NBE3Idzf  6S& KdzYly | OQocdsad®d hyS 9FNIHK TY mMcwmn
KJLIAYKKR2APZNHKMANPMAMCKSP2YSSIENWDHAHNDPAT DM~

I y38D284A0 £ ST [itedzS NeNX NI £ ¢eCizg &6 S 1IImmMANIRE ey B am WX 940
1S !'T 5NIT CZ w2ala / 6uHnHcO CKSNXYIf yAOKSa |
$2NI RGARS® al NI 9QYyBANBY Dk READP2NERMA MR hmehp@ DY | N

I' N} 3n2 DRazl$is LJISI tdzyi sy !X DdzA 21 MNRHzEOUS 9vEaiss ot 2yt 2
+AQFa aX | ARIFIf3I2 a 6HAHHO ¢KS AYLERNIFYyOS 2F NB
OKFy3S F2N RIAYINE WP ha epSaNdpORd 1 Y pnc
KJLIAYKKR2APZNAHKMadPMmnpok AOSaayakFalomon

| AgK2NEA2Y h{s DAAfLA2Yy !5 W2yaazy { oHnnto /fAY
5SHEISF wSa deHINITKIPIY Y wwmR2ZA P2 NHK MAPMaMCcK2PRANH OH NS

T T dZNN2 9 EKHAWNKK ghiwab@ Cldy ST oS dz

PTTAdNNR 93 5Q! YSY a o6HnuuO [/ f A YRQASS yOKIayK3 St yLdSANTK |
CNRYy(id 902f Rp O {PRNEYPRANYV2ZNBEYMAPMANNHKTFSSDunp

T T dzNNE 93 {oNF3IIFIEAlL £ [/ SNNA WZ . NAROKS azx . 2f
CLySttAaA 93 DKIYySY w3 DIFENN}Yo62dz W DAFYYA CI DNJ
aAf2yS bz SG It d onnwg a/ARZVVAIZH § yRK HiyKSBS 58 Ko\ AD2A fy' =3
aSRAGSNNI ySIva OUZ KRGS &nzZNIIStel MBS SR 2y 201t SO2f 2:
CA2F O cHp YKHOMDATYOX K R2 A P2 NHK MA OvMMMMKk 3006 dmncTn

T T dzNNE 93 { YSNI f R2 i{SY L32ANIYIS yR &y [OWAIi& 02 § L Bb2a O U
aSRAGSNNI ySty {SFY h@SNI I OSyildNE 2F Ay DAY
KGLIBYKKR2AP2ZNAKMAPMMMMK 300 dPMCcoCH

PT T dzZNN2 93 {202 u{nMbEKINE FINR2A yDRIYSEE NBESRAAAS NN Yy S|y
KAAG2NE YR RA&UGNROGdIze 28/y fY®2 RNGB Q2/NIR P a.8Repi2d LLINGIA.
KGLIAYKKR2A D2 NEIWmMO®MMANTKAMAP O/

. FNYSg ['YS . 1&a1Sg al] oHnampO al NAyS NBaSNWSa Oy
MO gWo MKIINJA YK KR2ZA P2NBKMA PMMMMK ST SOMHpP HN

76



https://doi.org/10.1038/s41598-025-12258-2
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1098/rspb.2020.2469
https://doi.org/10.1111/jbi.12013
https://doi.org/10.1016/j.oneear.2024.07.010
https://doi.org/10.1016/j.marenvres.2026.107919
https://doi.org/10.1093/icesjms/fsab134
https://doi.org/10.1016/j.dsr2.2007.07.030
http://www.ormef.eu/
https://doi.org/10.1002/fee.2459
https://doi.org/10.1111/gcb.14670
https://doi.org/10.1111/gcb.16362
https://doi.org/10.1007/s10530-012-0344-4
https://doi.org/10.1111/ele.12524

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

.SRNE w3 RS IINBYySOKESYyHANDIT AT . { O0HAHMO C¢2EAOQZ2
LJ2 LJdzt F e2ya fAGAY3I I NRPdzyR GKS aSRAJVRNEBY 3Hzt { St
YENRAYS &aLISOASE FNRY G(G(KS wSRe { SIY | NBGASGD ¢2E
KGLIAYKKR2ADP2NAKMAPMAMCKSPIG2EAO2Y DPHAHADPMH P MH

.SNINYYR WS 58 {2fF [DXI tF LI O2yaidlyesy2dz / = wSftA
GKS a95L¢{ adNDS@wdd LEOK ® R&IA NS NHx m{nHdY ddp ok & OA Y I N

. 8dZl K2F 93 58yO1SNI¢{> t+f{2YINBA&a a[5% al dNBI dzR |
FNREY b2NIK !'dflyed FyR b2NIKSIad t+HOAUO O2yoeys
KJLIAYKKR2AP2ZNHKMAPMmpdhnkt! bD! 9! dpnnycec

.S8SNJI[Z YSyySRe 9+3 . S3ISNJazx /KSyYy /[!3Z [ AYYSN W
YYy26f G2y b3 hodz2N} 5h3 tFfdzYoA {wI t23aaAyaKkky |
{LI tRAY3 axX 2Afazy YDiA R?BSRA{ bd $WaSkaf I WHY AYAS FK
O2yaSNIBAYy3 O2N}f NBSTA dzy RSNJI N} LIAR Of AYI GS OKlI
KJLIAYKKR2ADPZNHAKMANDOPMMMMK O2yf ®MHPY T

.AFYOKA / bX a2NNAR / ouHnnnv al NAYyS 0A2RAGSNEAGE 2
LINE A LSOOG & T2NJ Fdzi dzZNB NREASE NDK WK @R NIdD 2 Bl € ez d v n oz
OHC - O0nNnmONNAHT

CAFYOKA /bT a2NNRA /% /KAFLYyd2NB as az2y(iS8Flf{o2ys a
OA2RAOSNAEAAGE 0SGSSy GKS € S3I 08 FTNRY GKS L) ad
GKS aSRAGSNNYYySFY {SIY ! {eég@8fold I FoAGHG / KIy3
KJLIBYKK S G666 PNBEEASENOKIF §SPYySiikLIzo0f AOF a2y KHNHO BTN

Bjornsson H, Palsson OK (2004) Distribution patterns and dynamics of fish stocks under recent
climate change in Icelandic waters. ICES CM 2004/K2®: 1

.29 OAYA 53 t2ffdzE . W' X bA2flYyYR wzZt WENBBYAVAESAL

0§KS aSRAGSNNYYySIyYy {SIFIY ! NBOGASg 2F GKS | @FAtl o
FNR2YGDP bS2HpEDLIEPYPUHY REAOSPZ2ZNAHKMAN POy PTKY S20A20F dH
CdN] 8§ tws 2AfO2E 513 {G2§ftSYESNIws . INNBg 23 Clt

t SGSNE2Y 5[ %X wdZA3ISNRYS Dz 528tS ¢ OHnnplO b2yfA
OKIFIy3aSyYy /a8 addzRRASa YR LPEoAdRd AYLI AOFa2yad 9
KJLIAYKKR2APZNHKMADPMAMCKWDPI/ h/ hadunnpdnndanmn

.dZNN2 gad at¢x {OK2SYlyYy 5{3 .dz01ftS& [.2 a22NB tzI t2
5dzZf NIIS /axX 1 FfLISNYy .{ I12fRAYy3I WX YILWLISt /x5 Y
/'S {OKgAy3a C.3I {@8RSYlLYy 2WS wAOKNNRSZ2¥Y! W O 5 B m
OSNNBAGNRIFE SO23&dpBywmady { ORBYVOENBromNYPempmc kda OA S

.dzg bX IFELSNY . {Z hQIlIINy //X 1f§0201 !'![Z t2fAR2
CNI}TASN) az 222R@g2NIK . YX I Nry3I2 /tX YAYIEATF2NR
OW: al EgStdzA ARZ BRAI S0 I d PR OFMIH WBBINI [N SK&ia A y 3 (i K
@dzt YSNIoAfAGeE 2F YINARYS aLIlSOASa G2 KdzYly AYLI O
KJLIAYKKR2APZNHKMNDOPMNNHKSO&HPo M

YL yE {9 {(0STtyaRskNIw. X WF{206aRskNI Y {5fYdzy
g N AYiIINIGeded 2 0SS yad KOADYWSR®A WA NEMmD BB PO Y KA N M|

I FNNRff DI !''OoNI}KY& .3 . NBRAEYS a{Yl G/OKY 0y5a1 65!S y6 LINBRE
LINE& dzy RSNJ Of AYIF (S OKI ¢gad Srandd YidzNES2 9 D2 NFdk 19 /8@ i o
O HmH N n

s


https://doi.org/10.1016/j.toxicon.2020.12.012
https://doi.org/10.3989/scimar.2002.66s2
https://doi.org/10.1594/PANGAEA.900866
https://doi.org/10.1111/conl.12587
https://doi.org/10.1016/S0025-326X(00)00027-8
https://doi.org/10.1016/S0025-326X(00)00027-8
https://www.researchgate.net/publication/242397422
https://doi.org/10.3897/neobiota.92.110442
https://doi.org/10.1016/J.ECOCOM.2005.04.010
https://doi.org/10.1126/science.1210288
https://doi.org/10.1002/ecs2.3919
https://doi.org/10.1038/s41598-020-73444-y
https://doi.org/10.1038/s41559-024-02454-0
https://doi.org/10.1038/s41559-024-02454-0

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

/| KEALAY {2 5dz0AYSNW{ESNEBYISPERIAWRESAISY O 122 8RO LIS
GSYLISNY GdzZNBad Df 2 qyaykeg OBtk RR 2 28 2.0 M nedbw¥r vk D9 . ¢

| KSdzy3 22 O6HnmyO0 ¢KS FdzidzNB 2F UakKSa | ycR UaKSNA
YyNE®LIAYKKR2ADPZNAKMAPMMMMK WC. dmMoppy

/| KSdzy3 22[ 3 [IY 2 3 {IINXVYASY(2 WNE2HIRHBHEFSIE YY NAIS
OA2RAGSNEAGE AYLI Oda dzyRSNJ Ofguymi S OKlFy3IS aldSy
KGLIAYKKR2A D2 NHOVMOPMMMy®REdPvmpe ©E

/| KSdzy3 22 [ 3 2F(dazy wX a2Nlid2 ¢ t AGOKSNI ¢ t | dz &
OF G OK® al NI 9 G aKdy LIANBKKIR 2{ ASINSINFbronosYd avo p n k Y S LJa

/£ Nyl bWE YSNNE We¢s CNI&SNIJ /L O6HAnwno whkLAR 6AYQGS
0 NHzOG dzNB ® b | { dcy /o KAPYIR YK KIRY A 2 WEYHmgalH 10Oy KAnMppy

I oA X2 4 A 9~

dZR S WsE [223 &%deldt Y sa {@MmiHB®E ! YRENILINE GSOGSR Y N
OA2RAGSNEAGE K2iay R OOPKHWIBYRKRBEKPANHERMADMAMC K SO
f

f aX bl @FENNE WX tlFf2YSN}Y L O6uHnmo0 902f23A0I¢
NEO2@OSNE 2F || aSRAGSNNIYySlIYy SyRSYAO &1l a8 oeé Y
MAMH K®LIAYKKR2ZAPZNAKMAPMAMCKWD. Lh/ hbdPHAMHDAC DaH
/2t tAS WZI | ARRAY|l WDX @ly Y22(iSy ¢X wAayaR2NlJ !5
StiSOGa 2F 0292Y UaKAy3a 2y G(GKS LINERRUDs PAGE 2F Y
K(jLJé.YKKRQ?\CDQN\EKMI'ICDMMMMKC!C(DMHM(*)O
/| 2YyYSNER aD3X {Aaazy b.X !'3FYo2dsS t53 l{i{Ayazy tz23
.2NRAY 2 t3 26Sy 253 . NAO(1fS tX . NMHzy2 Lazx D2yl
[/ 2ail 5t 5lgazy ¢aX 5S3dzOKA ¢33 5538 NIWX BN KK Ny
we¢X DNBRISya /3 IFNIG Yaz 1+F¢1Sa [!'Z 1 SYyRSNazy
YdzKYy /9% [AR3IFNR 5 [2NBR2 {!3X alisS .wx aSiaolf
hTF1A YZI tIFENYyStt w tA7S JtX2wCaEA Y K2 SNI X 1wiz2 § K
{92 {YAOIK nWs {{dNdxy Fdz®ia ZD ¢ K2YLJA2y 5wX ¢’k SNYySe a
9l ya 3 2S5x1a4S8 awz 2S8ftfta w{zX 2AflAy&azy .tI 2A9
0SG6SSy KAIKtE WTRdnkl SI WRNXIYNSA WS ILINRGSOGSR I NBI
KJLIBYKKR2AP2ZNBKMADPoOoYy PKFY I NAEPHAHH DY PT MAN

Q)¢

/It

/2

Convention on Biological Diversity. (2021). First Draft of the-P@20 Global Biodiversity
Framework. CBD/WG2020/3/3. 2021, pal2.

Cook R, Fernandes P, Florin A, Lorance P, Nedreaas KGaojfhaenoides rupestiiEurope
assessment). International Union for Conservation of Nature (IUCN).

Copernicus Climate Change Service, Climate Data Store, (2020): Marine biogeochemistry data for the
Northwest European Shelf and Mediterranean Sea from 2006 up to 2100 derived from climate
projections. Copernicus Climate Change Service (C3S) Climate @atéCELS).
https://doi.org/10.24381/cds.dcc9295¢c

Copernicus Marine Service (2025a) Global Ocean Biogeochemistry Hindcast.
Copernicus Marine Service (2025b) Global Ocean Physics Reanalysis.

/| 2N DI +Afl & [DX al3tA2iTA /X 9ttSyoNrS|T '3z {OI
AY Ol AAIRY2 @FLIKE f dzf &QSt SRRAEENNI vSI yn S o 902t o
KJLIAYKKR2APZNAKMAPMAMCKSPSO2f Y2RSE dHamMy damdnnT

78


https://doi.org/10.1111/GEB.13414
https://doi.org/10.1111/JFB.13558
https://doi.org/10.1111/j.1467-2979.2008.00315.x
https://doi.org/10.3354/meps
https://doi.org/10.1038/s41558-020-0838-5
https://doi.org/10.1016/J.BIOCON.2012.06.029
https://doi.org/10.1111/FAF.12193
https://doi.org/10.3389/fmars.2022.897104
https://doi.org/10.24381/cds.dcc9295c
https://doi.org/10.1016/j.ecolmodel.2018.01.007

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

/ 2NN} £ S&a -3 /2tft a
2F YIFINARYS NBaz2dzN
2F UaKAy3dz tASy
N MWy H CTE C

/ N} YSNJ 23X DdzA 24 WX CItRES NJ Thf =S aDAF NaNJ 1652 dp W3 D Fag! dza 2] AW
S td dnnmyo [/ EAYIGS OKFy3aS yR AYyiSND2yySOGS
aSRAUGSNNIYSIYyD® blchpHALKEYDkRRIA YR S Fywily adimbn oy K & n mMp

5Q! YSYy aX !'TTdz2NNB 9 o6unun0 [S&aaSLBAALY UaK Aygdlaai
F2432aYS8yl dzyRSNI OfAYI (18 OKLg®HS 208y NR2ad L/ 9
KglLlAYKKR2ADP2NAKkMMndmndpokAOSaayvyakFalnnr

50! YSYy aX {YSNIfR2 {3 5A CNIyO2 !'s I TTdNNR 9 OHnN
VIo@S GSYLISNY GdZNB O2y RA@uyyfoa L/ 9{ W al N { OA @
KJLIAYKKR2APZNAHKMADOMnpokAOSaayYakTFal Omuwm

5Fy2@FN2 wX /lyltfa aX DFYOA /X 1SdzaaySNI {3z [ YL}
OA2ZRAGSNEAGE LI gSNya FyR K2GaLkRia zyp @dz2NB LIS Y
KJLIBYKKR2APZNBKMAPpcTNK2O0SEHY23aPHnnpPnH

5S Wdzry {3 5SYS&A0GNB a oHnmHUO ! (N} gt RAEGAzZNDI YOS
OSYGKAO SO2aeaisS vvadei 8LdR2Y kdx AL2/ARMA2ONH kv YD mwynoc K WD 9 /
BAYAOGNR I RAWR y/aXi | GNIRIZNE LY {2dzNDSE [ Y@aNM2dz !l a
AYGSNY Osa2ya 2F yla@S YR Ay@FairgsS aLlSOASa Ay |
StiSOGa OKFfftSy3aAyas 0@ NSNS | 3320/RY k2R0ADNIL2YNSEKdM 1 0 0 ()
SAYAGNRFRAE /3 al NMmYildhdeo 9/0F ity ST KB pBly&aa 27
aSRAGSNNI ySIyYy YIENAYS LINRPGSOGSR | NSELIGERAY Dt S
KSNDADG2NRdza UakK 2y NRO1 & NBSTFad al NP 9YJTANRY D
KJLIAYKKR2APZNAKMAPMAMCKSDPY NEBYDPNBAPHAHODMACHDO

52y3 .3 N2BBESRAd:E NPSEe . X | aSOOWY IWE G WREYE &3 h dzJ
w2032y WX KWeiyNSSNRE Yy KE 2 SR a{K&H 20\8 Nowp 0 ¥ 3 NBRBNA FS NE
a0I0K$E y3ISa Ay Db2NIK !'{flyaO FTGY2ALKSNAO FyR 208
/ f d5VBd oMvdE () LJA YK K R2 A ©2 NEIKmM @ebmA T KANA0Y H

Rdz t 2y il @AO0S 12 DIFaoOdzStf 53 wSe32/yiRSOIdA IS al dzNB I d:
dzy RSNX¥AySa (GKS 3t 206l f FTdzyOs2y A yd coFgusldNRA Yy S T2 2
KJLIAYKKR2AP2ZNHKMA dOMmmMMK 300 dmn dnn

5dz g8 byYX w23ISNABE {LX WSyyay3da {= {0St1SyYNt
RSSLISyAy3a 2F GKS b2NIK {SIF Uak FaaSvyofl 3
M BV OKdiJA YK K R2Z A 2 NHg i Pwmmmy @ 2 dmyp ¢ O E

5dzi SNINB a> | Y2y 53 [/ KS@GFEftASNI /X 9KNK2fR ! OHAM
SYGANRYYSyiGlt FTFOU2NAR YR 0SYGKAO YIONRBTFI dzyl €
F2NI O2FadGFt YIFyYylF3SYSend PULIZAN{K KRB A b2 NSBI k{ MOIAGD NTdIoYK A

9RSfA40 53X wAif2@ DI D2flyA 53 [ FNX G2y Wex { LI YAS
$2NI RUE Y2al AYy@FrRSR YINAYwEST ®#0238a0iSYDP 5AFSNE D
KJLIAYKKR2AP2NHAKMANDOPMMMMK RRA ®MH N A H

9> | Seylya wwz {(iSSyo6SS
R SO24eaiSYy O2yRAa2ya A
S & di gy1RA VakSk R 264 NYMB/ A § nOrA

O™
< ()

1
Yy
ob

SNJ +
|

79


https://doi.org/10.1038/s41598-018-32666-x
https://doi.org/10.1038/s41598-018-32666-x
https://doi.org/10.1038/s41558-018-0299-2
https://doi.org/10.1093/icesjms/fsz207
https://doi.org/10.1093/icesjms/fsac121
https://doi.org/10.5670/oceanog.2009.02
https://doi.org/10.1016/J.ECOLIND.2011.11.020
https://doi.org/10.3390/d13020071
https://doi.org/10.1016/j.marenvres.2023.106293
https://doi.org/10.1007/s00382-025-07591-1
https://doi.org/10.1111/gcb.14944
https://doi.org/10.1111/j.1365-2664.2008.01488.x
https://doi.org/10.1093/icesjms/fss170
https://doi.org/10.1111/ddi.12002

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

9YofSyagnawraam2 wag 38 1¢ /= b23dzSAN} !XT Ddzy RSNESYy |
GSYLISNY (1dzNBar RAGSNEA(GSMSIZA@AK yR2 WE&NEd FaA 152y
al N3 902f & t &@TFad LJAS/NIX Re2pAndY2 NVBHKTM 1 Po o pnk YSLIA Mo n dp

9YotSyagna ax t SO0dzOKSG [ 2StfS [ DX b23dzSANF ! X
FdzyOos2ylt 02NBEEATFa2y YR RAOSNEAGE f2aa Ay R
5Aa0NANO@ nyRodM JHVNKKMMR 2 A P2 NHKMA OPMMMMK RRA ®Mo c

9YS 55 waNBFRESNY ) PNRI | NEES & TH 2 S 1f AGBISNG § 1E0
/2y NG ISHESRY L2 NI £ OKFy3sa Ay GKS RSYSNEFE UaK |2
SYGANRYYSY( ©a UAKAY3 LINBAANBENSSY wsm@mla . & 27
MAHUKYIYVLIAYKKR2AP2ZNHKMAPMAMCKSDPLIZOS YOHANHHPMAHT Y

9y 3ISt KIFINR DI X . FNbft2k /3 . FGTAF{lAa {Z /KAFENARYA a
| SYyNRI|jdzSa {= I ARIFf32 aX W2yaR2kNJLDX [AYRS3INByY
ht A@SANI t. X tSO0dzOKSi [FSNBRANRGIENE]JLBRADR2IIZ2 W
+ 302y 0SSt 2a w3 %dzZJ AI 9w2 I Y A & Ok arw/a Yd HiOKe @ S.i
YENRAYS LINRPGSOGSR INBlFa YR WK2GaLRGaqQ 2F asSyaa
¢SOKYAOLt ! yASSNBKGRE BRdFl B SAfYTF AN NI NBE k RSt A OSNI 6 f ¢

9y ISt KINR DI t2f2 WI tSOdOKSG [ ¢Aly2 ¢X | SYyNR
wdzg SNF2NRF { 96 H®@nwWwSLI2 NI 2y aLISOASAE | YRK2NI KIF6A
9dzNR LISy NBIA2yLf &SI ad KSDrykik® f ' yASBSNERAGE 2
dz3 SF¥ dzf #Sdzx f AONI NBEKRSf ADSNI)oO6f Sax

9y ISt KINR DI wAdKidz2y 5! tAYyyS3IIFENI WY o6uamno /[ A
RA&GGNAOGdza2Y Ay b2 NI K wind chedpod DEf 20t / K y3IS . A
KJLIAYKKR2APZNAKMA DOPMMMMK 300 PMH p MO

94 0dzRASNI wx /fSYSys 93 /ALREE2YyS 'S tAal2Al WI 5
58t N2Paaz2 5 INGSH/eH Mre 2ly MBIK I feaia F2N GKS aSRAGSN
TNHHKGPLAE YK K R2A P2 NHKMAPooy PKFSIE NI DPHAHMPT AHHY P

9a0dzZRASNE wodr /fSYSyYyaZ 9dI hYl NE Sadaxp>/ DINZ fyfRAYS I ¢
[@dzo NIiaS@r o3 [ SOOAZT wodX / NB&AX {dX al aiAyl s {
t KEAaAOIt wSIHyIlnh éNBAYy6adao9afSH®E2y MU w5FGF asSidse
OYPANRYYSYyl al NAYyS {SNBAOS o6/ a9a{0d
KJLIAYKKR2APZNHKMANPHpnHOK/ al /l ka95{ 9! ya![¢L, 9! wy

9aaf CXI 5dzZ fAYy3ISNI {Z wloAGaOK 23 1dzZ YS t93 t
OA2RAGSNEAGE OKIy3ISY b2 aYfotied sl 4GS5d ¢NBYyRE
KJLIAYKKR2APZNHKMAPMAMCKSPOINBSOPHAMpPnp dPnnH

944f CT 5dA fAYISNI {3 wcoAGAOK 253 I1dAYS t9s taos]
f SAFOASA | OO0dzydzA 4GS G2 aKFLS Fdzidz2NSE 0A2RADSNEA
HMY ¢ppnoi® LA YK KR2AP2ZNHKMADPMMMMK RRA ®MHO MH

9dzNR LISIY [/ 2YYAAaaArAzyI W2Agd whHBA NDMNI SYHWE W n.Hic
CAaKSNASaA LYRSLISYRSy( {dz2NBSe 5F 01 dzLJ 62 HAHO®
MN OH N p Kok Fp M- ®m T Soy p RGO ktklFSHYD | @ S dzNP ol FweiSdzk y K |
nn¥ s FTSoypRSTFO

C!'hd® OHAHOUOUD® ¢KS {GFGS 2F aSRAGSNNIYSHY FyR . &0
FYR . 101 {SKIJCHRY¥KSERRS®2NAHODPDPnncnk/ / yyyy9ob

80


https://doi.org/10.3354/meps13495
https://doi.org/10.1111/ddi.13604
https://doi.org/10.1016/j.pocean.2022.102788
https://b-useful.eu/library/deliverables/
https://b-useful.eu/library/deliverables/
https://b-useful.eu/library/deliverables/
https://doi.org/10.1111/gcb.12513
https://doi.org/10.3389/feart.2021.702285
https://doi.org/10.25423/CMCC/MEDSEA_MULTIYEAR_PHY_006_004_E3R1
https://doi.org/10.1016/j.tree.2015.05.002
https://doi.org/10.1111/ddi.12312
http://data.europa.eu/89h/f25092c4-3f0f-449f-ba60-5fbfe385defc
http://data.europa.eu/89h/f25092c4-3f0f-449f-ba60-5fbfe385defc
https://doi.org/10.4060/CC8888EN

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

CSNYIyRSa W' I wdzy SINFSANRTHUIR, of AR ENPAE {15 / KSdzy 3 2 2 |
OHNHINS LINRP2SOG OKIlIy3dSa Ay UakK FodzyRIFIyOS YR R.
[ KI'y 3@ conA gt 8Kp LIA YK K R2Z A P2 NHKMA PMMMMK 300 PMp ny m

CNIAYSNI!ZT tNAYAOSNARZ2 wX 52f320 !> C2aaKSAY a3z W
Fdzy Oa 2yl f RAOGSNEAGE 6 Nya 2F SO2t23A0Ft GNIyaa
KJLIAYKKR2ADPZNAHKMADPMAN DY K NAELIO PHAHMPA AP N

CNAR hX alflYdzR { 5A CN}YyO2 !'Ss DdzARSk tX ! 11 dzNN
OHNHOO alNRYS LINRPGSOGSR INBlFIaQ Ll2aia@S SuiSoOG 2
INF RASYG 2F GKS aSRA G ENdynyidpLia Y{k&IRE AWE RHELILI N ED MIvd
Hccn®mMnopH

CdzOK& DX {iGSftftaSa bXI YNR2a CDAPAKRSNBINUS/IZ D[ DA SHNRH
al!l o HeRHod NRAMBE RE YIFINAYS LINPGSOGSR FNBlFay OKIf ¢
LI 0 Kyl ®F y dpdzaKiplByY Kk Kk R2 A @2 NFikmam @ noy KannmMmy o

DFfFYARA a3 ! Aadaair aX !fA aZX 6.HHIOIOS VA RIINIRO R Y O
V2N YRAISY2dza ALISOASA 6bL{0O F2NJ GKS aSRAGSNNI yS
2T bL{ ALNBIREIFHIENRRAB2MBEYX MpcPw® bk RMmp 1 dpn dpc H

DIflYARA as %SySdza 1|3 .HBORFRNEOOANLY OGBE2FAEINYK 2
AYyolrardsS UakKSa Ay (KS aSRAGSNNI ySI ¥ SRAIGKNNWRS v
al N { Odvd EMphIE YMKTRZ2 A P2 NHKMADPMHCY MKYYaDdvp dnn

DIt At S 9.2{540 WANYSE RKEI RO ISYSYd 2F al NR/YIS WNE (SO
MNV AL ISEIBE YK KR2AP2ZNAKMAPMANHKPTYMMMPATPYnc ®POKmn

DF NONI az2fAy2a WI | 6lSINGE 0. {{ ¥ A{YO KBS YISy 20X &S i yIRe
NERAZGNROdze2Y 2F YINAYS oK 9BAGSNEAGESD bldd /t4A
KJLIBYKKR2AP2ZNAEBKMAOMNoykKY Ot AYFGSHT C

Gearty W, Chamberlain S (2025) Rredlist: IUCN Red List Client.

Getis A, Ord JK (1992) The analysis of spatial association by use of distance statisticAn@ledgr
189%206.https://doi.org/10.1111/j.15384632.1992.tb00261.x

DAIF12dzYA {X tS@ !'Z 5A CNIyO2 !'ZT CNIYyO2dz2NJt> YATA

GKS NBflo2yaKALA 0SG6SSYy YINRYS LINRPGSOGSR | NBI
AS9@2f & | LILIKKY LOadyYk kKSReMyGdNH kK M1 PmMAanH K ST LIdMy n g

D2y i#a ¥ BNPAzA 2E NNR w2 Y SWR Y ®» BB wipatdze] 2y 3 G SNY LINBRA O
L322 LJdzt F o2y ReylFYAOa 2F (g2 O2y(iNIdsay3d RSYSNHI f
aSRAGSNNI ySI y oY CME yiigd dimYl kKNSR Y AOA2PNEvkHM 1 Do oy bk F Y I NI

D2NRAfFaSOF /32 /2a0SEE2wEawWLa/ REf{ aSLINEYVIERNF2010HN
YFENAYS UaK 0A2Yl aa RAaAGNRAROdza2ya FNRBY (KS b2NIK
pcoKighlda YKKR2A ®2 NEiwimpdamoy KanMmncT

I FELISNY . {JSENRENNRABISESOLtIANRAEAOKEY 2 WEZ /lasSe Y{
| 95 Cdz2All wX | SAYSYlLYyyYy 53 [SYAKFEY 1{X alRAYy 9
21 Ga2y w OouHnnyov ! 3t 20t YIALD SHE OK 2O xghy RS LIo Mnith Y2
KJLIAYKKR2APZNAKMAPMMHCKAOASYOSdOmmndgonp

| SNYI Y2 0MER yK2YYSI 2 NBR WH LIS h é6unmn0d LYLI OG 217
FYR 200dzNNBYyOS 2F Dbl UA&AK L2 LMASH sdvBp @y (GKS . | &
KJLIAYKKR2APZNHKMAPMAMCKSPASENBAPHANPPAT Danm

81



https://doi.org/10.1111/gcb.15081
https://doi.org/10.1098/rspb.2021.0054
https://doi.org/10.1111/1365-2664.14352
https://doi.org/10.1111/1365-2664.14352
https://doi.org/10.1038/s44183-026-00184-3
https://doi.org/10.3390/d15090962
https://doi.org/10.12681/mms.15940
https://doi.org/10.1002/9781119075806.ch10
https://doi.org/10.1038/nclimate2769
https://doi.org/10.1111/j.1538-4632.1992.tb00261.x
https://doi.org/10.1002/eap.1809
https://doi.org/10.3389/fmars.2025.1587297
https://doi.org/10.1038/s41467-024-49911-9
https://doi.org/10.1126/science.1149345
https://doi.org/10.1016/j.seares.2009.07.001

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

Il ARFf32 aX . FNNASNIbX .FGTAF{l&a {2 .Affe& axX . fdzv
DX €201 I hT DN}y !'S DNBAT [ I StlF2dssid t= | SYNA
aSNAI2G .2 az2yldlyeéeSa azx fa22YdzNBRO a5 Ja tAS2A|A adZis at
t SOdzOKSG [ X tAYYyS3IIFNI WYS tdzSNIF tX w21 SYSA2SN
¢CK2YLAZ2Y aX ¢CAly2 WI ¢aSNLSa D> WRyasSYRZXNABY 8
[ AYRSANBYH & 9€H f dylv SALR22NHA @S NELANTRE 2506NBI keSS | sl yiasK A
Odzydzt @S AYLI OlGa I ONRPa&a 9dzNRLISIHKG @amiSmN&E ©@ ¢ SOK
dz3 SF¥ dzf #Sdzx f AONI NBEKRSf AGSN)oO6f Sa

Il ARIFf 32 a3 . FNI2fAy2 +xENRESG. N2 VIdgy al ALO 1654NT HaHoUS  UYe! Nk
Aa0ASYyO0SQO A& ySSRSR (G2 AYyT2N)Y (G(KS &adzaidlAylrofS Y
Ot AYF(S OKIy3aSd K/ coi & L\WDY kak INSPA & 20MEDk mstpdym mpak A OS &

| ARIf 32 @aSS®f! 93 ¢AATEANIra !/ 3 ¢ANIEAAY 9aX C2NbO
I NYSNRA 93 /SNR2fF [ aAfz2yS bz [SttA {Z 1 SNyty
FRIFLIIF o2y 2LJ2ya FT2N 0KS OSSRAF (G YNXNIoy B ISy OF & /S NFSS
FYR AYLI OGad L/ Xfn yigd &l YN R 20Add2 NeBdxYwm mHdnvriocho kK A OS & ¢

Hidalgo M., Mihneva V., Vasconcellos M., & Bernal M. (2018). Impacts of climate change on fisheries
and aquaculture Synthesis of current knowledge, adaptation and mitigation options.

Il ARIFf 32 adX . FNNASNE box . FilTAF{las {dX . Affex
YR RNRARPSNAE 2870 | (BaSKa Aoy BigikESs Sy yalimNa At . §NNIO/f J Iy { S|
WSLIR2 NI 2y 0A2RAEMNBNEMINS ANBIH i dadeyy aaKRILES | y R Odzy dz |
9dNRP LIS ¢ GSOBWEOIf | yXDENEAE ES d2 PSHERY X B NY BB Kk RS

| ARRAY]1 WDX #tftlyl12 {2 .Ftga [Z .SdzlK2F 953 .f2Y]
5S1LSaiStS WX 58aYARG WX 5A .2yl DX 5A [2NByl 2
CFNNA2fa at¢X CNIYyOSAOKAYA DBE XTObFgBFYREBNBY A ¥
GKS aidlddza 2F aSIoSR O2YYdzy A aSpry 9dzNR LISy &8s
KJLIAYKKR2APZNHKMNOMMMMK FIF FOT nnpn

l2faYlty YIS {}FYK2d2NA WX /221 DX 1I1Sy 93 htaSy 9=
aX ! YRNBga Y Owonlva@r DR ! IYLISNRZIA@K B2 YI NAYS NR Al |
{dzA G F Ay dK goL¥a YSKWKHRp2CA®P 2 NHK M1 OMANHKSKEAH PMHpP C

I2fd WX 1 FNIS Wz 21 1StAy K& G INRAWISE WES Y A0 & ya&ai N
aSla SELISOGSR G2 Ay ONBS K SD Hapgsdy ddzindzviD [ tnanYilnily S
KJLIAYKKR2APZNAKMANPMAHPKHAHHD] Mmannny

l2fd WZ 1dAKSE {2 12LJAya W 2kt epffRzaz Gyye! I
b2fly DX tNRRAQGYMEYWY KBNBR yWx> {YeliK ¢ ¢ gSNRI f
OHNMHBRSOIZERY £ GF NRA I 0 Af A 8dzNB/ R i NBKY/R ay 2ANAI KigKSSA Gl SO
O2yoaySyidlt MKGEE T&2 Y OB BfOoNGNEr 3
KJLIAYKKRZ2ZAPZNHKMAPMAMCK2SPLIZOSI YOHAMHPAY dPanm

| 2NIF & /2amib6StEsRAS. 6818295 CADILBHA] 2MF dzb 2 &/ + NI
w2 $aWs SNzt OF W= { ONINNIHZRY = DAff 53 a2NHFY [Z D2
D2yl f @dSa Wa{x /fl dZRSG W O0HnHpO alNAYS LINRBGSOU
LIN2G§SOa2y FINB 3I22R LINBRAOG 2 NR d2dea Gi-MASYR B P2 Yy 4 SN
KJLIAYKKR2APZNHKMAPMamMckKk e PONRdZA PH AHp PMANnonp

IPBES (2019) Global assessment report on biodiversity and ecosystem services of the
Intergovernmental ScieneRolicy Platform on Biodiversity and Ecosystem SenjiBesndizio

82


https://b-useful.eu/library/deliverables
https://b-useful.eu/library/deliverables
https://doi.org/10.1093/icesjms/fsac014
https://doi.org/10.1093/icesjms/fsac185
https://b-useful.eu/library/deliverables
https://doi.org/10.1111/faf.70054
https://doi.org/10.1002/ehs2.1256
https://doi.org/10.1029/2022GL100448
https://doi.org/10.1016/j.pocean.2012.08.001
https://doi.org/10.1016/j.crsus.2025.100345

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

ES, Settele J, Diaz S, Ngo HT (eds)] IPBES Secretariat, Bonn, Germany. 1148 pages.
https://doi.org/10.5281/zen0do.3831673

Lt/ / OHAnHHO {dzYYl NE FZNIw220f SANTI@AY 51/ SNE 26t 21 ONTFYWSANI FI - ¢
¢AIy2NI ax ! fSANNF ' /NIA3T a3z [FYyJaR2NF {3 [I| a
HAHHY LYLIOGAaZ ' RIELGFa2y X FyRY F db NESAHIIOLAL AR o K
l34aSaaySyid wSLERNI 2F GKS LydSNH2 &N YW2\WEINTG at 15y
¢CAIYy2Nl ax t2f201Fyall 9{X aAyidSyoS0O1 Y ! fS3aNN
h1SY 'S wkYlF . OSRaBVEMBABYONAKRESARASISNEAGYR b
o0 0K LJAYKKR2ADP2ZNBEKMAPMAMTKPTYMAANGOHPY NN ®AAM

LASOlF bx . dzZNOAO a3 5dzf 6A0 W OHNHpPpUOKEILEKB Ny 2R
[ F320SLKIf dz8 OCAaP31LIBBNBaAA A ¢S NI 21R2ylo FL2ORTSKEEY2 f¢dS
t Ad Ol igypvkig ¥ YIKTK R2 A P2 NHkMadPoy pT K ASLIPpp dmnc dgnp

Jennings, S., & Kaiser, M. J. (1998g effects of fishing on marine ecosystems. In Advances in
marine biology (Vol. 34, pp. 26352). Elsevier.

Johnson AF, Gorelli G, Gorelli G, Hiddink JG, Hinz H (2015) Effects of bottom trawling on fish foraging
and feeding. PradR SocB 282 20142336https://doi.org/10.1098/rspb.2014.2336

Jones MC, Cheung WWLL (2015) Muliidel ensemble projections of climate change effects on
global marine biodiversity. ICES/&r. Sci 72: 741¢752 https://doi.org/10.1093/icesims/fsul7?2

Jonsson S, Valdimarsson H (2005) 4. Recent developments in oceanographic redealzhdit
g GSNR® LYY 5S@St2LySyida Ay vdzZ 6SNYyINE { OASyOS
Knudsen O (eds) Elseviep. #992. https://doi.org/10.1016/S15710866(05)80006&

YFAASN) awz /2t€tAS W{x 1Iff {w:x WSyyAy3da {3z t2AyS
FOa@AaSAaY LINRPIY23aAa IQiBEDP2REIZa2REPPENBEK MBHIK P C @
HPT DPHAAHDPAANT PP -

YFYOSNR 93 1 FflF 93 YdAZ S aX wmINARDSYYyWBAAYSnaKd DaAJA

UAKSNASad { CGKAgdiJaav kNGPR 2y Addy2 NSEukny sdd o by hk & OA Y I NIPnp p ¢
alySogriira { .StOKA2NI /X %SySiz2a 'z /IFNR2&az2 |
2F AYUNBRdAzOa2y 2F YINARYS Igiii®yad hOSIyYy /[ 2Faido
KJLIAYKKR2APZNAKMAPMAMCKSP2OSO2F Yl YDPHAMODPAHDAHDMN

YIEGalryS@riAa {2 2lftSyesydzdA LI %SySiaz2a ! 3 [ SLILINJ?2
/' NR2a2 !/ ounmn0 LYLIOGa 2F Ay@LFLara@dsS tASy Yl
OA2RADGSNBAZNBMSI Yy LINFOASGD dnlpdeldi @ LYyl arz2ya @Y o
KJLIBYKKR2AP2ZNBKMADPoOo MK A DHAMN Ppdn dam

Y

Katsanevakis, S., Rilov, G., & Edelist, D. (2018). Impacts of marine invasive alien species on European
fisheries and aquaculturePlague or boon? IBngaging Marine Scientists and Fishers to Share
Knowledge and Perceptiongarly Lesson®p. 12%132). CIESM Publishers.

YL OFIRFA {5 abAyl LS 5FYFflLa 53 520RKG0ENAKFFSOAAr
Fyrfaaia ba | G22f G2 SEGNIOG UaKAy3 T2 0 LINR Y
a0FLtS O2Faidlt UAKSNASE WYyRKEYORYOS&EAdYya2FTEAKSYRY
t £ FyyAydaSRNBEONMIS da ¢oMIB P LEAAYR KMRC2ZYA G2 K M1 PMHC Yy MK Y

YESFRFAS {® /KFEY2RNI1+FHAS LOS OMOTHHDD (L ND LI 2 T
W5. CL{Y 1280y3s YIAYGSyFyOS FyR FdNIKSNI RSSHSt 2

83


https://doi.org/10.5281/zenodo.3831673
https://doi.org/10.1017/9781009325844.001
https://doi.org/10.3897/aiep.55.146945
https://doi.org/10.1098/rspb.2014.2336
https://doi.org/10.1093/icesjms/fsu172
https://doi.org/10.1016/S1571-0866(05)80006-5
https://doi.org/10.1046/J.1467-2979.2002.00079.X
https://doi.org/10.1046/J.1467-2979.2002.00079.X
https://doi.org/10.3989/scimar.05566.108
https://doi.org/10.1016/j.ocecoaman.2013.02.024
https://doi.org/10.3391/ai.2014.9.4.01
https://doi.org/10.12681/mms.1087

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

aSRAGSNNI ySIy d yviRIzZOGEKASO . of 2/yCH] h{YSAS 2F GKS 9 dzNR LIS
KGLIAYKKR2ADP2ZNAKMADPHDHCKPCM®PPHP

Y& { @I BANyB8nop23aS20KSYAAGNR RFEGF F2NJ GKS b2NIKS$
{SF FNBY Hnnc dzLJ 42 HmMnnORBNAJISERITMR V2 S NY K O824
[ KFy3aS { SNIBAOS KGfLAAYI kKSR 2541 dii2l N kivg/ NGB+ oy Mk OR& PROO

YSyye 1wz WSYlAyad /3 222R 53 .2flY {DI aArdOKSt
KdzYty +FOo@AoSas LINBAAdNBEZ FyR AYLIOGA 2y b2NI
F LILINE F OK® L/ 9{ chuddikad Xy k{kRied or2p\¥E kmumnydm n o k A OS & 2

YSyye 'ws {1e22fRIFt |ws 9y3StKIENR DIS YSNAKIG tWwWs
0KS NBfla@S aA3ayAUOlIYyOS 2F KdzYly LINBaadzaNBa | yR
al NAYyS 902aeadiSvyaoemnNeda® hOSFYy23INI®d ymMY MOH
KJLIAYKKR2APZNHKMAPMAMCK2PLI2 OSIYydunnodpdandant

YESAG2dz tZ / NROSYglI ®IISHOISNZ dax {YI t RAABRIz = YK (St
wSSa { OoHnHMO CAAKSNE NBFZRNASW2M% (XSSO Fa @aSwWe
albylF3Seo HWHYIAWMMARBMAD2 NHEKMAPMAMCK2SDP2SY DY Y OHAHT

YESAG2dz ts wSSa {93 YiSdG2dz 55 I FNNAA 195 /A [[3

AAAAAA

Ff® 0HAHNO alNAYS LINPGSOGSR F NBF a tdiS/NRAKYED NG 35S
| 2Y&aSND® { OA dX gtLBElF YOKKIR 2cA YD 2S\WHOKMIITAdM M MM K O& LIH dmo mn T

YdzSKY S cazi@mABREO @2 oAl a O2 NNH Q@IDgO INSWIP ST ALLINEKS SNBab?
KGLIAYKKR2ADP2ZNAKkMAPcAnynk YpdUIaKEFI NEdHopMnc My dFm

[FY 22 . 5 1ftAa2y 913 .8ft W55 afBGK& WELF KSdzydHA
/I fAYFGS OKFy3aSs GNRLAOFET UAKSNASA |yR LINRaLISOU
9y @A NP yrdp MdYLJanYknk R2 A @2 NEiwma @M1 oy KANoaAMT

[Fgf2NI W = /2YGS [ DNBy2dzAtfSG DI [ Sw2AN Wz .S
5AFY2YR {9 [FyOFLadSNI[¢ZX a22NB bX adaNASYyyS w:
wdzo SYyaiSAy aX {OKSUGSNA .wX ¢K2YAR2VIFT[ awI O g2y RIY
OHnHNL aSOKFyAavYasz RSiGSOe2y YR AYLI OGa 27F aLls
wS@d 9 NIK cOyPONE Y DK BEYA P MBEImAD®MATOY KANOAMT

[ 6NByOS 5WS wdzye2y !b>x DNRaa W93 { OKdzdzNXIy D23z
NEt SOyl Of AYHRiySR TilidZININENGS dF2206NIYS NI F Yy Ay 3D [/ £ A Y
KJLIAYKKR2A P2 NEIKHIWO @M@ A T K { MAp Yy N

[ 6NByOS 5Ws wdzye2y !'bs DNR&A& W93 { OKdzdzNX¥ Iy D23
NEBf SOy Of AYiSR ThIFINIINDNGS aF220NIyS HBIF Yy Ay I ® /£ A Y
KGlLJAYKKR2A D2 NEKmo @ N T KaMApyn

[ S [dzZKSNYS 93 tlgft26alA [ w20SNI a OHnHNO b2NIK
062 RSOIFIRSAa® i /BwmltidkydolKd VASR2Z A@FNBKMadPvmMmmk 3006 @

[AYRYFN] aX YFINIaazy as DANRYEFEN] ! 6HnwoO [FNHSN
Ay KSI G§SR SO 2(ka8 3a0YSKYKIR 254 AA2FNSH kDT ppnk ST A FS Dy H dhhe

[AY] W{Z 2| Da280Oaae 0 SNIAKAY Y /8N RSt AYSI
LINZ R dzO @ 2RIE | {I GAKITL# YK K R2 A P2 NHKMA PMMHCKAOAF RADI| |

[A2yStft2 tX {OFN}YaoOAl [ O6HnamMy0d ¢KS NBflaz2y 0S0G6S
3t 20t GFNYAYIDd wSIdmmdfodh bl ¥ @ R2 K DY By Yovmmy m {
M H g9

84


https://doi.org/10.2926/5619525
https://doi.org/10.24381/cds.dcc9295c
https://doi.org/10.1093/icesjms/fsx205
https://doi.org/10.1016/j.pocean.2009.04.007
https://doi.org/10.1016/j.jenvman.2020.111690
https://doi.org/10.1111/csp2.13147
https://doi.org/10.6084/m9.figshare.23514618.v1
https://doi.org/10.1038/s43017-020-0071-9
https://doi.org/10.1038/s43017-024-00527-z
https://doi.org/10.1007/S10584-021-03169-Y
https://doi.org/10.1007/s10584-021-03169-y
https://doi.org/10.1111/gcb.17383
https://doi.org/10.7554/elife.82996
https://doi.org/10.1126/sciadv.aav0474
https://doi.org/10.1007/S10113-018-1290-1
https://doi.org/10.1007/S10113-018-1290-1

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

[ 281 yOAy2 WY I#A#DBIRNBYEI 3 IMZENR S F INNI 0t>6 dnySit R § NId2ST
I 3dzk SINBINI !l NEySRI fta 6HnHoO t NBRAOoa2yada 2F OdzNNE
NA &1 Ay L2 Lzt i SNP A J2yRECSNRWEIRY RSS8A Ot AYF IS OKI y:
al N3 . A 2K gpLIamt knkYR HAT ap2 NFiwmn @ n N T KA N NHHT

Madec G, Bell M, Benshi®y Blaker A, BoudrallBadie R, Bricaud C, Bruciaferri D, Carneiro D,
Castrillo M, Calvert D, Chanut J, Clementi E, Coward A, Lavergne C de, Dobricic S, Epicoco |, Ethé
C, Fiedler E, Ford D, Furner R, Ganderton J, Graham T, Harle J, Hutchinson K,Hawng,Dea
D, Levy C, Lovato T, Maisonnave E, Mak J, Sanchez JMC, Martin M, Martin N, Martins D, Masson
S, Mathiot P, Mele F, Mocavero S, Moulin A, Muller S, Nurser G, Oddo P, Paronuzzi S, Paul J,
Peltier M, Person R, Rousset C, Rynders S, Samsondgdsclip, Storkey D, Storto A, Téchené
S, Vancoppenolle M, Wilson C (2024) NEMO Ocean Engine Reference Manual.

MagurranAE, Dornelas M, Moyes F, Gotelli NJ, McGill B (Rdaidbiotic homogenization of
marine fish assemblages. N&ommun 6: 8405 https://doi.org/10.1038/ncomms9405

Malmberg SA, Valdimarsson H (2003) Hydrographic conditions in Icelandic waters2®@®0n:
Hydrographical Variability in the ICES Area, £2909. ICES M&ci Symp 219:50¢60.
https://doi.org/10.17895/ices.pub.19271738

alyy 1. o6mdpdnp0O b2yLl NI9VEYyRNG wigehiddulod | Ayad GNBYR
KGLIAYKKR2ADP2ZNAKMAPHONTKMPAT MY T
alyyAy2 lax . FfAa0UNBNR tX 5SARdzy ! oO6wHnamTO ¢KS YI

OKIy3aAay3a OfAYFOSY ¢KS AYLI OG0 2F 04RyEANMROL Y S yAly>D
{20AS80Gex [/ #Hzf) LANB @RE Y PEQAR DM PpTTHKAYUISOK2LISY dc

al Nbt b>X W2NRL DX ! 3dzad { YR 5dz2rNIS /a ounmcoL 9
aSRAGSNNI YSIHY 6 A 2idlg0agNERE® o2 INSER MdHod yopk F Y I NE& d

al NBHdzAy KX DaaA&RBk t>X w28a8A C ownupv ! a&adisSyla0
f SPSt 2F UakK LRLzZ s2ya yR aaSyvyofl3a3Sa Ay (KS
MmNy @I pIPYKKR2APZNHKMAPooy dkFYF NEPHAHpDPMNY ddc p

aO[ Sly2dedE X 2[0A Yy RESAINEFI BNISE KI NR DI adzZNHASNI WX | dz
O2YYdzyAaSa RAOGSNHS Ay alJSOASa odzi O2y@SNHS Ay
/| KIy 3@ poYh @i gkng LJA YK K R2ZA P2 NHKMA DMMMMK 300 dMnTyp

aO[ Sy aWX 1 dzoSNJ !> DN}YKFY b! WX 5dzf & bYI az2dzff
UdK yYydzZNESNASE dzy RSNJ Ot AYIF (@ widNX¥AYyId Df26d / KI
KJLIAYKKRZ2ZAPZNAKMADOPMMMMK 300 dMnpam

Mecklenburg CW, Mgller PR, Steinke D (2011) Biodiversity of arctic marine fishes: taxonomy and
zoogeography. MaBiodiv. 41: 109¢140.https://doi.org/10.1007/s12526010-0070z

aAlOKStf 9 52YAy3dzST ' fYSEl = o6uHnupO az2RSffAy3
al NI . A 2K gpLIaMY kiKYR 2wy db2 NEhimmn @ m N T K A N A HH T

Moilanen A, Kohonen I, Lehtinen P, Kivisto I, Jalkanen J, Virtanen EA, Kujala H (2024) Zonation 5 v2.0;
User manualhttps://zonationteam.qgithub.io/Zonation5/publications.html

a2AftlySy 1's [8KaySy t3x Y2K2yS8Sy Lz WHE1FySy WS =&
LINA 2 NR o1 I o zy BAGK FLILX AOta2yd Ay O2y&SNDLoaz2ys

F @2 ARIFyOS aSiK2RMN EKDD IZAY K KER2 A gD 2 MAENK1 VNIV MIMEK H /1 11\

85


https://doi.org/10.1007/s00227-023-04174-8
https://doi.org/10.1038/ncomms9405
https://doi.org/10.17895/ices.pub.19271738
https://doi.org/10.2307/1907187
https://doi.org/10.5772/intechopen.69214
https://doi.org/10.3389/fmars.2016.00003
https://doi.org/10.3389/fmars.2025.1489965
https://doi.org/10.1111/gcb.14785
https://doi.org/10.1111/gcb.14501
https://doi.org/10.1007/s12526-010-0070-z
https://doi.org/10.1007/s00227-024-04580-6
https://zonationteam.github.io/Zonation5/publications.html
https://doi.org/10.1111/2041-210X.13819

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

hNA2E [93 W2N¥ya W /KFEyyStf YI w22R w. O6Hauno {0
YIEYyF3ASYSyii§9o3t KAGRIKSaAa YR adlyRIFENRAT a2y 27F
MOMP KO NDIPYKKR2APZNHKMANPooy Pk FOE AYDHAHN OPMOMP N TN

hdASRSA T K WE /2ff as /FNR2yl [ 38yKISSYIE SLUNBNEEA deNBr
aSRAGSNNY ySIy NBIA2YAE FyR LIStIFr3IA0 aLlsSoAasSa | fNB
NNNKYWAYKKR2ADPZNAKMAPMPHPKSE SYSY(GF dPHAHHDPAAAHY

hdtallAySy hI ¢A1K2y2@ DX b2NBSNH ! I DdzZAf t I} dzy$S
OHAMTUO 126 (2 YI1S Y2NB 2dzi 2F O2YYdzyAde RIFGHK
AYLX SYSyilla2y Fad Y2RSfa EkpytR@@2Dél NBd 902t o [ Sg
KJLIAYKKR2ZAPZNAKMNDOPMMMMK St SOMHTp T

hdtallAySyS hodIWR2AYANBIBDAK® KRAAGNAOGdze 20y Y2RSE f A
/' F YONR RIS ! yKAGASEINBKAKIRR2 At INBNIERKkOM 1 PM A MT K PT Yy MMAY p M T |

t LI yi2yAz2dz DT {3 NRStA 3 =+l aaAifz2lLkdz 2dz + yR ¢
YR AYGSNI Oa@S SuaSOGa @S NIIUaYKAlyS ¢2t yNVUAKYSS 9 FyaRI Sy
SO02a2aiSY dzaAy3 969 | yR SOfR@A@XOmMEHmygRAODI (2 NAR D
KGLIAYKKR2APZNHKMANPooy PK FYF NEDPHAHP PMCHMC 10

t ASG DWSZ DNHzyRf SKYSNJ !> W2y3o6ft2SR wX ¢l YA&a WX RS

adasSaavySyid 2F AYLI OG NRA]l F2NI YIFIyYyF3ISYSyilio 902¢

KJLIAYKKR2APZNHKMANPMAMCKSPSO2ft AYRPHAHODMMMMP T

t AYYS3AFNI WYX | +FY2y YD YNBA&aA /axX ¢lFoSlkdz ' weoh
¢5> tSO1 a! ¢ natd2HtmMAve GD-dE( daNGBS yal2NJIi22a T2 NJ | lj dzZ @ O NEB:
TN} YSG2N)] OIASRA 2T WKEER A 6 { {dt § OR OCNEY (p@ yai lvNId
KJLIAYKKR2APZNHKMAPooy Pk FYF NEPHAHANPPCYHMD

tAyaile a[X 22N) .3X C23FNIeé awWws {FIN¥YASyi2 W X [S0&
@St 20A0S8ad {@kBDIE VKIKMRYZ IMBIZDONH K M1 dPMMHC ka OA Sy OS o

t AUl LY az2dzZAfft20 53 az2dZfSO CX {KAY W OHAHMOD [ 2
aSRAGSNNI ySIy U&KSNRS acp g okbg@ 0ady k/ kKR 2yATE2 NFAK2VE 145D vHMT MY

t2f2 W LPSILWGgis 9y3aSEt KINR DI tdzylsy |3 twNR#EfA2 a:
Waz 9aiéSoly !X DIFNDNI 9@ AKBRF & y&R3 Ot
O2YYdzyAaSaQ aSyais@AiGe 502 SNEADY I5AS (G
KJLIAYKKR2APZNHKMNDOPMMMMK RRA ®mMo dp i

t2t201 Fyail 9{% .NRgy /WS {&8RSYLY 2Ws YASaaftiy3d
. dz01t88 [.3T . dNNR6a ac¢s 5dz NIS /asx | F€LSNY .{=
tFNYSaly /3 {OKsAYI CI ¢K2YLMEINA y{il 2 Fw AGD KIF'YNIGES? |
YI NR YIS & & FSOA Y &l HKE &L FSY KokYR 2dimd2 NH Kk M1 dmnoy k Yy Of A Y

t 2NE COh§g® EopRMBR & &M NIOSYT diIN®S 12 F/ H\Blata SLIAAL Y YA 3
FYR @A SBARAYYIIaaPO T . KvBpyaRda 8y kHknR2 A P2 NHK M1 PH O T K H M N

vdzZ- gNROOKA C5 .2y2 DS /+Lglky2 /3 CA2zNByYyay2 C3 [} d
2 | NYRWE OGSy 6A200 RAGSNBYaloaz2y 2F RSYSNEIf U&K
aSRAGSNNI YySIY {SI® alNdP 9YyPANRYDd wS&P HMOY wMnAT
KJLIBYKKR2AP2ZNAKMAPMAMCKSDPY NBYONBEAPHAHPDPMATCHT

SQMAKEF [V N
B0yt v Y1 ySRv ol

Ragheb E (2024) A view on climate change and its impact on the Mediterranean fisheries. Blue Econ
J 2: 5. https://doi.org/10.57241/28052994.1020

86


https://doi.org/10.3389/fclim.2024.1415070
https://doi.org/10.1525/elementa.2022.00028
https://doi.org/10.1111/ele.12757
https://doi.org/10.1017/9781108591720
https://doi.org/10.3389/fmars.2025.1621603
https://doi.org/10.1016/j.ecolind.2023.111157
https://doi.org/10.3389/fmars.2020.568219
https://doi.org/10.1126/science.1239352
https://doi.org/10.1111/gcb.15814
https://doi.org/10.1111/ddi.13959
https://doi.org/10.1038/nclimate1958
https://doi.org/10.2307/2412054
https://doi.org/10.1016/j.marenvres.2025.107627
https://doi.org/10.57241/2805-2994.1020

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

wlk YNNBT C3 /2ftft aX bl @FNNR WX .dzadlYrydiS WI DNBS
a0NBaaz2NA Ay GKS aSRAGSNNYySIy {SI YI &
MNYy KBMEYKKR2AP2NFwmo@@mmoy Kanmp gy

whkyiarySy as YINLISOK{2 ! .3 [ALLERYSY '3 b2NRfAy3 Y
Il OHAHHO ¢KS ! NDaO KIFa ¢l NYSR ySINIe F2dz2NJ aYSa
9F NIIK 9Y OKHPI Ok o K2 MO g WREIkimm ®ohby oy KA N OHMNT

wSIFfS axX /2a&FNRYA DX [FTTFENR tX [208FG2 ¢3x .21 2
RS2E&3Syle2ys FYR ydzZiNASYyd YR 60A2YlI a4 RSOtAyS
. A23S230ASghOSEpIIMBHY Kk R a8 PO2 LISNY A Odza @2 NHK | Nb Of Sax
WASYaR2NlJ !'5% . 2flY {DX DFNDAF /X | ARRAY]l WDZI | A
94daYloay3d aSyairsg@Aiie 2F aSIoSR KIFIoAdlFGa G2 RAADG
f2y3SgAie 2F O0SY(GKACVOTMKHINE Pk 8 G2 7 2 NHKIV®D Pyl Y HM &
RijnsdorpAD, Peck MA, Engelhard GitlimannC, Pinnegar JK (2009) Resolving the effect of

climate change on fish populations. ICE®ar. Sci 66:1570;1583
https://doi.org/10.1093/icesims/fsp056

w20SNIa /a>X hQ[SIENE ./ 3 aO/ | dzZ S& 5wt N#RRB 2t 43 5d
{dzYlFAfl [ wX 2Afazy w2 22N¥ .z /lasaffl W oO6HAM
FRFELIGFea2y (2 OfAYIFGS OKFy3ISdccmNPO®D bl Gfd | OF RD
KC]LJéYKK|V?27\q32NCE|KMJ'ICDMJ'ITOKLJ)/|'éCDMTJ'IMHCHMMI'I

w20Ayazy /3 {F0oAYS /3 LASYaSS Y OHAnHpO tNBOARAYS3
0KS St0SO0Ga 2T/ o¥iRIGASYAD KMy S @
KJLIAYKKR2APZNHKMAdmndpok AOSaayakTal Smrtn

Rozemeijer MJC, Bartilotti C, Batziakas S, Blum S, Consiglio A, Fock H, Gillie ER, Golin F, Henriques S,
Hidalgo M, Jonsdottir IG, Lindegren M, Lobo Arteaga J, Merigot B, Moullec F, Moura T, Pecuchet
L, Peristeraki N, Polo J, Puerta P, Rutterford LA, &iedVT, Tiano J, Vasconcelos R, Zupa W,
Engelhard GH (2025} BSEFUIAssessing commun#gvel risks of marine biodiversity and
habitats in different European regional seas. Technical University of Denintigudk//b -
useful.eu/library/deliverables/

wdzo SyaidSAy a!s 2SAal12LF {wX .SNINIYYR wX /I NISNJI {
WX aAffSNI .23 a2NBffA ¢[3X w2RNAIdzST a!s ¢SNry
GKS 3t 201t NBRAAUGNROdzea2zYy 2FYI00ARIRQAIGS N& dzliVRIY NI d7D &
N} yIS EAKADEAD KADIANBYKIR 29 BA2 RIGH ke mY@rmiiedy ¢ K & MO T p /i

wdzo Ay2 /X ' RSEU2nNBIYINDdNEA B2 [ 2NBYya@KasX CAZ2NByoay
aAf A&d4SYyRI D O6HnunO 9ELX 2NAy3 (KS SusSoOda 2F GSY
/ SYGiNItf aSRAGSNNG tyS9 yYd BS{ XzA@AYNR JLINFN @REDD O{yli | G &
cCNKPLIAYKKR2A D2 NFKmMOMPATKAMACP M

wdz SNF2NR [!'Z {AYLlAz2y {53 .23ai0FlR .3 5S@AYyS W!Z
RNAGSNI 2F NBOSyid IyR LINBRAOGSR UakK O2YYdzyAraide a
Dt 206 f /d kwiaghip AMVRLA YK K R2Z A P2 NHKkMa dvmmMmk 3006 dmcc o

wWdzg SNF2NR [!'Z {AYLlAz2y {53 WSYymwW3IaA{ya W2EYy&Ry]S&N
DSYYSNJ] aW o0HnmpU0O CdzidzNB UAK RA&AUGNAROdzezya O2yal
| KIy3ScppBEPpBEW KK R2ZAP2ZNHKMAndmMnoyky Ot AYFGSHechaT

{IAfECSe/ il 6aWSBNEaAAASNI { X 5FYlLftla 5 | FyaSy /3 |1
{al @y@dzbA St aSst AWNES Th &ILIA yil § A Y SEBIS RIASNE| ta2!2 &0 HWIWED 0

87



https://doi.org/10.1038/s41598-018-33237-w
https://doi.org/10.1038/s43247-022-00498-3
https://bg.copernicus.org/articles/19/4035/2022/
https://doi.org/10.1002/EAP.1731
https://doi.org/10.1093/icesjms/fsp056
https://doi.org/10.1073/pnas.1701262114
https://doi.org/10.1093/icesjms/fsae170
https://b-useful.eu/library/deliverables/
https://b-useful.eu/library/deliverables/
https://doi.org/10.1186/s13750-023-00296-0
https://doi.org/10.1007/s10651-024-00609-7
https://doi.org/10.1111/gcb.16633
https://doi.org/10.1038/nclimate2607

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

adzZ%) Y2RSta 2F 9dz2NRPLISIHY YIFINAYS UakK adz28q4ay wsS
Df 2061 f /& MAIOIKWOA B K K R2ZA DP2ZNHKMAPMMMMK 300 PT nmn i

{I#l NAEY aX | ARIFf3I2 a3 t dzSNIla 2N fa2d AtyRIEE WY ZWAZTY |
9aiGSoly !> tBRNIYVIdAzET DI MBNIA| &) adn AwrdST/ £t AYIFGS
dzy SELISOUGSR &2dziKgl NR LI §SNHABSRAGSANB PSS & BADAO
MCAnY MVIMIaNYWKIXK R2A P2 NBKMAPMAMCKWDPO/ h[ Lb5PHAHNT DMMI

{ OKYARINDME t f 1 AYyaz2y 'S . NBGAY ww23 /[ fFN] WwX | AC
t I NR22 f{AZy Sy § Y& iK ¢WZ ¢IFINNI}Yy D! 2ARRA02Y6S /932
Ly ONBIAORYOR | yRdad @IBNANY a KSt F2 vyl SINSYNEF 2@2Ry BNhoo dzii S
RS3INI RIFa2y d Dth2cpYp tpnp/ yKth VA S K Kk R2 B8 P2 NHk man dvmmmmk 3006

{ KSLKFNR {3 Cdzy3d ¢x | 2dz2A S W93 JIANSH S2ONIKS YK AwSTA
RNA @Sa alLISOASa O2 YIOER A Ma.\ScidwYicalb®@msS / St a O {SI o
KJLIAYKKR2AP2ZNHKMAdPMmncpok AOSaayakFTaNunnn

Simonarson LA, Eiriksson J, Knudsen KL (202 darine realm arond Iceland: Aeview of
biological reseatt. In: Pacifie Atlantic Mollusc Migration: Pliocene Int€dcean Gateway
Archives on Tjornes, North Iceland. Eiriksson J, Simonarson LA (eds) Springer International
Publishing, Cham g 13¢35. https://doi.org/10.1007/9783-030-596637 2

{s5fYdzyRaaz2y W {AJdz2NBaazy | #3 Ws iaRS kNNE DEZi N5 i/ FH
NBaLR2yR (2 OKIy3IAyBRSOGYRBANRYY&REaYT! INRBAzgRUAK O
Mp Y  Hhttps:fidmi ©rg/10.1038/s41598025-022047

{LISRAOIF(G2 a¢z al daddz& 93X aSNARI20G .3 ¢asSN1LISa D Wi
ALISOAUOlIa2ya Ay |y S02a2aidSY FLINPEHOK (2 UAKSN
KJLIBYKKR2AP2ZNBKMADPo Yy pkaOA Yl NIdAn pMp Pmm -

{GSTtyaRskN[Z {s5fYdzyyRaazy W:Z al NIiSAyaR2kNJ DX YN
RAOGSNEAGE FyR aaSyofl3aS aidNUzO(G dzNB W AlK&®SE | Y RA
hOSIy 23K Y YK K R2A P2 NHRMOPMMMpPDE DM T HE

¢SNHZ T A ! ©@X 5A . AlF3JIA2T £+ CSdRIE ST [ . 2fl 2y
OHNABRPISNNI ySIYy {SI 0A23S20KEXAD2 OKBBA ¥ KB A A &
aSR. Cao a2alsSmwd (d+ SINEINB2DY /NULISNIY A Odza al NAYS 9y @A
KJLAYKKR2A ®2 NdH/kavmindny ¢c T nK YRA

¢CK2YLlA2y a{! X /2d20S 931 { OKINX DKHFEBSNISDIReVKS R®K
2F RAGSNEAGE | ONRP&A Y| NEwSrc fcBc2dRh 6 S6a ® D
KJLIAYKKR2AP2ZNHKMADPMMMMK 300 dPMCcyy ™

CA1K2y2@ DX hLISRIFIf gl !0NB3I2 bx [SKA{2AYS
W2AY(d aLISOASa RAAGNAD dRISYBEREKE R I 9 Okt 10
KJLJA YK KR2A P2 RBKIM SBIMVONOMINK H 1 1T M

CAgSYyaz2N WAl a[22Ndi1 9 =1l YZI wWAOFNR 53X . SNHKS 9+ 22NN
LINBRAOGZ2NE 2F YINARYS oAz EmAcGe | ONRaa Gl EI @
KJLIAYKKR2ZAPZNHKMAOMnoy kYl Gd§dzNBndoH D

t2oyKAEE [ X /2dz0S 93 ¢C/AfyABIKNINISYLRMR LS ObR2Y ¥SAFNO

UaK RAAUONROGdzea2Yy |y K2 &IzZK BSZ&IBS]@@EIW@C}‘{CGENEKZV?
KGLAYKKR2ADP2NHBKMADPMMMMK FF FOMHT T 0

M

88


https://doi.org/10.1111/gcb.70149
https://doi.org/10.1016/J.ECOLIND.2024.111741
https://doi.org/10.1111/gcb.15161
https://doi.org/10.1093/icesjms/fsr200
https://doi.org/10.1007/978-3-030-59663-7_2
https://doi.org/10.1038/s41598-025-02204-7
https://doi.org/10.3989/scimar.04915.11X
https://doi.org/10.1111/j.1365-2419.2009.00527.x
https://doi.org/10.48670/mds-00374
https://doi.org/10.1111/gcb.16881
https://doi.org/10.1111/2041-210X.13345
https://doi.org/10.1038/nature09329
https://doi.org/10.1111/faf.12773

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

CAANARYGEFYAEa YZI !'TTdz2NNE 93 / NR2OSgl CI 5AYATLF a3z C
w2aa2 !'ENRAGFHAEKS AWR YARRYS NI -E&FBHAaL V[SOI 1 A&
OHNHHU . RBUWW@tEAR2YW 0A2RAOSNEAGEY S02aeadsSyYy aSN]
aSRAGSNNI ySIy { S| obnmy pfdal LIy kLkyRP AAAZNEBRK MwTdY0o 0 hm K | A ¢

PfYFY 1T 1EfA C%X | FNNR& 19X ! RSt aX aloNd¥zl {!!! X
/[ ftSYSyita Yws SO fd ownuu0 [ Saazya FTNRY GKS 28§
YEYyF3SYSyild Ay (GKS aSRAGSNNI ySIyd CNRyiGd® al NI {
KGLIBYKKR2AP2ZNAHKMAPoOYy PK FYI NEPHNHHPYyCpPMCH

PfEYEYy 'Y At RAT ¢X S5BYAtNBdA & 55 /dwdHmh Z¢ KS YA 1S3/3
Ay ol aATORS AR S BIMPI2ROBABK Hof @z AOEK SSYIKMAEZA A 2y (KS
aSRAGSNNI ySI yoemb §BLE Xk k ReyW2mip ma oy dT kY S20A 20

+FfRAYINRAZ2Y | X ! agK2NRAa2y h{X t+Ffadz2y W OHAMHDU
NEOSyid RSOFRS& YR NBfFGSR OKIFy3aSa Ay Rd adNAOd:
YVHE®LIAYKKR2ADPZNAKMADPMAnPpokAOSa2YAKFAANHT

Valdimarsson H, Malmberg/A5(1999) Neasurface circulation in Icelandic waters derived from
satellite tracked driftersRit Fiskideildar 163-39.

Valtysson HP, Jénsson S (2018) Impacts of a changing climatdandianarine stocks. In: Mueter
FJ, Baker MR, Dressel SC, Hollowed AB (eds) Impacts of a Changing Environment on the
Dynamics of Highatitude Fish and Fisheries. Alaska Sea Grant, University of Alaska Fairbanks.
https://doi.org/10.4027/icedhlff.2018.01

@y wdzA2@Sy . Wz [S@e a!x !'aANrglt ' . ASNXIYyYy CZ
.Y W2y SdAa SWBERX®OVILIOET Y21 aX Y21 Y [SY2a a/3x [ dz
tF G661 NRKFY 1S X {OKgSATSN FTW{&KhNBRO { 2PKRPORYAY
tFrdKglrea F2NI OEAYIGS OKFy3aS AYLI Odasz FRILIWFea2Y
nycmpEPLIAYKKR2A P2 NEFIvmp®MN AT KAMAPY N

Vilhjadlmsson H (1997) Climatic variations and some examples of their effects on the marine ecology
of Icelandic and Greenland waters, in particular during the present century. Marine and
FreshwateResearch Institute of Icelandrit Fiskideildat5: 1-63.

+ANILFYSY QES[ ERRIEBAYEY WX az2AtlySy ! ownmy0 9@
SELI yaArzy 2F (GKS CAYyYyA&K YINARYyStANR G§SOGSR | NBI
KJLIBYKKR2AP2ZNEBKMAPooy K FYF NBRPHAMY PaanaH

+1 €1 =3 1AY1St W 0HAHoO J/EAYFGS €SFNYAYy3 208yl NX
Of  3aAUOla2yd /fAYRIWEIKKREPYILARIrR MY Pmmmp 1 @@ O N
22f 13 t2LRJOF 993 IWIROWEIZ VY Sév AOyRInAINNOS RASHRIS O 2 Y Lt

SO02a2adGSY Y2RSt F2NJ GKS 3If2aiMTt®R2YIFIAyd DS2a0Ad
KJLAYKKR2A ®2 il ymmmwep Mmpn k 3 YR

»wSySiz2a !z 1foly2 tDXI [s5LIST DIFENDAF 93xn{GSNYy bz ¢
AYRAIASy2dza alLISOASa AyONBlIaSR o6& nmE: Ay wmm &SIN
HOY CHVWMIHCPLIA YK K R2A P2NHKMAPMHCY MK Y Y& DPH DMAC

YodzLJr 23X /FNDB2YINy tX . AGSg2 LT /laAyA az alA2Nly
DX WAYR2NF ! O6HnupO wSftloa@dS 0SYGKAO adlddza 3Adzi
L2YALY {Stad L/ B§HLIWDkaRRDPRPAED® myi®Vinpoyx ®/ 9{ Wa {

89


https://doi.org/10.3391/ai.2022.17.3.01
https://doi.org/10.3389/fmars.2022.865162
https://doi.org/10.3897/neobiota.68.71767
https://doi.org/10.1093/icesjms/fss027
https://doi.org/10.4027/icedhlff.2018.01
https://doi.org/10.1007/s10584-013-0931-0
https://doi.org/10.3389/fmars.2018.00402
https://doi.org/10.1016/j.crm.2023.100512
https://doi.org/10.5194/gmd-4-381-2011
https://doi.org/10.12681/mms.29106
https://doi.org/10.1093/ICESJMS/FSAF148

A. Appendix: Mediterranean Sea
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FigureA-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 thec§left panel) and & (right panel) GAM models,
including residual distributions, fittedersusobserved relationships, and Qpts.
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FigureA-3. Partialeffect smoothers of thecgGAM, illustrating the nonlinear effects of spatial,
bathymetric, and thermal predictors included in the final model formulation.
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FigureA-5. Variance partitioning of &(left panel), and S(right panel) GAM models, showing
the relative contribution of predictor groups to the total explained deviance.
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FigureA-6. Slidingwindow temporal validation of thecgmodel.Left panet observed RMSE
values and projected nonlinear variation up to 10 years beyond the calibration pRiigitt
panet R and projected nonlinear variation up to 10 years beyond the calibration period
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FigureA-7. Slidingwindow temporal validation of thergBmodel.Left panet observed RMSE
values and projected nonlinear variation up to 10 years beyond the calibration pRiigitt
panet R and projected nonlinear variation up to 10 years beyond the calibration period
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FigureA-8. Spatial extrapolatiorrisk maps for the &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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FigureA-9. Spatial extrapolatiofrisk maps for the ssmodel 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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FigureA-10. Delta predictions for the future periods relative to the baseline period (2012
2021) of &c (upper panel) and £ (lower panel), illustrating the magnitude and spatial
distribution of projected change
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Figure A-11. Boxplots of the distribution of &3predictions across temporal periods and
Mediterranean subregions, illustrating regional differences and temporal shifts in projected
exposureweighted vulnerability. The statistical analyses were based on the KiWskhs

test, followed by pairwise Wilgon ranksum comparison.
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Figure A-12. Boxplots of the distribution of FRpredictions across temporal periods and
Mediterranean subregions, illustrating regional differences and temporal shifts in projected
exposureweighted vulnerability. The statistical analyses were based on the Kiskhs

test, followed by pairwise Wilgon ranksum comparison.
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FigureA-13. Delta projections of & (upper panel) and & (lower panel) for future periods
relative to the baseline period (2042021), highlighting spatial patterns of projected risk
intensification (red) and decline (blue) across the Mediterranean Sea
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B. Appendix:NortheastAtlantic

Pairwise correlation matrix — model covariates
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FigureB-1. Correlation matrix of environmental variables considered for inclusion ir
GAM moelling framework.Those pairs of variablesith r>0.7 were not included in th
same models.
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FigureB-3. Partial effect smoothers fathe GAM models thapredict communitylevel

sensitivity to climate change
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FigureB-5. Results from slidingvindowvalidation analysis fopredicted communitjevel
sensitivity toclimate changelLeft panel shows the observed dd projected nonlinea
variation up to ® years beyond the calibration perio@lhe right panel shows tHRMSE
values and projected nonlinear variation up to 19 years beyond the calibration peri

Observed R? and nonlinear projected decay to 10 years Observed RMSE and nonlinear projected increase to 10 years
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Figure BL. Results from slidingvindow validation analysis for predicted commurgyel
sensitivity to fishing pressurkeft panel shows the observedadd projected nonlinea
variation up to 19 years beyond the calibration period. The right panel shows the
values and projected nonlinear variation up to 19 years beyond the calibration peris
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FigureB-6. Absolute change in predicted commuHiyel sensitivity to climate chanc
(CC; upper panel) and fishing pressure (FP; lower panel) between the reference
(20162020) and neafuture (left panel) and midentury (right panel). Increases
sensitiviy are shown in red, decreases in sensitivity are shown in blue.
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FigureB-7. Boxplots of the distribution ofd3predictions acrosghree OSPAR regions
the Northeast Atlantic andemporal periods, illustratingspatiotemporal shifts in
projected exposurgveighted vulnerability Region Il =Greater North Sea, Region llI
Celtic Segsand Region IV = Bay of Biscay (not including Iberian Coast)statistical
analyses were based on the KrusWalllis test, followed by pairwise Wilcoxon ragikn

comparison.

FigureB-8. Boxplots of the distribution of-Bpredictions acrosthree OSPAR regions in t
Northeast Atlantic andemporal periods, illustratingpatiotemporal shifts in projectec
exposureweighted vulnerabilityRegion Il = Greater North Sea, Region Ill = Celtic
and Region IV = Bay of Biscay (not including Iberian Coastptatistical analyses wel
based on the KruskaVallis test, followed by pairwise Wilcoxon ragilkm comparison.
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