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Executivesummary

The goal the BRISEFUL project is to contribute to achieve policy gotiie &U Green Deal and the
Biodiversity Strategy 2030 by developing t@@&nted tools and solutions to conserve and protect
marine biodiversity,while effectively building and improving upon existing European data
infrastructures and governance frameworks. The role of this Deliverablesigdad on how drivers

and stressors impact biodiversity and how their independent and cumulative impacts are mediated
shaping biodiversity trends and pattermgich has beemindertaken by partners under Task 3.2.

To do that, the BJSEFUL teahasapplied a variety of analyticatechniques over a broad range of
marine ecosystems and organisms sampled along European shelf seas from the Eastern
Mediterranean Sea to Greenlarahd the Barents Sedll these areas are exposed different
regional environmental gradients in terms of climate and hydrograpiiyalso local pressures
mainly associated to anthropogenic activities. This Deliverable foongasee main aspects:the
combination of environmental gradients with local drivers spatially shaping the baselines for
biodiversity patterns ii) the context dependence and cressale approaches needed to explain
globalto local biodiversity variations andiii) the cumulative pressures influence on the spatial
heterogeneity of biodiversitpressure relationships.

Our main findings indicate thaheironmental gradientgke cepth andseabottom variables
(mainly bottom temperature) are the primary drivers of community compositiontaediifferent
biodiversity facets. Thikighlightsthe crucialrole of environmental filtering structuring marine
communities by selecting species with traits capablettwiving in a particularrange of
environmental conditionsof any given area. Local processksked to natural environmental
variability can also influence local biodiversity, but offégly a secondaryrole to that offishing
pressure especially fothe nektobenthic and epibenthic communities analyZzesle. Functional
and life history traits explained a substantial fraction of amspecies variation in biodiversity
responses to pressures, particularly to temperature and anthropogenic drivers. In particular, several
studies show that fish communities are strongly structured by ontogenetic variation in responses to
environmental gradients and anthropogenic pressures, demonstrating that life stages should be
treated as distinct ecological entities with potentially divergent niches, sensitivities, and
vulnerabilities to global change. In the Northeast Atlantic, studies analyzing responses across the
food web are able to reveal divergent responses to climate change across the different trophic
levels, which are amplified under future scenarios. All these studgesther evidence how
biodiversitybaselines are shifting, impacting biodiversity protection and conservation.

Cumulative effects and complex interactions in the biodiversity responses has been shown in
different areasevidencing that fishing, local environment and climate do not act independently in
modifying biodiversity. For instance, in many Mediterranean anegsacts on sedéottom are
amplified in shallow, thermally stressed areas where communities are near physidtugreaice
limits or dominated by lontiving and slowrecovering species. Some studies have paiticular
attention to the three generatypes of cumulativanteracting effects (additive, synergistic and
antagonistic) with dominant interactions displayed a clear spatial structure in terms of
temperature, primary production and fishingressure Context dependence and cressale
biodiversity responses have been transversally considered in all the saldessthroughdifferent
methods, including a set of potential environmental and local drivers to desiriba integrative
way, the mechanisms of biodiversity variation from local toisegl scales. The amcurrence of
strong climatic and anthropogenic stressors along productive shelves and coastal areas has trigger
an observed erosion of local biodiversity in the Mediterranean Sea, with a lmotiogenization
over regional scaledriven by the preferential loss of sensitive species and expansion of more

tolerant taxa. Many studiestressthe limitations of uniform, basiwide measures for biodiversity
7
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protection, and thusthe diversity of cumulative impacts should be tailored to the environmental

and ecological context of each region. This was expected in high heterogenous ecosystems such as
in the MediterranearSea but also reported in the North Sea epibenthic communities with a clear
spatial heterogeneity in the biodiversifyessure relationshipgnd over the large climatelriven
redistribution of fish species at a biogeographic scaler the whole Northeast AtlantiSuch

results report a combination of contexdependentand speciespecificresponsesall over the
European Seas

Taking the results of this Deliverable togethaere is cleaevidenceof the needto develop
regiond LISOATAO YIylF3aASYSyd | LILINR2IOKSa dzyRSNJ GKS
Environmental Status (GES) objectivesareful assessment of where conservation interventions
are likely to be the most effectiyeogether with the implementation oflynamic and adaptive
measures as part of the Marine Spatial Planning (M8&Palso urgently requireddonsidering
regionalenvironmental and ecological contamtthe biodiversity responsesables anore holistic
identification ofthe candidate areas for protection under realistic scenarios of change.
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1 The role of this deliverable

This deliverableo ®H 0 A& (GKS &aSO2yR 2F (GKNBS uedS LI2 NI
oriented solutions for improved monitoring and management of biodiversity and ecosystem
services in vulnerable EuropeSgas -10{ 9C! [ 0 (K G (EadiGeibilyStad 02 Y
tus and cumulative impadisttentifying and Wderstanding thekey drivers and stressors

that impact biodiversity and how their independent and cumulative impacts are mediated

are crucial to ultimately understand the responses of biodiversity in terms of spatial and
temporal variation.This knowledge is therefore central to support the overarching aim-of B
USEFUL to develop tools and solutions to manage marine biodiversity, and ultimately na-
tional and international policies.

WP3 is structured in three main elements to establish the links from the status, trends,
and cumulative impacts of pressures acting on multiple biodiversity indicators, to the links
to ecosystem functions and servicdhese elements argi) estimate a set of multiple bio-
diversity indicators at different spatial and temporal scales (Deliverable 3.1, Lindegren et al.
2025),(ii) assess the status and cumulative impacts of multiple stressors acting on biodiver-
sity (present Deliverable 3.2), arfiii) assess the effect and relative importance of various
biodiversity indicators on overall measures of ecosystem functions and services (Deliverable
3.3).

In the presentdeliverable we report a diversity of impacts and biodiversity responses
in marine communities of nektobenthic fish, crustaceans and cephalopods, as well as in
marine benthic communitiesthe different sections provide evidence across European wa-
ters (MediterraneanNorth Sea, Northeast Atlanti&Greenlandand Barents Sgaand also
over the northwest Atlantic an@acific communities, with particular attention to:

(1) Identify the main natural drivers and human stressors driving the spatial patterns and
temporal trends in biodiversity indicators and Essential Biodiversity Variables (EBV) of ma-
rine communities.

(2) Assess the spatial patterns and temporal trends of biodiversity responses to univariate
or cumulative stressors, including complex interactions and esoake effects.

(3) Describe statgpressure relationships and quantify thresholds of different degrees of
impact across spatial (from local to regional) and temporal scales.

The deliverable is structured to first provide a brief background of the field and the
main aspects addressed in it (i.e., cumulative impacts, responses of diversity; state
pressure relationships, among others), followed by a series of sections describing how
these aspects have been assessed in different regions and type of commuligeseth-
ods used and implemented are described in each section, raagigsa variety of meth-
odologies including Joifpecies Distribution Models (JSDM), other statistical -datzen
approaches, or specific stafgessure methodsAll sections represent primarily manu-
scripts in preparation, or in review, with no single contribution published prior to submis-
sion of this report.

12
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Acronyms and abbreviations

EBVsEssential Biodiversity Variables

ESM:Environmental Safety Margins

MSP:Marine Spatial Planning

MPAs:Marine Protected Areas

SDM:Species Distribution Modelling

JSDM:Joint Species Distribution Modelling
HMSCHierarchical Modelling of Species Communities

BTS Beam Trawl Survey

BPRBiodiversityPressure Relationships

DATRASonline database of trawl surveys at ICES

DOt Digital Identifier of an Object

EMODnet European Marine Observation and Data Network
EFHEssential Fish Habitats

GFCM General Fisheries Commission for the Mediterranean
GFW Global Fishing Watch

GSA GFCM Geographical Sub Area

IBTS International Bottom Trawl Surveys

ICESInternational Council for the Exploration of the Sea
IPCClntergovernmental Panel on Climate Change
IUCN:International Union for the Conservation of Nature
LSM:Lower safety margins (ESM)

MEDITSMediterranean International Bottom Trawl Survey
MSFD Marine Strategy Framework Directive
OSPARConvention for the Protection of the Marine Environment of the Netst Atlantic
PTFIBTS International Bottom Trawl Survey in Portugal
SRNORTHSpanish North Coast Bottom Trawl Survey
SSTSea Surface Temperature

USM Upper safety margins (ESM)

VMS Vessel Monitoring Systems

13


https://scholar.google.it/scholar_url?url=https%3A//www.alr-journal.org/articles/alr/pdf/1999/03/alr9224.pdf&hl=it&sa=X&ei=lkX4ZbLgOtOcy9YP5MinkAk&scisig=AFWwaeagnjn2P-niawPS0fB1PMlf&oi=scholarr

LT I“‘\\
\
e ..nl\“ ‘

[
(148
®

md| Project: B-USEFUL, EC HEU Grant No. 101059823
‘0 °
&Siy

2 Generalintroduction
2.1 Aim and background

Natural systems are evolutionarily adapted to cope with environmental variability andttieis

rapid and accelerating loss of worldwide biodiversity is primarily attributed to a combination of
AYLI OGa 2F FTYGKNRLRISYAO 2NAIAY>ET 2F0Sy NBTFSI
2014, IPBES 2019). This includes, but not restricted to, climate change, pollution,
overexploitation of resources, exotic species or land use. In the marine realm, the impact on
marine biodiversity is mainly attributed to theariety of impacts of the climate change (e.g.
warming, extreme events, seasonal shifts), resources overexploitation, habitat loss, pollution
and the arrival of noandigenous species (Boyce et al., 2022, Halpern et al., 2008, 2025). For
some of these driversuch as warming, the mechanisms driving distributional shifts and rates
of extinctions over large geographic scales are better understood (Pinsky et al., 2013; Freeman
et al., 2018), as well as how they are profoundly altering the community assemblages, the
structure and functioning of ecosystems (Mc@tllal, 2006; Mouillotet al., 2013). However,

the mechanisms of impact and how biodiversity responds under the combination of different
impacts (natural and anthropogenic) apeorly known andtools to monitor and assess these
complex impacts across regioage still lacking Thus, it is urgent to resolve how biodiversity
change occurs at multiple temporal and spatial scales in response to climate warming, species
introductions and habitat degradation (Snelgrove et al. 2014, Chase et al. 2019), to anticipate
the effects of the rapidly changing environment on biodiversity and ecosystem functioning (e.g.
Harley et al. 2006; Mouillogt al., 2013). This combination @occumulation of impacts has a
higher relevance at lower scales (regiotallocal) where the spatial management measures
such as Marine Protected Areas (MPAs) become more operational (Murray et al. 2025).

The relative contribution of the main drivers impacting biodiversity varies across
ecological and geographic gradients and contributes to the radtted nature of biodiversity
(Gonzélez et al. 2020Additionally how the combination of cumulative impactsteracts
affects the response of biodiversity changes different ecosystems (Low et al. 2022).
Biodiversity indicators derived from Essential Biodiversity Variables (EBV) helps to synthesize
the different facets of biodiversity variation (Lindegren et al. 2025: Deliverable 3.1), and they
will, therefore, respond in a different way to cumulative impacts. Existing policy goals and
NEFSNBYOS fS@gSta RSy20Ay3 |y dzy Tl @2dzN)F 6t S 21
{G1Fddzaé 6D9{0 | OO2NRAY3 (G2 alNAYyS {0N}XGS38
biodiversity) arecommonly based in univariate statpressure relationships. Making use of
large spatiotemporal standardized databases of the benthic and nektobenthic communities
across the European Seas, the task 3.2 of théSBFUL project has assessed the status of a
series of biodiversity indicators, as well as investigated gpa¢ssure relationships and
cumulative impacts on biodiversity arising from multiple natural and human stressors, and
compared across organism groups and European andBwwopean Seas. To do that, this
deliverable builds on WP2, by using various catalogues of datasets containing biological traits,
as well as oépibenthic and necktobenthic species abundances and distributions as informed by
survey datasets from the Mediterranean and Noedghst Atlantic (Spedicato et al. 2024,
Deliverable 2.2). In addition, the present Deliverable represents a continuation from the recent
report of the Deliverable 3.1 (Lindegren et al. 2025) where the trends and spatial patterns of a
set of biodiversity indicators and generated EBVs have been reported across organism groups
and regions.
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2.2 Cumulative impacts: natural drivers and human stressors interactions

Biodiversity conservation cannot be dissociated to the ecosydiased management (EBM)

(Ellis et al. 2025), which aims to balance human activities with environmental stewadship

order to maintain ecosystem properties, functions and services. That requires an understanding
of how and to what extent human activities and natural events interact and affect ecosystem
components and their functioning. It also requires the identification of solutions to prevent and
mitigate the pressures being caused by such interactions (e.g. Halpern et al, 2008; Levin et al.,
HANnpod ¢K2AaS Ay i Schhudtive idpade andBlatyeyelfest§ > | 1Ay RV NS L.
sent the interaction of natural environmental variability with a number of pressures, many of
which are derived from human activities ultimately resulting in biodiversity loss such as: climate
change, the extraction of resources, pollution, invasive species, habitat damage and fragmenta-
GA2y 3> | yR RAa&SIcuBulativé ifipattss aiMlBtivdiefad® a | B 2F (G Sy
interchangeably to describe how pressures affect ecosystems, it is recommended the term
Wumulative effec®@ > y20Ay 3 GKFG AYLI OGa FINB KeLRIKSaA
served or attributed (Murray et al. 2015).

There arethree general types of cumulative effects: additive, synergistic and antagonistic
(Crain et al. 2008). Additive effects are incremental additions to the pressures caused by an ac-
tivity, with each increment adding to previous increments over time. This effect represents the
commonly assumed in research and most management tools for biodiversity conservation.
Synergistic effects, also referred to as amplifying or exponential effects, magnify the conse-
guences of individual pressures to produce a joint consequence that is greater than the additive
effect (e.g. Hidalgo et al. 2011). Antagonistic or compensatory effects trigger a joint conse-
guence lower than the additive (e.g. Lange and Marshall 2017). The identification and quantifi-
cation of these effects on biodiversity explaining its spatiotemporal variation represent an ur-
gent challenge to avoid mismanagement and to more efficiently anticipate the effects of the
changing environment on biodiversity and ecosystem functioning, or considering more realistic
scenarios of impact in biodiversity projections.

2.3 From impacts to responses in marine biodiversity under a cresale framework

Environmental variability and anthropogenic pressures do not act synoptically over large re-
gions because of the spatial heterogeneity in the impacts and the environmental gradients, but
also due to spatial variability in the sensitivity of the species and their response (Thorson,
2019). However, there is still certain lack of .
knowledge to understand how activities and

% Macro-system

Meta-assemblage e Expanding

stressors are spatially propagated triggering syé-i ikl "W e tmoand

organization

Assemblage

tem responses (Low et al. 2023he biodiversi- 2
ty responses to different pressures are ofte
contextdependent and therefore, detecting gy
signals of change will depend on the way the P
system is defined or delimited (Heim et al. ‘
2021). Ecological theory has long emphasized
that ecosystems are hierarChica"y structure Figure 2.1. Crossscale perspective ofthe biodiversity
and that many ecological processes are inhi ecosystem functioning3onzalezt al. 202).
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ently scaledependent (Levin, 199Z50nzalez et al. 2020, Figure.)2\hile environmental and
anthropogenic pressures also act at different spasiedles. For instance, fishing pressure shows
strong impacts on biodiversity at local scales, where direct extraction and habitat disturbance
alter community structure and functional composition (Hidalgo et al. 2022, Shin et al., 2018),
while water temperature has a stronger influence on biodiversity patterns on large spatial scale
(e.g., latitudinal pattern) (Worm & Lotze, 202Indeed, activity and stressor imprint can gen-
erate avariety of systems response footprints because seascapes can have varying levels of
physical and biological variation and connectivity (Low et al. 2023) (Bjg. 2.

Broader scales may mask or dilute locally i
portant effects and show an apparent temporal stab

. Activity Stressor . System response

ity, partly due to statistical averaging, spe@asea re- i e S RO
lationships and compensatory dynamics among spec 'n
(Flensborg et al., 2@®. Therefore, largescales may ; P -

potentially obscure early warnings of biodiversi

change and conceal substantial local variability and e mi e b o o iy

calized declines. Thus, biodiversity indicators as wel I

stressors” effects can be contrasted and even oppo: System response can b patchy s some
when progressively moving from larger to smaller sy 8 T
tial units of analyses. This scale dependence is furt
complicated when multiple stressors interact, sin
drivers and responses operating at different spatial
temporal scales, often produce nonlinear and eme
gent dynamics that cannot be inferred from singl.
scale analyses (Peters et al.,, 20@&branno et al., Figure 2.2.Conceptual diagram showing ho\
2014). Despite this context dependency, most stud tmh%hicfl"; ;’;rtehee\,;ﬁﬁpt%fgcgﬁ rignt or p(e'
still focus on a single spatial scale, neglecting the n¢ (adapted from Low et al. 2023).

to explicitly consider scale when interpreting biodive.-

sity trends, assessing st&jgressure relationships and identifying ecological thresholds.

System response > stressor footprint
due to source and sink dynamics

Crossscale perspective is essential to achieve a holistic understanding of $patpmral
changes in marine biodiversity, having profound implications for ecosystem resilience, recovery
and management effectiveness, particularly under cumulative and interacting streg3uss.
deliverable shows how-BSEFUL has done that across the European Seas.

2.4 State-pressure relationships

The quantification of marine biodiversity is strongly linked with the concept of gtedssure
relationships, which relate variations in the biodiversity indicators with gradients of natural or
anthropogenic pressures. Existing EU policies, and particularly MSFD, uses this concept to
define thresholds for unfavorable or favorable states (e.g., Good Environmental Status, GES) to
operationalize the policy objectives into real context management decisions when risk of
degraded biodiversity is detected, enabling preventive or responsive actions.

The biodiversity states are divided by ecological thresholds that represent points along a
pressure gradient at which relatively small increases in a stressor lead to disproportionately
large changes in the biodiversity state (Kenny et2825). However, as aforementioned,
pressures and biodiversity responses vary acezsses with cumulativeral interacting effects
occurring from local to regional and basinde ecosystems. This heterogeneity makes single,
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systenAvide thresholds difficult to generalize (Osland et. &025) and poses great
methodological challenges in the identification of mewagful ecological thresholds that
encompass such context complexity (Tam eR@l7).

Nevertheless, incorporating cumulative effects, interacting pressures and meaningful
spatial scales is key to understanding the variability in gfaessure relationships (commonly
non-linear) and identifying ecological thresholds that support effective spatially explicit
management measures aimed at maintaining ecological resilience BIW&EFUMdeliverable
goes one step beyond common univariate stptessure relationships towards muficeted
ecological thresholds, and considering a cresale vision orbiodiversity dynamics over the
European Seas.

2.5 References

Boyce, D. G., Tittensor, D. P., Garilao, C., Henson, S., Kaschner, K:R&g=1eK., ... & Worm, B.
(2022). A climate risk index for marine life. Nature Climate Change, 12(96254

Crain, C. M., Kroeker, K., & Halpern, B. S. (2008). Interactive and cumulative effects of multiple human
stressors in marine systems. Ecology letters, 11(12),-1305.

Ellis, J., Macpherson, E., Thrush, S., Fisher, K., Pilditch, C., Jorgensen, E., ... & Hewitt, J. (2025). Scale an
ecosysterrbased management: Navigating mismatches between seoidogical systems.
Biological Conservation, 302, 111000.

Flensborg, L. C., Montanyés, M., Vivd Pons, A., Carolina Da Silva, F. and Lindegren, M. 2025. Scale
dependent effects of biodiversity and stability on marine ecosystem dynamiesography 2025:
1¢10.

Gonzalez, A., Germain, R. M., Srivastava, D. S., Filotas, E., Dee, LelED Gra& Loreau, M. (2020).
{OFfAYy3dIndz) 0A2RAGSNBEAGENSO2aa0SY -wazy OliA2yAy3

Heim, K. C., Thorne, L. H., Warren, J. D., Link, J. S. and Nye, J. A. 2021. Marine ecosystem indicators are
sensitive to ecosystem boundaries and spatial sedteological Indicators 125: 107522.

| ARIFf 32X adr +| &aAflF{12LdzA 2ax tdX DI NONFnnwdzA 1l = [/ ¢
wSaAfASYyOS ReylrYAO& |yR LINPRdzZOGAQDAGE MWRNHKNDSY &
Mediterranean Sea. Journal of Animal Ecology, 91(2)}4830

Hidalgo, M., Rouyer, T., Molinero, J. C., Massuti, E., Moranta, J., Guijarro, B., & Stenseth, N. C. (2011).
Synergistic effects of fishingduced demographic changes and climate variation on fish population
dynamics. Marine Ecology Progress Series, 42@, 1

Halpern, Benjamin S., and others (2008). A global map of human impact on marine ecosgsiente,
vol. 319, No. 5865, pp. 94852.

Il £ LISNYZ . @ { d3 CNJI |-Kdddédn, Ca 38 Lonthard, NI TS (202%nuldtive>  + | N
impacts to global marine ecosystems projected to more than double byceritury. Science,
389(6766), 1214219.

Harley, C. D., Randall Hughes, A., Hultgren, K. M., Miner, B. G., Sorte, C. J., Thornber, C. S., ... & Williams
S. L. (2006). The impacts of climate change in coastal marine systems. Ecology letters,-2@), 228

IPBES. (2019). The global assessment report on Biodiversity and Ecosystem services.

Kenny, A. J., Pepin, P., Bell, J., Downie, A., Kenchington, EAl&sm M., Lirette, C., Frojan, C. B.,
Ollerhead, N., Javier Murillo, F., Sacau, M., Fuller, S. and Diz, D. 2025. Reference points for assessing
significant adverse impacts on deep sea vulnerable marine ecosystdaeslogical Indicators in
press.

17



LT I“‘\\
\
e -II\“ ‘

[
(148
®

Sesee”

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

Lange, R., & Marshall, D. (2017). Ecologically relevant levels of multiple, common marine stressors
suggest antagonistic effects. Scientific Reports, 7(1), 6281.

Levin, S. A. 1992. The Problem of Pattern and Scale in Ecology: The Robert H. MacArthur Award Lecture.
- Ecology 73: 1943 967.

Levin, P. S., Fogarty, M. J., Murawski, S. A., & Fluharty, D. (2009). Integrated ecosystem assessments:
developing the scientific basis for ecosysteased management of the oceaRLoS biology, 7(1),
€1000014.

Lindegren, M., Hidalgo, M., Montanyes, M., Mioli, F., e(2025) Deliverable 3.1 Report on temporal
trends and spatial patterns of multiple biodiversity indicatordJ BEFUL project. 133 pp.

Low, J. M., Gladstor@allagher, R. V., Hewitt, J. E., Pilditch, C. A., Ellis, J. I., & Thrush, S. F. (2023). Using
ecosystem response footprints to guide environmental management priorities. Ecosystem Health
and Sustainability, 9, 0115.

McGill, B. J., Enquist, B. J., Weiher, E., & Westoby, M. (2006). Rebuilding community ecology from
functional traits. Trends in Ecology and Evolution, 21¢188B.

Murray, C. C., Agbayani, S., Alidina, H. M., & Ban, N. C. (2@i/&ncing marine cumulative effects

YFLIWAY3IAY 'y dz2LJRFGS Ay [/ FYFIRFEQGA tFOAFAO 4l GSNEC

Murray, C. C., Dunham, A., Rubidge, E., Francis, F. T., Hunter, K. L., & Hannah, L. C. (2025). Safeguardin
marine protected areas from cumulative effects: a review of methods, best practices, and
applications. Environmental Managementl13.

Mouillot, D., Graham, N. A. J., Villéger, S., Mason, N. W. H., & Bellwood, D. R. (2013). A functional
approach reveals community responses to disturbances. Trends in Ecology and Evolutiong 28, 167
177.

Osland, M. J., Bradford, J. B., Toth, L. T., Germino, M. J., Grace, J. B., Drexler, J. Z., Stagg, C. L., Grossmz
E. R., Thorne, K. M., Romafiach, S. S., Passeri, D. L., Noe, G. B., Lacy, J. R., Krauss, K. W., Kowalski
P., Guntenspergen, G. R., Ganju, N. K., Enwright, N. M., Carr, J. A., Byrd, K. B. and Buffington, K. J.
2025. Ecological thresholds and transformations due to climate change: The role of abiotic-stress.
Ecosphere 16: €70229.

Peters, D. P. C., Bestelmeyer, B. T. and Turner, M. G. 2007¢SealssInteractions and Changing
PatternProcess Relationships: Consequences for System Dynaiicsystems 10: 79096.

tAYYZ {® [P WSYylAyaz /& bos 16Stfx wodr . NRp214az
The biodiversity of species and their rates of extinction, distribution, and protection. Science, 344.

Shin, ¥-J., Houle, J. E., Akoglu, E., Blanchard, J. L., Bundy, A., Coll, M., Demarcq, H., Fu, C., Fulton, E. A
Heymans, J. J., Salihoglu, B., Shannon, L., Sporcic, M. and Velez, L. 2018. The specificity of marine
ecological indicators to fishing in the face of environmental change: A-maliel evaluation-

Ecological Indicators 89: 34326.

Soranno, P. A., Cheruvelil, K. S., Bissell, E. G., Bremigan, M. T., Downing, J. A., Fergus, C. E., Filstrup, C.
Henry, E. N, lttg, N. R., Stanley, E. H., Stow, C. A., TaN, RVagner, T. and Webster, K. E. 2014.
I N2aamaolOl S AydaSNI OlA 2y geffectljradatioyiships Firé hadrasystéragf ( A 1 a
Frontiers in Ecol & Environ 12:@3.

Spedicato, M.T., Zupa, W., I&ihor, A., Soni, V., et g2024) Deliverable 2.2 Report of available meta
data and data gaps across case studieddSEFUL project. 133 pp.

Tam, J. C., Link, J. S., Large, S. I, Andrews, K., Friedland, K. D., Gove, J., Hazen, E., Holsman, |
Karnauskas, M., Samhouri, J. F., Shuford, R., Tomilieri, N. and Zador, S. 2017. Comparing Apples to
Oranges: Common Trends and Thresholds in Anthropogenic and Environmental Pressures across
Multiple Marine Ecosystem&rontiers in Marine Science, 4, 282

18



«af.'a‘N
7 N
,.""'ll l“\“\

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

e

Thorson, JT. (2019). Measuring the impact of oceanographic indices on species distribution shifts: the
AL GAFEfte GINBAy3a STFSOG 2F 02t RmLlz2t SEGSyd A
64(6), 26322645.

Worm, B. and Lotze, H. K. 2021. Marine hied8ity and climate changeln: Letcher, T. M. (ed), Climate
Change (Third Edition). Elsevier, pp. &4&1.

19



LT I“‘\\
\
= -Il\ﬂ ‘

[
(148
®

md| Project: B-USEFUL, EC HEU Grant No. 101059823
‘0 °
\Siy

3 Alpha and Beta diversity and cumulative impacts in the Mediterranean
Sea

Authors: Wupa W., Puerta P., Consiglio A., Batziakas S., Moullec F., Peristeraki P., Mérigot B.,
Spedicato M.T., Hidalgo M.

3.1. Introduction

The Mediterranean Sea is a seemclosed basin connected to the Atlantic Ocean and, since
1869, to the Red Sea via the Suez Canal. The Strait of Sicily separates the western from the cen-
tral-eastern subregions with substantial environmental, ecological and impacts differences.
The presentday structure and environmental conditions of the basin are the legacy of past geo-
logical events that shaped its actual climate and physical features (Agiadi et al., 2025), and over
a more contemporary temporal scale of decades of intense exploitation and degradation.
Evaporation in the basin increases eastwards, raising salinity and driving an inflow of cooler,
less saline Atlantic waters (AW) through the Strait of Gibraltar (Coll et al., 2010). These waters
gradually warm and become saltier as they move eastwards, then sink in the Levantine basin
before returning westwards as Levantine Intermediate Waters (LEW) beneath AV{Q60

of depth) and ultimately reaching the Channel of Sicily and the Strait of Gibraltar (Millot and
TaupierLetage, 2005). Overall, the Mediterranean basin is oligotrophic, mostly in its eastern
part, and productivity generally declines from north to south and from west to east, inversely
related to temperature and salinity (Danovaro et al., 1999). All this together makes the Medi-
terranean a complex combination of largeale gradients and local/regional oceanographic
features that generate a highly heterogeneous seascape (Boudouresque C., 2004), where tem-
perate and subtropical biota coexist and a large proportion of endemic species persists (Bianchi
et al., 2012).

Mediterranean diversity is increasingly affected by multiple, interacting pressures
(Lejeusne et al., 2010; Bianchi et al., 2012; Anastasopoulou and Fortibuoni, 2019; Spedicato et
al., 2019a; Lam et al., 2020; Séavarro et al., 2021), including both those of natural and of
anthropogenic origin. Climate change is causing rapid warming and shifts in hydrographic con-
ditions (Mannino et al., 2017; Hidalgo M. et al., 2018), with cascading consequences on life cy-
cle processes such as growth, survival, reproduction (Crozier and Hutchings, 2014) and physiol-
ogy (Alter et al., 2024) of marine organisms, ultimately impacting their spatial distribution.
These responses can drive range shifts, reorganisation of community composition (Pita et al.,
2021; Rubino et al., 2024) or changes in ecosystem functioning (Moullec et al., 2019; Hidalgo et
al., 2022) Additionally, alterations in biodiversity (Milazzo et al., 2013), are compounded by bio-
logical invasions and emerging fish diseases (Goren and Galil, 2005; Carella et al., 2020). In par-
allel, the Mediterranean has long been a hotspot of intensive fishing (Colloca et al., 2017), and
many stocks remain exploited beyond sustainable levels despite recent management efforts
and local improvements of stock status (FAO, 2025).

In this context, describing biodiversity patterns is essential to understand ecosystem re-
sponses, both local and regional, to ongoing pressures and to support ecodyasam man-
agement. Biodiversity is usually quantified through indicators of species richness and relative
abundance (Magurran, 2013). Alpbaversity metrics, such as species richness, Shannon diver-
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abundance distribution of species within communities, while gartivarsity describes the to-

tal diversity observed at the regional scale, integrating the contribution of multiple local as-
semblages across the broader area (Whittaker, 1972).-Beexsity represents the ratio be-
tween regional and local species diversity and is often measured as the compositional dissimi-
larity among sites (Whittaker, 1972). Bedeversity can be further partitioned into components
related to species replacement (turnover) and nestedness (Baselga, 2010). Here we use an in-
tegrated analytical workflow that combines HMSC joint species distribution modelling, estima-
tion of spatial and temporal pa& Ny & A ly'y KBdKésityh together with constrained ordi-
nation (redundancy analysis, RDA) (Oksanen et al., 2020) and generalised dissimilarity model-
ling (GDM) (Ferrier et al., 2007) to relate spatial and temporal turnover to climatic, environ-
mental and fishing gradients. This framework allows to assess both the cumulative and interac-
tive effects of these pressures to be explicitly explored on demersal community structure
across spatial scales and shoi@sins.

3.2. Materials and methods

An integrated analytical workflow was developed to describe spatial and temporal patterns of
demersal biodiversity in the CentrBlastern Mediterranean Sea and to assess the cumulative
effects of climatic, environmental and anthropogenic drivers. The workflow combined joint
species distribution modelling, muli OF £ S 60 A2RAGSNRAEAGE AMRBOSES 3
generalised dissimilarity modelling and constrained ordination. First, information of species
abundance and distribution were obtained from the posterioegictions of the joint species
distribution model, specifically, we used hierarchical models of species communities (HMSC)
framework (Tikhonov et al., 2020). In HMSC multiple species are modelled jointly as a function
of shared environmental covariates and explicitly structured random effects. Using the hurdle
approach (i.e., combining predictions of independent occurrence and abundanemidils),

two different models were fitted for each stimsins, Western (WMS) and CentEalstern
Mediterranean Sea (CEMS), comprising 18 GFCM GSAs (Resolution GFCM/33/2009/2) (WMS:
GSAs 1, 2,-51; CEMS: GSAs-26, 22, 23, 25) (FiguBPmM0O @ ¢ KS Y2RSt-ye&@ AY LX
time series (199€2021) of MEDITS trassurvey (Spedicato et al., 2019b) data Taxa were re-
tained when their frequency of occurrence exceeded 1% across all hauls and trait information
was available. Species traits were compiled following Beukhof et al. (2019a, 2019b) from
FishBase for fish and from SeaLifeBase and WoRMS for cephalopods and decapod crustaceans.
Traits included maximum body length, life span, larval and juvenile development, vertical zone,
depth range, temperature preferences, diet and trophic level. In total, 191 taxa (146 fish, 21
crustaceans, 24 cephalopods) were modelled in the WMS and 158 taxa (120 fish, 18 crusta-
ceans, 20 cephalopods) in the CEMS. The twebsisin models were parametrised separatly to
reflect regional conditions, using alternative combinations of environmental and anthropogenic
drivers selected according to model fit. Predictors included depth (Schmitt et al., 2025), bottom
and surface temperature, bottom and surface salinity (Escudier et al., 2021), chlora®dk-

sarini et al., 2021), fishing effort (Kavadas et al., 2015; Kroodsma et al., 2018; STECF, 2023) and
substrate type (Vasquez et al., 2021). These variables were specified as fixed effects in both oc-
currence and abundance subodels, whereas spatial and temporal variability was modelled

via random effects. For each suaindel, four MCMC chains were run with 250 posterior sam-

ples per chain; thinning intervals were adjusted to optimise convergence diagnostics and com-
putational efficiency (100 for the WMS, 2000 for the CEMS). Further detagarametrization

are reported in BJseful deliverable 3.1 (Lindegren et al., 2025).
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All HMSC predictions were performed on a regular 0.1° grid covering the twbasirts,
over 18 GSAs in four broader stdgions: Western Mediterranean Sea (WMS), Adriatic Sea
(AS), Central Mediterranean Sea (CMS) and Eastern Mediterranean Sea (EMS). Predicted prob-
abilities of occurrence were converted into presegabsence using specispecific thresholds
that maximised the percentage correctly classified (PCC) from confusion matrices (Cantor et al.,
1999; Manel et al., 2001; Freeman and Moisen, 2008).

All the subsequent analyses were based on the posterior predictions of abundance condi-
GA2ySR 2y LINBaSyOS RSNRAROGSR -@ivwRity mdirissSvere eofn/  F N.
puted (R package vegan): species richness (number of species with predicted abundance > 0),
{KFryy2y RAGSNBAGE o6hlalySy SG Ft®Z wanuwno |yl
¢ SYLI]2 NIt -diveiSity Weie evalyiatetl using Spearman rank correlations with time over
multiple spatial scales. Spatial patterns and their persistethrough time were examined by
applying the GetigOrd Gi* statistic (Getis and Ord, 1992) by year. Thus, cell with values higher
than the 9@ percentile and lower than the percentile were classified as hotspot or cold-
spot respectively, and the number of years slfisd as such, were used to derive the temporal
LISNEAAGSYOS 27F KA Tdiverditynds ubedl b charackeisa @@ poditibnaldite |
ferentiation among sites and to relate community turnover to geographic distance. For each
year, occurrence matrices were used to compute pairwise Jaccard dissimilarity (Jaccard, 1908;
[ SASYRNB yR [ SISYRNBZI -diversity, éstimaté@witthebdtdpat ROS f f
package (Baselga, 2010; Baselga et al., 2018). Digtiasenilarity relationships we ana-
lysed by combining annual Jaccard matrices with projected Euclidean distances amergjlgrid
centroids and fitting a power model (Bevilacqua et al., 2023). The intercept (a) and slope (b) of
this model described shodistance similarity and its ratof decline with distance, allowing
O2YLI NRAaz2ya |Y2y3 &SI N&E -divefsRy, idcluding turhdver andrest-S & @
edness components, was mapped at the gr@l scale. Spearman correlations were then used
to relate these indices to longitwdand latitude, thereby describing largeale spatial gradients
in temporal compositional change at different spatial scales.

Subregions
I wWMs

[ cMs

O AS

Figure3.1. Map of the study area divided by subregion and relative GSAs. WMS: Western Mediterranean Sea,
CMS: Central Mediterranean Sea; AS: Adriatic Sea; EMS: Eastern Mediterranean Sea.
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Partial redundancy analysis (RDA) (Oksanen et al.,, 2020) was applied to Hellinger
transformed community abundances (Legendre and Gallagher, 2001) to partition variation
among four predictor sets: climate (bottom and saarface temperature), local environment
(surface and bottom salinity, chlorophd| depth), fishing pressure (FDI data spatially disaggre-
gated using the Global Fishing Watch footprint) and spee structure. The latter was in-
cluded as a conditional covariate to control for spatial and temporal autocorrelation. Fishing
pressure was based on the demersal trawling fishery gears covering the vessels with length
greather than 15m (not including the small scale fishery, for which the use of AIS is not manda-
tory). Since the FDI data do not cover the Albania and Montenegro, the fishing effort is limited
to the EU countries, underestimating the coverage in the soutiestern Adriatic Sea. Varia-
tion partitioning was quantified as unique and shared fractions of Hellibgeed composition-
al variation attributable to each predictor set (Borcard et al., 1992; PHets et al., 2006; Le-
gendre and Legendre, 2012). An extended RDA including interaction terms between fishing ef-
fort and key climatic variables (e.g. bottom temperature,-sadace temperature) was used to
test potential synergistic or antagonistic effects (Crain et al., 2008; Legendre and Legendre,
2012). Significance of predictor sets was assessed in order to evaluate the relative contributions
of climate, environment and fishing after accounting for spgicee structure, including both
additive and interactive effects.

Compositional dissimilarity was further related to environmental and anthropogenic driv-
ers using generalised dissimilarity modelling (GDM) (Ferrier et al., 2007), as implemented in the
gdm R package (Fitzpatrick et al., 2022). GDMs were applied tq@ndis dissimilarities in
predicted species abundances conditioned on occurrence between all pairs of grid cells and
years for a subset of time points (2012, 2021). Models were fitted with depth, surface and bot-
tom temperature, surface and bottom salinity, lbgnsformed chlorophyih, logtransformed
trawling effort and year as predictors, usinggdline basis furions to model nodinear turno-
ver along each gradient. Predictor importance was quantified by permutation, and model per-
formance was assessed by cresdidation in terms of deviance explained and predictive accu-
racy.

3.3. Results

h -diversity

In the WMS, théhighest species richness values occurred along the lberian coasts (GSA 6) and
the western coast of Sardinia (GSA 11), whereas in the CEMS high richness was detected in the
northern Aegean (GSA 22) and eastern lonian Seas (GSA 20). In contrast, consistently lower
richness characterised the Ligurian and Tyrrhenian Seas (GSAs 9 and 10) in the WMS, the
Northern AS (GSA 17), and the southern part of the CEMS (GSAs 23, 25 and southern part of
GSA 22). Geti©rd Gi* maps highlighted these areas as persistent hod coldspots over

time. The temporal analysis (Tabld.5 Figure3.2) indicated a pervasive losigrm decline in

species richness at multiple spatial scales. At thersgion level, richness decreased signifi-
cantly, with the most widespread trends in the WMS (up@®% in the time series), where all

GSAs displayed consistent reductions, reaching the highest reduction rai8.486 in GSA 8
(Corsica Island) and.0.8% in GSA 7 (Gulf of Lion). CEMSragions also tended to show de-
clining richness @pecially in Malta Island3.6%; Northern AS1.9%; Aegean Sea.6%; respec-

tively GSAs 15, 17 and 22) (Tal8ely but with greater heterogeneity at the GSA scale. Spatial
patterns of Shannon diversity broadly mirrored those of richness. Stable hotspots of Shannon
index (Figure 1) occurred along the Iberian and Sardinian coasts (GSAs 7, 8 and 11), in the
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southern Adriatic (GSA 18), the eastern lonian (GSA 20) and the central Aegean Sea (GSA 22),
whereas the Ligurian and Tyrrhenian Seas (GSAs 9 and 10), the western part of the Northern
Adriatic (GSA 17), the Thermaic Gulf (northesstern part of Aegean Sea) and the southern
Aegean Sea (GSA 22) showed the lowest values. Through time, Shannon diversity declined sig-
nificantly at the scale of the whole study area, with pronounced and consistent decreases in the
WMS (2.1%) and generally weaker, but still negative, trends in most central and eastern sub
regions (from0.7% tom ® 0’ Ay GKS / 9a{0d t ASt 2 dzdle sRadSy y S
tial contrasts, with persistent hotspots and coldspots largely overlapping the Shannon patterns.
A general tendency towards decreasing evenness emerged across most of the study area, par-
ticularly in the WMS-1.5%) and in parts of the AS and EMISO@6 both), aligned with an in-
crease in dominance of some species within assemblages and communities, whereas the CMS
displayed comparatively stable trajectorie®.@%), without significant lontgrm trends at GSA
level. Globally, the Western basin shows higher values in all the indices, even though those dif-
ferences could be likely biased by the different parametrization of the two models in terms of
number of species covered. On the other side, the indices estimated for the CEMS show that
the highest average values of species richness are reported for the CMS, followed by EMS and
finally AS, with the lowest richness values. Notwithstanding, this trend is partially inverted in
Shannon and evenness indexes in which the AS shows higher values of both indexes in compari-
son to he CMS.
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Figure3.1 Temporal pattern of the alphdiversity metrics (species richness, Shannon and evenness indices) at
subregion spatial scale (WMS: Western Mediterranean Sea, CEMS: ckatatn Mediterranean Sea).
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i -diversity

t I 0G4S N#fiviersty2révealed a temporally variable distarghssimilarity structure across
Mediterranean sukareas (Table3&2). At the basin scale, the a (intercept, representing changes

in baseline compositional contrast) and b (slope, describing the rate at which assemblages di-
verge with distance) parameters of the power relationships between Jaccard index and inter
cell distance remained generally stable, with one notable exception: in the EMS, the b coeffi-
cient increased significantly over time, indicating stronger spatial structuring of community dis-
similarity, while a parameter remained stable. The WMS, CMS and AS did not show significant
basinscale trends in either parameter. At the GSA scale, temporal changes in distance
dissimilarity parameters were more heterogeneous. In the WMS, GSAs 9 and 10 exhibited sig-
nificant negative trends in both a and b, consistent with a gradual weakening of spatial turno-
ver and increasing homogenisation of assemblages. In the CMS, GSAs 15 and 20 showed the
opposite pattern, with strongpositive trends in both parameters. In the EMS, GSA 23 also dis-
played significant positive trends in a and b, mirroring the basade strengthening of dis-
tancecdissimilarity in this region. No significant temporal changes were detected in the Adriatic
D{!a wmTt YR mMyX 2NJ AYy (KS N@verbitk patteyhd apeérédda 2 F
largely stationary through time.

¢ S Y LJ2 WiVefsity between 1999 and 2021 showed marked and spatially structured
patterns (Figure8.3). The strongest compositionadorganisation occurred in the WMS around
Sardinia and in parts of the Ligurian and Tyrrhenian Seas, mainly due to the nestedness high
values. The Gulf of Lion and the Balearic Islands also exhibited high species turnover, while a
more patched and heterogenous pattern over the WMED is observed compared to the clear
gradient in nestedness. In the CEMS, elevated temporal turnover was mainly concentrated in
the northern Adriatic and along the northern and western lonian shelves. There, nestedness
contributed more modestly and displayed a heterogeneous and spatially fragmented pattern,
with higher values mostly in the western AS and the cergoaithern Aegean Sea. Overall, ab-
solute levels of temporal diversity were higher in the WMS than in the CEMS. Analysis of tem-
poral trends along longitude and latitude further clarified these patterns (TaBl8).SIn the
2 a{ 3z @S vdiadity shows the higher local variations along the time series in the north-
ern-eastern quadrant, following a significant trend along the wesst and soutlorth geo-
graphic gradients. These positive gradients were partibulpronounced in Balearic Sea and
along the Iberian coasts (GSAs 5 and 6), whereas negative gradients in the Gulf of Lion and Sar-
dinia Island (GSAs 7 and 11) highlighted contrasting patterns between the AdBaidearic re-
gion and the Liguriagnorthern Tyrrhenian sector. In the CMS, longitudinal gradients were gen-
erally weak, but Sicily Channel and the Western lonian Sea (GSA& drid 19) showed clear
AYONBI aSa -diversity, 8pecalyIn hestedness, towards their naristern areas,
while Eastern lonian Sea (GSA 20) exhibited a stronger latitudinal signal with higher turnover at
KAIKSNI fF0A0dzRSa P L y-divekiy decréadell kastwatds 4n incfeasadS Y L
northwards, mainly driven by turnover, pointing to stronger community reorganisation in the
SAGSNY FyR y2NIKSNY ! R Milersilyfaidts turyoveriickniponera { >
declined sharply from west to east but increased towards higher latitudes.
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Effects of Cumulative drivers
The partial rdundancy analysis (RDA) on Hellinjansformed HMSC outputs for the WMS
showed that explicit environmental and fishing covariates explained an adjusted R2 of about
0.39 of community variation (F = 1857.8, p = 0.002), after conditioning on {zaaEd space
time structure. The first canonical axis (RDA1) accounted for 76% of the constrained variance,
and all canonical axes were highly significant. Sequential and marginal tests consistently high-
lighted bottom properties and depth as the main drivers, witittbm salinity (bso), depth and
bottom temperature (btemp) clearly dominating over surface salinity (so), chlorephgtin-
centration (chl), fishing effort (fe) and ssarface temperature (sst). Variation partitioning
across climate, environment, fishing and spaoee indicated that the full model explained
53% of total community variation, with unique fractions of 3.9% for climate, 22.0% for local en-
vironmental gradients, 0.4% for fishing and 3.7% for sg@oe. Although the unique fishing
fraction wassmall, adding interaction terms between fishing and environmental covariates
(btempxfe, fexsst, depthxfe) significantly improved model fit (F = 68.7, p = 0.002), indicating
non-additive effects of fishing along thermal and bathymetric gradients (Figdjeln the EMS,
0KS w5! AaK26SR | f26SN) I R2edzad SR wu owuyl R2
strong overall significance. As in the WMS, RDA1 concentrated most of the constrained vari-
ance (about 71%), and all axes were highly significant.Depierged as the dominant predic-
tor, followed by btemp, while fe, chl, so, bso and sst contributed to a smaller but still significant
fraction. The full model reached 56% of explained deviance, with unique contributions of 3.6%
for climate, 16.2% for environmental gradients, 0.7% for fishing and 13.4% forcSpaee
Thus, in the CEMS, spagtiene accounted for a much larger unique fraction than in the WMS,
and fishing also showed a marginal fraction. Interactions between fishing and environmental
variableshad an even stronger effect than in the WMS due to the higher regional and spatial
heterogeneity, with depthxfe explaining the largest marginal fraction among interactions (Fig-
ure 3.4). The RDA biplots with interaction terms (Fig8rg) visualise how climate and fishing
jointly shape community composition. In the WMS (left panel), the fishing effort vector (fe)
points roughly opposite to depth, while btemp is nearly orthogonal to depth, suggesting that
the fishing gradient tends to counteract deptalated community segregation. The depthxfe
interaction is almost collinear with fe and clearly inverse to depth, behaving synergistically with
26
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fishing and antagonistically with depth. This reflected the strong covariance between fishing ef-
fort and bathymetry, indicating that the compositional signal associated with effort was mainly
expressed on shallower grounds and progressively weakened with increasing depth. By con-
trast, btempxfe and fexsst point towards the same quadrant as btemp, sst and chl, and away
from the pure fe vector, suggesting that the observed fishiglgted turnover was context
dependent and capccurred with the same physical drivers structuring assemblage composi-
tion, indicating that these interactions act synergistically with the main environmental gradient
and antagonistically with the pure fishing effect. In the CEMS (right panel), the structure of
main effects is similar, with depth and btemp showing the strongest environmental axes and fe
oriented roughly opposite to depth. The depthxfe vector is closely aligned with fe and opposed
to depth and is about 2.7 times longer than the fe vector itself, indicating that most depth
related changes in communities under high fishing pressure are captured by the interaction ra-
ther than by the main fe term. Interactions with temperature (btempxfe and fexsst) also show
a stronger cumulative signal than in the WMS: both fall between depth and chl along the sst ax-
isandare loASNJ GKIFy GKS TS YIAYy STFFSOG o0FmMPuHP F2
these patterns support a neaniform fishing imprint across the study area, with the apparent
effect of effort being modulated by depth and temperature regimes, rather thamgcas a
spatially constant additive pressure. In turn, the effect of fishing, if considered alone, is likely
underestimated in comparison to the total amount of variance accounted for fishing, included
the shared portion with the other components considered in the RDA analysis (environment,
climate and spacéime) that is almost 8%.

Env Fishing

Env Fishing
Climate y Space/Time Climate =z Space/Time
A .00

WMS CEMS

Residuals = 0.47 Residuals = 0.44

Figure3.3. Variance partitioning of the redundancy analyses (RDA) conducted for the Western Mediterranean Sea
(WMS, left) and CentraEastern Mediterranean Sea (CEMS, right), accounting for 4 different groups of variables:
Climate (bottom and seaurface temperature); Env (surface and bottom salinity, chloroghytepth); Fishing
(fishing effort); Space/Time (Year, Latitude, Longitude).
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Figure3.4. Partial RDA biplots of demersal community composition for the WMS (left) and CEMS (right) including
main effects (blue arrows) and fishigenvironment interactions (red arrows). sst: sea surface temperature;
btemp: bottom temperature, so: surface salinity; bso: bottom salinity; chl: chlorophyll a; depth: bathymetrical
depth;fe: fishing effort; btemp:fe, fe:sst, depth:fe represent the interaction components of fishing effort with bot-
tom temperature, sea surface temperature and depth, respectively.

Generalised dissimilarity modelling

DSYSNIYf AaSR RAAAAYATINRGE Y2RSt & 06 DHiaeisiy LINE ¢
in both basins, with full models explaining 6€8%5.0% and 773.8% of deviance in the WMS
and CEMS, respectively, and creatidation yielding similarly higpredictive performances
(68.3:85.1% and 77603.7%). These diagnostics indicate that the models captured most of the
temporal variation in BragCurtis dissimilarity and that this explanatory power was not restrict-
ed to calibration data but remained stable under crosdidation.

In the western basin, the relative importance of predictors (TaBl&)3Swvas biased towards bot-

tom level variables: bottom salinity and temperature emerged as the main drivers, as also re-
ported by HMSC model, with depth remaining a secondary yet important factor, while chloro-
phyll, surface salinity and searface temperature had comparatively smaller effects. In the
eastern basin, depth was by far the dominant predictor, followed by bottom temperature and,
with lower but consistent contributions, bottom salinity, chlorophyll a, surface salinity and sea
surface temperature. Across both basins, fishing effort showed a lower yet still significant con-
tribution in shaping biodiversity patterns.

Spatial predictions of BrggZurtis dissimilarity derived from these models showed coher-
ent patterns between basins. In both western and eastern regions, moderate to very high tem-
poral turnover was concentrated along continental shelves and coastal margins, whereas deep-
er slope and offshore areas exhibited more moderate changes.

3.4. Discussion

¢ KS 02 YL} SYSy i-I NIRdiversity dobinkgilocal &nd regional scales indicates
that Mediterranean demersal biodiversity is undergoing a pervasive but spatially heterogene-
ous reorganisation facilitated by strong environmental gradients (lat@abarthe et al., 2016;

Tuel and Eltahir, 2020), where productivity, hydrodynamics and topographic complexity shape
contrasts in community structure (Cet al., 2010; Micheli et al., 2013). Diversity hotspots lo-
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calised along continental shelves and upper slopes in both basins are consistent with previous
MEDITSased evidence of higher diversity in western and central areas and in frontal or
upwelling zones (Farriols et al., 2020; Veloy et al., 2022). -teomgdeclines in species rich-
ness, Shannon diversity and evenness, especially in the WMS and in parts of the CEMS sub
basin, suggest progressive erosion of local diversity and redistribution of relative abundances
(Coll Marta et al., 2010). These trends are consistent with the Mediterranean being one of the
fastestwarming ocean regions, already exposed to frequent and intense marine heatwaves and
temperature extremes with widespread biological impacts (Marba et al., 2015; Darmaraki et al.,
2019; Garrabou et al., 2022), particularly in the Alboran and western Mediterranean Seas,
where many species sensitive to climate change occur (Chatzimentor et al., 2023). Meridionali-
sation processes favour thermophilic species (including invasive species frorPdnific
Ocean) over temperate ones that are approaching their upper thermal limits (Bensoussan et al.,
2010; Calvo et al., 2011), while warmiimgluced reductions in chlorophydl and enhanced wa-
ter column stratification likely reduce food supply (Kim et al., 2019). At the same time, cumula-
tive human impact and fishing pressure remain concentrated along productive shelves and
coastal areas (Coll et al., 2012; Micheli et al., 2013; Piroddi et al., 2020a), so the observed ero-
a A 2 y-diversity in these regions is consistent with theaxxurrence of strong climatic and
Iy i KNR LJ2 3 Sy Miersidy liesdsishov Kkt dhese changes are not a simple uniform
loss of species richness, but involve marked spatial restructuring of assemblages (Pennino et al.,
2024): distancedissimilarity parameters deriveddm Jaccard dissimilarities reveal contrasting
trajectories among suiegions and GSAs, with some areas showing declining of dissimilarity al
local and wider scale (both a and b parameters of power function), consistent with biotic ho-
mogenisation driven by the preferential loss of sensitive species and expansion of more toler-
ant taxa (Soininen et al., 2007; Bevilacqua et al., 2023). Other areas show increasing in these
two components, indicating stronger distanstuctured turnover under spatially heterogene-
ous climatic forcing, fishing induced fishing erosion and decreasing ecological similarity (Hidalgo
et al., 2017; Bevilacqua et al., 2023), even at local scale. Maps of temporal Jaccard components
between 1999 and 2021 confirm that high turnover clusters along continental shelves, particu-
larly in the CEMS, the northern AS and the northern and western lonian (Giani et al., 2012),
while offshore areas of the WMS show more pronounced changes/ifli 6 A § K Ay ONS |
diversity trends reported for the North Catalan Sea and Gulf of Lion (Veloy et al., 2022). Tem-
LJ2 NZXdiversity generally increases towards higher latitudes in both basins, with stronger
turnover likely driven by meridionalisation pregses (Coll et al., 2010; Lloret et al., 2015), espe-
cially in the northern Adriatic, Gulf of Lion and Ligurian Sea, where shallow hydrography, eu-
trophication and longerm exploitation are known to produce highly dynamic assemblages
(Giani et al., 2012; Veloy et al., 2022).

Constrained ordination provides a mechanistic interpretation of these patterns, highlight-
ing depth and bottom level variables (bottom temperature and salinity) as primary drivers of
community composition and fishing effort as a smaller but still significant additional factor,
consistent with previous Mediterranean studiemphasizingpathymetry and wateimass con-
trols on demersal assemblages and productivity (Farré et al., 2016; Peristeraki et al., 2017; Car-
lucci et al., 2018; Quattrocchi et al., 2026). RIDA variance partitioning show that fishing, lo-
cal environment and climate do not act independently. Interaction terms between fishing effort
and thermal or bathymetric gradients improve model fit, and most of the fishing signal emerges
through joint, nonradditive associations with depth and temperature, especially in the CEMS
basin. This supports the view that climate and fishing operate as cumulative but interacting
drivers of community change, with trawling effects amplified in shallow, thermally stteas
eas where communities are near physiological limits or dominated by-ligimg, slow
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recovering species (Micheli et al., 2013; Marba et al., 2015; Colloca et al., 20&7small
unique fraction attributed to fishing reflects its tight coupling with environmental gradients ra-
ther than a negligible role. GDMs corroborate this interpretation, showing that a limited set of
predictors (primarily depth and bottom climate) explain a large proportion of temporal¢Bray
Curtis dissimilarity. These results are in accordance with observations and projections reported
for several demersal species indicating northward and downslope range shifts, contraction of
suitable habitat for coleaffinity taxa and potential local reductions in shallow, warm sectors,

particularly in the EMS (Ben Lamine et al., 2022; Panzeri et al., 2024) but also in the WMED

(SanzMartin et al., 2024), and consistent with the stronger turnover and distegissimilarity
signals observed there. Overall, our findings indicate that Mediterranean demersal fauna are
simultaneously exposed to progressive climatic change and to the legacy of historically intense,
spatially structured fishing, so that biodiversity responses still reflect combined influences of
climate and both past and present exploitation. Because fishing acts synergistically with warm-
ing and related environmental change, even modest direct effects of trawling can be amplified
under more climatic exposed areas, and thus biodiversity changes cannot be attributed to cli-
mate alone. Tratbased and rislassessment studies show that many ldiwing, slowgrowing
demersal species, including commercially important taxa, are highly vulnerable to warming, de-
oxygenation and recurrent marine heatwaves, as well as to chronic exploitation (Marba et al.,
2015; Chatzimentor et al., 2023; Polo et al., 2025; Zupa et al., 2025). On the other way around,
fishing can also likely amplify or modulate climatéen changes by selectively removing large,
late-maturing individuals and altering size structure and mean trophic levels (Colloca et al.,

2017; Pecuchet et al., 2017; Beukhof et al., 2019a; Piroddi et al., 2020b; Polo et al., 2025), even

though a complete consensus on the latter point is not still achieved even though a complete
consensus on the latter point is not still achieved (Peristeraki et al., 2019). The stronger role of
spacetime structure and fishingenvironment interactions, especially in the CEMS basin, de-
termined by the semenclosed nature of the basin together with steep wasteast trophic
gradients and complex circulation, points to emerging hotspots where climatic anomalies and
intense trawling coincide, potentially accelerating turnover and eroding resilience. From a
management perspective, the spatially explicétierns described identify priority areas for
cimatel 6+ NS O2y aSNII GA2Yy | yR FTAaKSNAS a-divedBita dzt |
along continental shelves, and in the northern Adriatic, lonian and parts of the Aegean, corre-
spond to rapidly regganising communities under strong cumulative bottom warming and fish-
ing. Those areas may require reinforced control of trawling effort, protection of climatically re-
silient habitats and strengthened networks of closed areas that preserve connectivity along
depth and temperature gradients. Scenahased evaluations of spatial restrictions across EU
waters indicate that biodiversity and habitat gains may be undermined when effort is displaced
rather than reduced, and that outcomes depend strongly on closure placement and on their
combination with other areas with complementary fisheries controls (Bastardie et al., 2025).
Additionally, within such networks, specitggeted removals may be needed to effectively
control invasive fish populations, particularty the EMS (Giakoumi et al., 2019). By contrast,
aSO02NER 6AGK f26SN i dzNiesin Sadfungior asNSugid dnde@S-t &
ture climate scenarios and provide letgym protection. This information will be thus critical to
properly assesshe tradeoff between biodiversity conservation and fisheries management in
future decision making and marine spatial planning.
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4 Life stages matter: communitpased Essential Fish Habitats reveal
conservation priorities in the Mediterranean Sea

Authors: Fabien Moullec, Stratos Batziakas, Walter Zupa, Patricia Puerta, Nicolas Barrier, Laure
Velez, Manuel Hidalgo, Stephanos Kavadas, Irida Maina, Eva Maire, Maria L. D. Palomares,
Panagiota Peristeraki, Mariberesa Spedicato, Bastien Mérigot

4.1. Introduction

Across terrestrial, freshwater and marine ecosystems, habitat degradation, pollutions,
overexploitation, invasive species and intensifying climate extremes are driving rapid
population declines, community reorganization and erosion of ecosystem functions (Halpern et
al., 2025; Newbold et al., 2015; A. J. Reid et al., 2019; Seebens et al., 2018). Pervasive losses in
0KS FodzyRFyOS YR RAGSNEAGE 2F aLISOASa IyR
are reported across the globe, with compounding effects where pressuresaa (Ceballos et

al., 2017; IPBES, 2019; Isbell et al., 2017). To be efficient, management and conservation
measures must combine ardmsed protection with effective threat reduction across land and

sea (Allan et al.,, 2022; Watson et al., 2018). With the accelerating expansion of the blue
economy, marine ecosystems are particularly impacted by cumulative human activities and
rapid environmental change, leading to widespread declines in biodiversity and ecosystem
functioning (Ceballos et al., 2020; Halpern et al., 2025; HeiRedd et al., 2022; IPBES, 2019;
Lotze, 2021). In response, international and regional frameworks have committed to protecting

at least 30% of the global ocean by 2080 KS don P oné GFNHSG o/ . ¢
ambition requires conservation strategies that explicitly consider the ecological complexity of
marine systems and ensure that management and protection measures remain effective under
ongoing and future changes (Davies et al., 2017; GrQuidert et al., 2021; Sala et al., 2021).
Welldesigned, arednased management measures can simultaneously address biodiversity loss
and climate risks (Mackelworth et al., 2024; Portner et al., 2021), but their success rests on
identifying locations where protection will generate the greatest ecological benefit.

Within this policy context, the concept of biodiversity hotspots provides remains central
to spatial and conservation prioritization (Jefferson & Costello, 2020; Marchese, 2015). Initially
defined as zones characterized by exceptional species richness, endemism, rarity and/or
exposure to severe threats (Costello et al., 2022; Myers, 1988), hotspot are now recognized as
multi-dimensional entities and as a cornerstone of conservation planning. They are also
commonly based on high levels of abundance and threatened taxa (Ge et al., 2022; W. V. Reid,
1998) as well as more recently integrate phylogenetic and functional diversities (Albouy et al.,
2017; Granger et al., 2015; Stu&mith et al., 2013). Yet hotspot delineation remains
heterogeneous across studies and typically performed on a-logsase basis, with thresholds
and criteria varying according to ecological and methodological context, which complicates
transferability and decision making (Sussman et al., 2019).

Despite substantial global advances in conservation planning and biodiversity indicators,
marine hotspot identification remains incomplete (Chagfiramer et al., 2023; Neugarten et
al., 2024; Vasileiadou et al., 2024), particularly regarding the integration estéifee specific
habitats, such as nurseries and spawning grounds (Kuismanen et al., 2023), even though these
habitats are fundamental to population dynamics and ecosystem resilience (Champagnat et al.,
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2021). Species generally concentrate on areas that offer the resources needed to maximize
survival and reproduction. As a result, habitat suitability and distribution patterns emerged
from interacting biotic factors including prey availability and predation risk, and abiotic
conditions, including physical and environmental variables (Aarts et al., 2013; Guisan et al.,
2017; Planque et al.,, 2011). Ontogenetic shifts in habitatt udeven by sizedependent
changes in foraging, reproduction, and predator avoidancemmonly yield distinct habitats
for juveniles and adults (Giakoumi & Pey, 2017; Griss et al., 2019; Le Pape et al., 2014; Stamp
et al., 2025).

In marine ecosystems, Essential Fish Habitats (EFHs) are used in an explicitly ecological
and spatial sense (Le Pape et al., 2014; Tugores et al., 2019). EFHsstagdifgpecific areas
that make a disproportionate contribution to individual performance and population
persistence through enhanced survival, growth and reproduction. Operationally, EFHs are
spatially explicit zones where demographic processus, or their empirical proxies such as density,
biomass, or the occurrence of spawning adults and juveniles, recur under particular
environmental regimes and seascape structure. These zones may be persistent core areas,
seasonally recurrent features, or mobile habitats shaped by circulation, temperature,
productivity, substrate, and biotic interactions. This framing links EFHs to ontogenetic niche
dynamics and metapopulation connectivity, rather than to a purely sectoral view of fisheries
management. However, limitations in standardized data, spatial coverage, and analytical
constraints under data scarcity and observation bias have contributed to the under
representation of EFHs in conservation frameworks (Lukyanova et al., 2025), even though the
concept is recognized in initiatives such as Ecologically or Biologically Significant Areas (EBSAS;
Dunn et al., 2025). A further challenge is the lack of comprehensivetdomg spatially explicit
information on fish distributions across life stages, which constrains robust habitat mapping
and the identification of the environmental and anthropogenic drivers of habitat persistence
(Lahellec et al., 2025). Yet, these aspects are critical for delineating population structure,
informing spatial management (e.g., Marine Protected Areas, MPAS), and advancing ecesystem
based fisheries management (EBFM) (NOAA, 2025). Although numerous studies have identified
nurseries or spawning habitats for individual benthic, demersal, or pelagic species (Colloca et
al., 2015; Giannoulaki et al., 2013; Izquierdo et al., 2021; MediSeH, 2013; Milisenda et al., 2021;
Pennino et al., 2020), most are limited by local scale, short time series, or single/subset species
focus. No study has yet integrated, at the community scale, life stages and ecological traits
while jointly accounting for environmental drivers, anthropogenic pressures, and interspecific
interactions at large spatiemporal scale. This limits our capacity to design spatial measures
robust to environmental variability and to anticipate commuHigyel responses to
anthropogenic pressures (Katsanevakis et al., 2011), particularly in the Mediterranean Sea,
where management needs are most pressing (AmiuBajuet, Gorjanc, et al., 2024).

The Mediterranean is one of the most so&oologically distinctive Large Marine
Ecosystems on Earth (Aurelle et al., 2022; Piroddi et al., 2020) where these challenges
converge. Despite covering only 0.82% of the global ocean surface, it hosts over 17,000
species more than 20% of which are endemic due to its unique position at the interface of
temperate and subtropical regimes and its complex mosaic of habitats shaped by
20SFYy 23N LKAO LINRPOS&aasSa 0. Al yOKA 9 aRINNAE fHin
2009). This serenclosed basin, bordered by 22 countries and home to over 520 million people
(~7% of the global population) is a hotspot of global change (Coll et al., 2012; Micheli, Halpern,
et al.,, 2013) and among the regions projected to experience the fastest warming and most
intense cumulative anthropogenic pressures (Cramer et al., 2018; Halpern et al., 2025; Marba
et al., 2015; Micheli, Halpern, et al., 2013). Intensive fishing, pollution, habitat modification,
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biological invasions and climate change have collectively reshaped species distributions and
community structures (Albouy et al., 2014; Azzurro et al., 2019; Bensebaini et al., 2022; Moullec
et al., 2023), accelerated biodiversity loss (Coll et al., 2012; MedECC, 2020; UNEP, 2024), and
reduced ecosystem productivity (Hassoun et al., 2025; Piroddi et al., 2017; Reale et al., 2022).
Among these stressors, fishing is one of the primary drivers of ecological change (Colloca et al.,
2017; IPBES, 2018; Vasilakopoulos et al., 2014). Ecosystem modelling reveals significant
biomass declines since 1950, particularly among demersals and small pelagics (Piroddi et al.,
2015, 2017, 2022), while demersal communities support culturally and economically important
fisheries. Despite recent reductions in fishing pressure, exploitation remains more than twice
sustainable thresholds (FAO, 2023). In addition, unselective bottom trawl fisheries, often
capturing undersized individuals (i.e., catch at size below Minimum Conservation Reference
Size (MCRS)), undermine recovery and hinder progress toward the targets of the European
Common Fisheries Policy (CFP 1380/2013), the Marine Strategy Framework Directive (MSFD
2008/56/EC), and the EU Biodiversity Strategy for 2030 (COM (2020) 380) (Bahamon et al.,
2024; Colloca et al., 2017).

In response, the European Union and the General Fisheries Commission for the
Mediterranean (GFCM) have promoted spatially explicit measuseigh as Marine Protected
Areas (MPAs) and Fisheries Restricted Areas (FRAg)rotect juveniles and spawning
habitats. The GFCM 2030 Strategy and the MedFish4Ever Declaration advocate a regional
network of EFHs and expanded aifg@sed fisheries management measures (FAO, 2021).
However, despite these commitments, protection remains limited in extent and strength, with
only about 15% of the basin currently protected and less than 2% are under strong protection
(AminianBiquet, Gorjanc, et al., 2024). Moreover, the spatial congruence between EFH
hotspots and existing MPAs remains poorly assessed at large scale (Ortega et al., 2023),
highlighting the need for integrated analyses that link biodiversity, environmental pressures,
and fisheries management.

In this context, to what extent does integrating lséagespecific habitat use into
community distribution modelling improve our ability to identify persistent biodiversity
hotspots and inform spatial conservation planning? In other words, how do environmental and
anthropogenic drivers, liflistory traits, and interspecific associations jointly shape the spatial
distribution and persistence of juvenile and adult habitats across fish communities, and to what
extent do current conservation measures encompass these commbasggd, lifestage
specific essential fish habitats in the Mediterranean Sea? To address this research question, we
cover the four following objectives and steps. First, we quantify the relative influence of
environmental and anthropogenic drivers, ecological traits, phylogenetic relatedness, and
interspecific associations on juvenile and adult distributions. Second, we characterize long term
spatiotemporal abundance patterns across life stages. Third, we identify persistent and non
persistent juvenile and adult habitats on a regional scale. Fourth, we evaluate the spatial
congruence between communHyasef EFHs and the Marine Protected Area network currently
implemented in the western Mediterranean Sea. We test three related hypotheses: (i) juvenile
and adult EFHs exhibit distinct spatial patterns that are structured by life history traits and
environmental gradients (Galaiduk et al., 2017; Planque et al., 2011), (ii) persistent EFHs are
more likely to occur in areas with comparatively lower anthropogenic pressure (Edgar et al.,
2014; Halpern et al., 2015), (iii) the current protection network insufficiently encompasses
multispecies EFHs (Amini@iquet, Gorjanc, et al., 2024; Claudet et al., 2020), particularly
those critical to early life stages (Ortega et al., 2023).

To our knowledge, this study represents the first faasinscale, communitypased, lifestage

integrated assessment of Essential Fish Habitats in the Mediterranean Sea. Using over two
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decades (1992021) of standardized trawl data from the scientific Mediterranean International
Trawl Survey (MEDITS, Bertrand et al., 2002; Spedicato et al., 2019)), encompassing over 60
demersal and pelagic species and more than 12 000 hauls in the western Mediterranean Sea,
we combined a joint Species distribution Modelling (j]SDM, Ovaskainen, Tikhonov, Norberg, et
al., 2017) framework with spatitemporal hotspot analyses to define Essential Fish Habitats at
the community level, explicitly accounting for i¢age differences and temporal variability. By
integrating lifestagespecific patterns into conservation planning, this study advances the
incorporation of ontogenetic habitat niches into biodiversity distributions and marine spatial
planning to align fisheries management with ecological processes, supporting both stock
recovery and biodiversity conservation in the Mediterranean Sea. Although developed in the
western Mediterranean, the approach is transferable to other regions and taxa, thereby linking
community ecology, spatial demography, and conservation design.

4.2. Materials and Methods

Study area and survey data

The western Mediterranean Sea extends from 34.3° N to 45.7° N and from 5.2° W to 34.1° E
and comprises 12 Geographical SMieas (GSAs) as defined by the GFCM. For computational
and ecological reasons, our analysis focused on a subset of European western GSAs (1, 2, 5, 6,
7,8,9, 10, 11.1 and 11.2). This subset ensured relatively greater homogeneity in environmental
conditions and fish assemblages, which improve model calibration and predictive accuracy. Bi-
ogeographically, the western basin has stronger affinities with the Atlantic Ocean and support a
higher proportion of coldemperate species, whereas the eastern basin is more closely related

to the Indo-Pacific region and supports a greater number of subtropical taxa (Coll et al., 2010).

Fish data were obtained from annual standardized bottom trawl surveys conducted with-
in the Mediterranean International Trawl Survey program (MEDITS; Bertrand et al., 2002;
Spedicato et al., 2019). Surveys were carried out each year from 1999 to 2021 during late spring
to early summer (Magduly) and covered continental shelves 200 m) and upper slopes
(200800 m) of the western Mediterranean. MEDITS applies an harmonized sampling protocols
across participating countries to ensure spatial and temporal comparability (Spedicato et al.,
2019). A standardized experimental bottom trawl of GIBCtype with a stretchedanesh
codend of 20 mm was used at all stations (Bertrand et al., 2002; MEDITS, 2017; Spedicato et al.,
2019). Sampling stations were selected according to a stratified random design, with depth
strata defined at 1650, 5100, 10%200, 20%500, and 5064800 m. The GGZ3 gear has an
average vertical opening of about 2 m and a horizontal spread of about 18 m. These specifica-
tions allow efficient sampling of both juvenile and adult demersal species and facilitates the es-
timation of recruitment indices (Abella et al., 1999; Spedicato et al., 2019). The protocol also
records abundance for small pelagic species, such as sa&hmédirfa pilchardysand anchovy
(Engraulis encrasicolysthat are routinely caught at shelf stations (Fiorentino et al., 2013).
Consequently, MEDITS data provide valuable information on the population dynamics of both
demersal and small pelagic stocks in the Mediterranean Sea (Fiorentino et al., 2013; Pennino et
al., 2020; Sbrana et al., 2010).

All hauls were conducted during daylight at a standard towing speed of approximately 3
knots, with a duration of 30 minutes on the continental shelf and 60 minutes on the slope.
Trawl performance (e.g., swept area, towing time) and gear geometry (horizontal and vertical
openings) were continuously monitored using a SCANMAR acoustic system to ensudre high
jdz t AGe yR O2yaAradaSyd RFEGF FOldAaAdGA2Yy d 51 |

40



LT I“‘\\
\
e ..nl\“ ‘

(14 | Project: B-USEFUL, EC HEU Grant No. 101059823
package which performs multiple cresBecks across MEDITS survey datasets, including haul
metadata, aggregated abundance and biomass by species, and dérgpirency distributions
by sex and maturity stage (Bitetto et al., 2023). All identified errors and warnings were correct-
ed. Only hauls with validated gear performance and complete metadata were retained for
analysis, corresponding to about 550 hauls per year at the subregional scale and about 66 hauls
per GSA per year. In total, 12,654 validated hauls collected between 1999 and 2021 were in-
cluded in the analyses.

Fish community data

More than 1,470 taxa have been recorded in MEDITS surveys, including about 385 bony fishes
and 54 elasmobranchs. For the present analyses, we restricted the dataset to fish taxa and re-
tained only individuals identified to the species level within the classes Actinopterygii and Elas-
mobranchii. Because our primary interest was to assess relative rather than absolute changes in
species abundances across space and time, and given that MEDITS data samples both bentho
demersal and small pelagic assemblages (Angelini et al., 2021; Fiorentini et al., 1999; Fiorentino
et al., 2013), we retained all species from these ecological groups.

Individuals of each species were classified as juveniles or adults according to their length
at first maturity (see Section 2.3). To limit bias from extremely rare taxa arstdifee combina-
tions, we excluded those recorded in fewer than 1% of hauls within the western Mediterranean
subregion during the 1992021 period. This threshold retained specide stage combina-
tions that together represented about 95% of total fish abundance.

For each retained species, haul, and life stage, standardized abundance (number of indi-
viduals per km2) was computed by dividing raw catch by the area swept of the tow. The final
dataset comprised 73 fish species represented by 51 juvenile and 65 adult sifecstage
combinations.

Species traits and phylogeny

To account for traits in species responses to environmental and anthropogenic covariates, we
compiled data on eight continuous and categorical traits related to life history, habitat use and
trophic ecology for each species. These traits included offspring size, length at maturity, maxi-
mum body length, von Bertalanffy growth coefficient (K), body shape, trophic guild, trophic lev-
el and water column position (table sup mat). Trait data Mediterraneanspecies were pri-
marily obtained from Fishbase (Boettiger et al., 2012; Froese & Pauly, 2025), following the
methodology of Beukhof et al. (2019), and complemented with information from additional
openaccess trait databases (Beukhof et al., 2019; Coulon et al., 2023; Koutsidi et al., 2020).

Missing trait values were estimated using a phylogenetic structnahtion mixedtrait
imputation approach (Thorson et al., 2023), implemented in the R package phylosem (Thorson
& van der Bijl, 2023). This method leverages both trait correlations and phylogenetic depend-
encies to provide statistically robust imputed values, for both continuous and categorical traits,
while maintaining ecological coherence.

To represent phylogenetic relationships among the study species, we constructed a taxo-
nomic tree using the ape R package (Paradis & Schliep, 2019), including hierarchical taxonomic
levels from phylum to species (phylum, class, order, family, genus, species) retrieved from the
taxize R package (Chamberlain & Szécs, 2013). Given the lack of a comprehensive molecular
phylogeny encompassing all species included in this analysis (spanning Actinopterygii and Elas-
mobranchii), we assumed equal branch lengths of ané between taxonomic nodes, con-
sistent with previous studies applying HMSC to diverse fish assemblages {Glasita et al.,
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2024; Maioli et al., 2023; Montanyeés et al., 2023; Ovaskainen & Abrego, 2020). For the purpose
of modeling lifestagedependent distributions and abundances, juvenile and adult stages were
added as terminal branches to each species, with a short branch length of 0.1 to represent in-
traspecific differences between stages.

To capture lifestagespecific variation in body size, we derived two composite-size
related traitg minimum size and maximum sizérom offspring size, size at maturity, and
maximum body length. For juveniles, minimum and maximum sizes corresponded respectively
to offspring size and length at maturity, while for adults they corresponded to length at maturi-
ty and maximum body length. All other traits were assumed to remain constant between life
stages due to limited empirical data on i$eage variation across the studied species (Dimar-
chopoulou et al., 2017).

Environmental and anthropogenic covariates

We selected a set of environmental (physical and biogeochemical) and anthropogenic predic-
tors known to influence the spatidémporal distribution and abundance of marine fish com-
munities (IPBES, 2019; Last et al., 2011; Mérigot et al., 2019; Navarro et al., 2015). Environmen-
tal covariates included bathymetry (depth, m), sea surface and bottom temperature (SST, SBT,
°C), sea surface salinity (SSS, psu) and chloraphglhicentration (chh, mg.m?®) as a proxy for
primary production and resource availability. Environmental data were obtained from the Ma-
rine Copernicus platformhftps://marine.copernicus.euy using the Mediterranean Sea Physics
Reanalysis and Mediterranean Sea Biogeochemistry Reanalysis products, both available at
1/24° spatial resolution (ca-8km) (Cossarini et al., 2021; Escudier et al., 2021). Bathymetric in-
formation was extracted from the European Marine Observation Data Network (EMODnet) Dig-
ital Bathymetry (DTMR022 (1/16° resolution). For each sampling location (i.e., hauls), envi-
ronmental values corresponded to the mean Juludy conditions for each year along the tem-
poral window from 1999 to 2021 of the MEDITS surveys.

Because human activities strongly affect the distribution and abundance of marine organ-
isms (IPBES, 2019; Last et al., 2011; Navarro et al., 2015), we included two anthropogenic co-
variates: fishing pressure and the human gravity indices. Yearly fishing pressure was quantified
using a Fishing Pressure Ind@&Pl) derived through a Mul@riteria Decision Analysis (MCDA)
framework (Hidalgo et al., 2019; Kavadas et al., 2015; Mérigot et al., 2019). The FPI ranges from
0 to 1 and notably integrates data from the EU fishing fleet register for bottom trawl, purse
seine, and smablcale fisheries. It is computed as the fuzzy product of a fishery suitability index
(Sc) and an activity index (Ac), such that FPl = Sc x Ac (Kavadas et al., 2015). Criteria for Sc in.
cluded bathymetry, distance from coast, chloropkgyitoncentration, fisheries restricted areas,
and notake zones. Each factor was normalized orgafdizzy scale and weighted using the An-
alytic Hierarchy Process (AHP). The Ac was estimated from vessel length and tonnage data
through spatial interpolation and fuzzy normalization. The final product provides a spatially ex-
plicit footprint of relative fishing pressure at a 1/24° grid resolution (see Mérigot et al. (2019)
for more details about the computation of the FPI at the sp&timporal scale of the MEDITS).

As a proxy for global human pressure on marine ecosystems (e.g., pollution, including eu-
trophication, and habitat degradation), we included the human gravity index (Cinner et al.,
2018). This spatial index was calculated as the ratio between the population size of the nearest
settlement (within 500 km) and the squared travel time between that settlement and the ma-
rine grid cell. Higher values indicate stronger human influence. Previous studies have demon-
strated that this index is a reliable predictor of fish biomass and community structure (Cinner et
al., 2016, 2018; Mahaut et al., 2025; Maire et al., 2024).

42


https://marine.copernicus.eu/

. W)
)
)

Sesee”

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

Finally, to minimize multicollinearity among predictors, we examined pairwise correla-
tions and calculated Variance Inflation Factors (VIF) (Dormann et al., 2013). Covariates showing
KAIK O2fftAYSINARGE o0t SINB2YQa O2NNBfllGAz2zy 02°¢
lar, sea bottom salinity and seabed substrate (not described here) were removed due to their
strong correlation with bathymtry. The remaining predictors all met the independence criteria
OUNL X ndTT *LC f o0 Syadz2NAy3a NRoOodzald Y2RSft

Joint Species Distribution modelling

We applied the Hierarchical Modelling Species Communities (HMSC) framework to jointly mod-
el the jwenile and adult life stages of fish species across the western Mediterranean Sea. This
approach allows to quantify how environmental and anthropogenic drivers, species traits and
phylogenetic relationships shape létagespecific distributions while accounting for spatial
and temporal autocorrelation (Ovaskainen et al., 2017; Ovaskainen & Abrego, 2020; Tikhonov,
Opedal, et al., 2020). HMSC is a raudtiiate Bayesian generalized linear mipeftect model
framework within the class of joint Species Distribution Models (j]SDMs) (Warton et al., 2015). It
integrates community data with environmental and anthropogenic covariates, species traits,
phylogenetic relationships, and the spatemporal structure of the study, providing predictive
insights into community assembly processes from-nwmipulative observational data (Ovas-
kainen et al., 2017; Ovaskainen & Abrego, 2020; Tikhonov, Opedal, et al., 2020).

Given the zeranflated nature of the data and heterogeneous abundance patterns, we
implemented a twepart hurdle modelling approach to model specliés stage abundance dis-
tributions (Maioli et al., 2023; Stephenson et al., 2024; Weigel et al., 2021). In this approach, a
binomial model with a probit link was first used to estimate the probability of spdifestage
occurrence (presenec@bsence model). Then, a separate Gaussian model was fitted to predict
the logtransformed abundances at locations where presence was predicted (abundance condi-
tional on presence). The two model outputs were subsequently multiplied (i.e., hurdled) to ob-
tain an overall expected abundance conditional on presence at a 0.05° spatial grid resolution
(ca. 45km). Both submodels shared identical parameterization and default prior distributions,
as recommended by Ovaskainen & Abrego (2020), and they incorporated the same set of envi-
ronmental and anthropogenic predictors: bathymetry, sea surface and bottom temperature,
sea surface salinity, chlorophylconcentration, fishing pressure and gravity indices.

As fixed effects, we included all predictors listed above, estimating secatet polyno-
mial terms for environmental covariates to capture potential unimodal niche responses, while
linear terms were retained for fishing pressure and gravity indices. Quadratic terms encode the
assumption that observed conditions may include optimal levels of these covariates (Maioli et
al., 2023; Montanyeés et al., 2023; Stephenson et al., 2024; Weigel et al., 2021). To account for
variation in other (unmeasured) environmental or anthropogenic factors, interannual fluctua-
tions, and residual coccurrence among specidife stage combinations, we included temporal
(year) and spatial (using 0.05° grid cells) random effects. These latent random effects may also
capture unobserved biotic interactionsuch as competition, predation, or facilitatiethough
their ecological interpretation remains uncertain (Ovaskainen & Abrego, 2020). Spatially struc-
tured latent variables were modelled using the Nearest Neighbour Gaussian Process (NNGP)
implementation, which provides a computationally efficient approximation for large spatial da-
tasets (Tikhonov, Duan, et al., 2020).

To model speciespecific variation in environmental and anthropogenic responses, we
included species traits (minimum and maximum length, growth coefficient, trophic level and
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guild, body shape and position in the water column) and taxonomic relationships as hierarchical
levels (see above).

Both the presenc@&bsence and abundance conditiormail-presence models were fitted
using a higkperformance computing (HPC) accelerated version (Rahman et al., 2024) of the
Hmsc R package (Tikhonov, Opedal, et al., 2020). Computations were performed on the Jean
Zay French supercomputer, using a single GPU node with four Tesla V100 SXM2 32 GB GPUSs.
The posterior distributions were sampled with four Markov chain Monte Carlo (MCMC) chains
of 1,500,000 iterations each, of which 500,000 were omitted as{mr@hains were thinned by
4,000 to yield 250 posterior samples per chain, resulting in 1,000 posterior ssapgrienodel.

Convergence and model performance were evaluated for both components of the hurdle
model. MCMC convergence was assessed using the Gé&tuain Potential Scale Reduction
CFrOU2NJ o0t {wCO FRWIANRYR SV (i kor&yLAKNRS 32 ISy A0 NB
environment/anthropogenic relationship) parameters, with PSRF values beloiv.2 ihdicat-
ing satisfactory convergence (Gelman & Rubin, 1992; Ovaskainen et al., 2017; Tikhonov,
Opedal, et al., 2020). Model explanatory power was quantifiecddoypputing the area under
the curve of the receiver operating characteristic metric (AUC), the coefficient of discrimination
¢ 2dz2NDa wu 06 ¢ 2 dzNI-absenca motel Peaitd & Aerder, RING, aklyhe Soeffi-
cient of determination (R?) for the abundance model, for each spdigeestage combination.

AUC values (ranging1) indicate the probability that a randomly chosen occupied sampling
dzy Al KlFa | KAIKSNI LINBRAOGSR 200dz2NNBYyOS LINERO
measures the difference in mean predicted occupancy between presences and absences
(Abrego & Ovaskainen, 2023; Tjur, 2009).

After model fitting, variance partitioning was applied to quantify the relative contribu-
tions of environmental, anthropogenic, trdiased and phylogenetic factors to speeciés
stage distributions. Explained variation was partitioned between fixed and random effects, and
the relative weights of individual covariates were summarized separately for the presence
absence and abundance conditiorml-presence components. Specifically, we estimated the
LINB L2 NI AZ2Y 2F OFNAFYyOS FaGGNhodzilofS G2 Sy
LI NI YSOGSNBOZ-LEANEYSEENANIZA G F ROLIKRNIRZASYSNIA © &
rameter, ranging from O to Xepresents the degree of phylogenetic signal in species responses,
with higher values indicating stronger similarity among closely related taxa (Ovaskainen &
Abrego, 2020). Finally, spatiemporal predictions for each specigdge stage combination
were generated for the 1998 num LISNA 2R dzaAy3d GKS aO2yailNYzC
tions in the Hmsc R package (Ovaskainen & Abrego, 2020; Tikhonov, Opedal, et al., 2020).

%
K

Spatiotemporal patterns of life stage distributions and abundances

To quantify and map lonterm spatiotemporal changes in the abundance of both juvenile and

adult stages from 1999 to 2021, we applied a combined approach by using the-Wésalall

baYO0O GNBYR GSad FyR {SyQa &af2L)S SadAYFG2N AY
This nonparametric approach, robust to outliers, is widely used to identify monotonic direc-
tional trends in ecological timseries data. For each grid cell, the MK test evaluated whether a
significant trend was presenpf n®npo>X gKATS {SyQa &af 2LJS LINE
magnitude.

To further explore spativemporal clustering in juvenile and adult fish abundances, rep-
resenting potential EFHs, we applied Emerging Hotspot Analysis (EHSA) using the sfdep R pack-
age (Parry & Locke, 2024). EHSA integrates spatial and temporal dimensions by combining the
GetisOrd Gi* statistic (Getis & Ord, 1992; Ord & Getis, 1995) with a Mamdall trend test,

44



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

enabling the identification of statistically significant spaemporal patterns such as new, in-
tensifying, persistent, or diminishing hotspots (i.e., areas of high abundance) and coldspots (i.e.,
areas of low abundance) (ESRI, 2025).

Predicted abundances (individuals per km?2) from HMSC were aggregated on a regular
0.05° spatial grid and organized as a space time cube of locations by years, covering the 1999
2021 period. Each grid cell defined a spatial unit with a total annual abundance estimate for ei-
ther the juvenile or adult stage. Spatial dependence among grid cells was modelled using
vdzSSyQa 02y (A 3dzA G & -ndigRbers sd3h@t@ach celk cgrdibuter® to ysDwra S €
Gi* statistic, which improves sensitivity to local clustering.

For each year, the local Getyd Gi* statistic quantified whether abundances in a given
cell and its spatial neighborhood were significantly higher (hotspots) or lower (coldspots) than
expected under a random spatial distribution. The resulting time series of Gi* values were then
analyzed using the ManKendall test to detect monotonic temporal trends in clustering inten-
sity. Results from the Gi* and MK tests were combined to assign each location to one of 17
hotspot or coldspot categories, such as new, intensifying, persistent, diminishing, or historical,
following the ESRI (2025) classification scheme (Hab)e

EHSA results were summarized as spatial maps for both life stages, highlighting where
hotspots of high abundance are emerging, stable, or declining through time.

Table4.1. Definitions of the classification scheme of Emerging Hot and Cold Spot analysis (ESRI, 2025)

Pattern name Definition
No Pattgrdn Detect- Does not fall into any of the hot or cold spot patterns defined below.
New Cold/Hot Spot A location that is a statistically signifjcgnt Cold/l—!qt spot for the final time step (i.e., 2021) and t
never been a statistically significant Cold/Hot spot before.
A location with a single uninterrupted run of at least two statistically significant Cold/Hot spot
Consecutive bins in the final timestep intervals (i.e., 202R021). The location has never been a statistically
Cold/Hot Spot significant Cold/Hot spot prior to the final Cold/Hot spot run and less than 90 percent of all bin
(i.e., 20 years) are statistically significant Cold/Hot spots.
A location that has been a statistically significant Cold/Hot spot for 90 percent of thestepe
Intensifying intervals (i.e., 21 years), including the final time step (i.e., 2021). In addition, the intensity of clt
Cold/Hot Spot tering of low/high counts in each time step is increasing overall and that increase is statistical
significant.
Persistent Cold/Hot A location that has been a statistically significant Cold/Hot spot for 90 percent of thestepe
Spot intervals (i.e., 21 years) with no discernible trend in the intensity of clustering over time.
Lo A location that has been a statistically significant Cold/Hot spot for 90 percent of thestepe
Diminishing . . . ) ) . . » . .
Cold/Hot Spot mterva!s (|._e., 21 ye_ars), mcl_udlng the f_lnal time step (i.e., 2021). In gddmo_n, _the mtgns_lt_y of ch
tering in each time step is decreasing overall and that decrease is statistically significant.
A statistically significant Cold/Hot spot for the final tistep interval with a history of also being
Sporadic Cold/Hot an onagain and offagain Cold/Hot spot. Less than 90 percent of the tstep intervals have
Spot been statistically significant Cold/Hot spots and none of the t&tep intervals have been statisti-

cally significant Hot/Cold spots.

Oscillating Hot Spot

A statistically significant Cold/Hot spot for the final tistep interval (i.e., 2021) that has a history
of also being a statistically significant Hot/Cold spot during a prior time step. Less than 90 perc
of the time-step intervals have been statistically significant Cold/Hot spots.

Historical Hot Spot

The most recent time period is not Cold/Hot, but at least 90 percent of the-titeye intervals
(i.e., 21 years) have been statistically significant Cold/Hot spots.

Spatial congruence between hotspots and Marine Protected Areas

We further evaluated the spatial congruence between commuhéged EFHs (i.e., abundance
hotspots of key life stages) and the existing network of Marine Protected Areas (MPAS) in the
western Mediterranean Sea. Spatial overlap was quantified between congruent hotspots, i.e.,
cells identified as hotspots for both juvenile and adult stages, and MPA polygons. These con-
gruent hotspots were considered the most critical areas for conservation.
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MPA data were sourced from the comprehensivevidte database compiled by Amini-
an-Biquet, Colegrove, et al. (2024), integrating multiple sources including the European Envi-
ronment Agency (EEA), ProtectedSeas Navigator, MAPAMED, and the World Database on Pro-
tected Areas (WDPA) (Aminiiquet, Colegrove, et al., 2024; AminiBiguet, Gorjanc, et al.,

2024). In this dataset, MPAs were classified into four protection levels based on lusean-

tensity and frequency following Grore@olvert et al. (2021): minimally protected (highpact
activities), lightly protected (moderatenpact activities), highly protected (lewnpact activi-
GAS&a0T 2NJ FdzZf fée LINRPGSOGSR oy2 SEGNI OGAGS | O
versity conservation (i.e., where higimpact or industrial activities are allowed) were consid-

ered unprotected.

Following the MPA Guide framework (GrorGalvert et al., 2021), we focused exclusively
on MPAs with explicit conservation objectives, excluding other-besed management tools
such as Locally Managed Marine Areas or Fisheries Management Areas, which fall under the
category of Other Effective Arddased Conservation Measures (OECMs). To avoid double
counting overlapping MPAs and to best reflect de facto protection levels, we dissolved overlap-
ping polygons and retained the highest protection level per spatial unit (AmBiguet, Gor-
janc, et al., 2024; Pike et al., 2024).

All analyses were conducted in R v4.2.2 (R Core Team, 2022) in RStudio v2025.05.0+496
(Posit team, 2025).

4.3. Results
Model convergence and fit

The Markov Chain Monte Carlo (MCMC) convergence diagnostics for both the geesen
absence (PA) and abundance conditional on presence (ABU) models indicated satisfactory con-
vergence across all parameters. Potential scale reduction factors (psrf) were consistently below
1.1-m dH T 2-Ndrameétdiskspécies responses to environmental and anthropogenic covari-

F 0 Sao0LINIRYSGSNE O00NIAG STFFSOGaAL D -parddedskstak O f f
SN} 3SR mM®dnn 5 ndny YR mMdmMmM 5 nduHH F2N GKS
parameters averaged 1.01 + 0.01 and 1.02 80d the same models. For both PA and ABU
models, effective sample sizes were close to the total number of posterior samples, suggesting
minimal autocorrelation. The overall explanatory power of the PA model was high, with mean
¢2dz2NRa wuy ' nodnH p nodmep FYyR YSFy '/ T nddn
distinguishing presences from absences. The explanatory power of the ABU model (R2 = 0.37 +
0.13) further supported its ability to capture key environmental and anthropogenic gradients
shaping community composition. Finally, there were no significant differences in model fit be-
tween juvenile and adult life stages for either the PA or ABU models (Wilcoxon tests, p > 0.05).

Explained variation in specielife stage occurrence and abundance

We identified pronounced spatitemporal structuring in fish assemblages at both the species

life stage and community levels. Spatial random effects associated with grid cells accounted for
a substantial share of the explained variance in both modelling frameworks (Hidurén the

PA model, grigtell effects explained nearly half of the variation for juveniles (50%) and adults
(47%), whereas in the ABU model they accounted for 33% and 30% of the variation for juveniles
and adults, respectively. Temporandom effects capturing interannual variability contributed

to a smaller, yet meaningful, proportion of the variance, explaining 19% in the PA model (16%
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for juveniles and 22% for adults) and 7% for both-dtf@ge in the ABU model. Among fixed ef-
fects, depth emerged as the dominant predictor, explaining on average 28% and 43% of the
variance across specigde stages in the PA and ABU models, respectively, followed by tem-
perature (2% and 10%, respectively). The other environmental and anthropogenic covariates
(salinity, chlorophyih concentration and human pressures) each accounted for less than 5% of
the explained variance in species occurrences and abundances. Nevertheless, human pressures,
including fishing intensity and the gravity index, contributed approximately four times more ex-
plained variation in the ABU model than in the PA model, indicating a stronger influence on
population abundance than on species occurrence. Across both models, variance partitioning
revealed pronounced heterogeneity among spegids stage combinations, reflected by large
standard deviations. For some specjife stage combinations, most of the explained variance
was attributable to fixed effects (e.g., in the PA model, depth explained 75% and 77% of the
variance in the occurrence of juvenile and adsdlea solearespectively), whereas for others it

was largely driven by spatial and temporal random effects (e.g., in the PA model, spatial ran-
dom effects accounted for 91% of the explained variance in the occurrence of both juvenile and
adult Eutrigla gurnardup

Presence-Absence (PA) Abundance conditional on presence (ABU)
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Figure4.1. Total explained variations of species occurrences (PA model, Fjjan& abundance conditional on
presence (ABU model, R?) partitioned into responses to fixed (depth, temperature, salinity, chlceopbylten-

tration and human pressures; to the left of the dashed line) and random effects (year and grid cell; to the right of
the dashed line). Each point represents a spetifesstage combination (orange for specidult life stage and

blue for specieguvenile life stage). The mean variance proportions averaged over the species and life stages are
reported for each covariate and denoted by diamonds.

A moderate proportion of the variation in specggife stage responses to environmental
and anthropogert drivers (fixed effects) was explained by the trait sets included in the models
0-R2=0.17 and 0.33 for the PA and ABU models, respectively). Overall, traits accounted for ap-
proximately twice as much amoggpeciesglife stage variation in occurrence (fPAodel) as in
abundance (ABU model). In the PA model, tnag¢diated variation in speciebfe stage re-
sponses ranged from 1% for depth to 16% for the gravity index, with the strongest effects asso-
ciated with responses to the gravity index, fishing pressure, and temperature (SST and SBT), ex-
plaining 16.2%, 12.4%, and an average of 11.7% of the variance, respectively. In contrast, in the
ABU model, the proportion of variance explained by traits ranged from 5.6% for the gravity in-
dex to 36% for temperature (SST), with the strongest trait effects linked to responses to tem-
perature (SST), salinity, and chloroptay(i34.2%, 32%, and 21.5%, respectively).
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Environmental and anthropogenic niches of specids stages

The linear effect of fishing pressure signifittg influenced the occurrence of most spegkfe

stage combinations, with 16% showing negative and 43% showing positive responses supported
08 Xppr LRAGSNA2NI LINPOoFOAfAGED {AYATI NI &Z (K
currence of a large proportion of specgife stage combinations, with 50% exhibiting negative

and 29% positive responses. In contrast, fishing pressure had no significant linear effect on the
abundance of most species A ¥S &0 3S O2Yo Ayl (A xopabilith Grey- 0 |
ty, however, significantly influenced abundance for more than half of the spdifeestage
combinations (55%), with predominantly negative effects (52%). For all covariates considered,
we did not detect pronounced differences between juvenile and adult responses.

Depth significantly affected almost all species and life stages occurrences (94%), mostly
with a positive linear response and a negative quadratic response (43% of sifeciage
combinations), indicating a hushaped response of the specilfe stage occurrences to this
covariate. More than half of speciife stage occurrences were affected by temperature (SST
and SBT), salinity and chloropkglconcentration, with a balanced mix of a positive linear re-
sponse associated with a negative quadratic response or a negative linear response associated
with a positive quadratic response.

Evidence for phylogenetic signal in specilife stage responses to environmental and anthro-
pogenic covariates

Species responses exhibited aostg phylogenetic structure, with the posterior mean of
0KS LKef23SySGAO O2NNBf I GA2Yy LI N YSGSNI © NBI
from 0.94 to 0.97) and ABU (95% confidence interval from 0.93 to 0.97) models, indicating a
high degree okimilarity in environmental and anthropogenic responses among closely related
species. These results suggest that closely related species share similar combinations of traits
that mediate their responses to environmental and anthropogenic gradients, and that addition-
al phylogenetically structured traits, beyond those explicitly included in the models, likely con-
GNAROdzO0S (G2 aKILAYy3a aLISOASaQ SO2t23A0Ft yAaAOKS

Speciedife stage ceoccurrence patterns at spatial random effect level

Residual species amcurence patterns were examined at the spatial randeffect level of

the PA model. We identified numerous positive and negative associations among glikecies
aldr3sS O2YoAylLUuA2ya ¢AGK LJ2aidSNRAR2N adzlill2 NI xd
ations were detected (out of 6,786 possible), of which approximately 71% were positive co
occurrences and 29% were negative. For both types of associations, links involving both juvenile
and adult life stages accounted for roughly half of the significant interactions (48% for positive
and 50% for negative emccurrences). Among positive -cocurrences, approximately 20% oc-

curred exclusively between juveniles and 32% exclusively between adults. Similarly, among
negative ceoccurrences, about 23% involved juveniles only and 27% involved adults only.

Spatiotemporal trends in speciedife stage abundance

Toassesslargg OF £ S GSYLR NIt GNBYyRa Ay 2dz@SyAftS | yR

analyses to spatitemporal abundance predictions across the western Mediterranean Sea (Fig-

ure 4.2). This norparametric approach allowed us to quantify monotonic trends while account-

ing for interannual variability in moddélased abundance estimates. Spatial predictions revealed

contrasting patterns across the study area. Juvenile abundance trends were highly heterogene-
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ous at the western Mediterranean scale, with increasing trends observed in the Ligurian and
Tyrrhenian Seas, between Corsica and Italy, and along the western Italian coast on the upper
continental slope. These areas were, however, characterized by low abundance of juveniles. In
contrast, decreasing trends in juvenile abundance were detected along the outer continental
slope of the Gulf of Lion, off northern Spain, and around the Balearic Islands. Across half of the
dldzRe FNBF o600FId pw:0xX {SyQa aftz2L5a 6SNB y2
abundances on the study period. By contrast, adult abundances displayed a more homogene-
2dza YR O2yaradaSydate ySardiAgsS LI GGaSNyo . Sig
dominated across much of the western Mediterranean, indicating widespread declines in adult
abundance through time. These declines were particularly pronounced along the continental
shelf and slope in several sabeas (e.g., gulf dfion, Balearic Islands, Sardinia), pointing to a
basinwide signal that contrasts with the more spatially heterogeneous and locally variable
trends observed for juveniles.
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Identification of essential fish habitats

The Emerging Hotspot Analysis (EHSA) revealed marked differences in the spatial distribution of
hotspots and coldspots between juvenile and ldife stages (Figurd.3). On the continental

shelf of the Gulf of Lion, no consistent spatial pattern was detected for juveniles, except near
the Rhone River mouth, where a mosaic of sporadic, persistent, and intensifying hotspots
emerged. In contrast, most of the Gulf of Lion continental shelf was identified as a combination
of persistent and sporadic hotspots for adults. A similardifege contrast was observed around

the Balearic Islands, which emerged as a major hotspot area for juveniles, dominated by inten-
sifying and persistent hotspots, whereas adult patterns were largely absent or characterized by
persistent coldspots.

At the scale of the western Mediterranean, juvenile hotspots (including sporadic, persis-
tent, and intensifying hotspots) accounted for approximately 33.5% of the study area, while
adult hotspots covered about 38.4% (Figurd)4Conversely, juvenile coldspots represented
40.7% of the study area, compared to 48.6% for adults, indicating a broader spatial extent of
low-abundance areas for adult life stages.
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Figure 4.3. Emerging hotspot patterns of juvenile (top panel) and adult (bottom paneBsidge abundances
across the western Mediterranean Sea. See Table 1 for definitions of the different hotspot and coldspot categories
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By overlapping hotspot and coldspot patterns between juvenile and adult life stages, we
identified spatially congruent areas of high and low abundance (Fi§B)eAt the scale of the
western Mediterranean Sea, approximately half of all hotspot and coldspot areas (ca. 50.7%)
were congruent between juveniles and adults (Figd®), highlighting strong lifstage speci-
ficity in the remaining patterns. Congruent hotspots were spatially concentrated in the western
sub-basins, particularly in the Alboran Sea, the Catalan Sea along the Spanish coast, and around
the Balearic Islands. These areas accounted for about 20.2% of the study area, with persistent
hotspots representing the dominant congruent juveraldult hotspot type (ca. 8.5%). In con-
trast, congruent coldspots were more extensive and spatially segregated, occurring primarily in
the eastern part of the western Mediterranean, notably along the upper continental slope of
the Tyrrhenian Sea. Congruent coldspots covered approximately 30.6% of the study area, ex-
ceeding the extent of congruent hotspots, and were dominated by persistent coldspot patterns
shared by juveniles and adults (ca. 7.6%).
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Figure4.5. Spatial distribution of congruent hotspot and coldspot patterns between juvenile and adult life stages
identified using emerging hotspot analysis across the western Mediterranean Sea. Congruent areas correspond to
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Spatial congruence between essential fish habitats and marine protected areas

In the following section, spatially congruent hotspot patterns between juvenile and adult life
stages were considered as essential fish habitats (EFHs), and thus as priority areas for conserva-
tion. Overall, approximately 76% of the total area of congruent hotspots identified as EFHs was
not covered by Marine Protected Areas (MPAS), indicating that only 24% of these priority habi-
tats currently benefit from some level of protection (Figdr&). Among the protected congru-

ent hotspots, about 21% fell under minimal protection, primarily within the Pelagos Sanctuary
(FranceMonaccgltaly) and around the Balearic Islands, while approximately 3% were subject
to light protection. Highly protected and fully protected areas accounted for only a negligible
fraction of EFHs (ca. 0.05% and 0.02%, respectively). A similar pattern was observed for spatial-
ly congruent coldspots. Approximately 21% of congruent coldspot areas were under minimal
protection, 4% under light protection, and 1.4% under high protection, nearly three times the
proportion observed for congruent hotspots, while fully protected areas represented only
0.01% of the total congruent coldspot surface.
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Figure4.7. Spatial overlap between congruent hotspots of juvenile and adult life stages and the protection levels of existing
Marine Protected Areas (MPASs) in the western Mediterranean Sea. The bar plot in the bajtirmanel shows the proportion
of the congruent hotspot surface under different protection levels.

4.4. Discussion

By linking lifestagespecific species distributions, phylogenetic structure and sgatigporal
abundance dynamics, this study provides a macroecological basis for redefining EFHs as dynam-
ic, communitybased conservation priorities. Our results demonstrate that Mediterranean fish
communities are strongly structured by ontogenetic variation in responses to environmental
gradients and anthropogenic pressures, consistent with previous locakegitnal and basin

scale assessments (Bellisario et al., 2025; Druon et al., 2015, 2016; MediSeH, 2013). By explicitly
modelling juvenile and adult life stages within a joint species distribution framework, we show
that life stage constitutes a major axis of ecological differentiation, comparable in magnitude to
interspecific variation. This supports a growing body of macroecological evidence suggesting
that life stages should be treated as distinct ecological entities with potentially divergent nich-
es, sensitivities, and vulnerabilities to global change (Dahlke et al., 2020; Gherardi, 2025; Mar-
shall & Morgan, 2011; Nagelkerken et al., 2015; Santleenandez, 2025).

Depth and temperature emerged as dominant drivers of both juvenile and adult distribu-
tions, reflecting the high vertical structuring and rapid warming of Mediterranean ecosystems
(Albouy et al., 2013; Bartolino et al., 2008; Ben Lamine et al., 2022; Coll et al., 2010; Rozanski et
al., 2024; Schickele et al., 2021). However, their relative importance varied markedly among
species and life stages, highlighting the heterogeneous nature of thermal and bathymetric
niches within Mediterranean fish assemblages. At the same time, the use of gridded environ-
mental and human pressure datasets capturing brgadle gradients inevitably overlooks fine
scale habitat features, such as sediment type, seabed complexity, localized hydrodynamics, and
smallscale anthropogenic impacts, that are known to strongly influence demersal fish distribu-
tions (Cheminée et al.,, 2017; Cuadros et al., 2019; Druon et al., 2015; Garcia et al., 2022;
MediSeH, 2013). These limitations likely contribute to the substantial spatial structure captured
by random effects in our models.

Species responses to environmental and anthropogenic covariates exhibited a strong phy-
logenetic signal, indicating that vulnerability to global change is structured by evolutionary his-
tory. Closely related species tended to share similar response profiles, suggesting that con-
served trait syndromes shape ecological niches and sensitivities to warming, fishing pressure,
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and human accessibility (Comte et al., 2014; Comte & Olden, 2017; MacNeil et al., 2025; Maioli
et al., 2023). Functional and life history traits explained a substantial fraction of asp@wies
variation in responses, particularly to temperature and anthropogenic drivers, highlighting the
mechanistic role of functional traits in mediating speesewironment relationships. However,

the persistence of a strong phylogenetic signal beyond the traits included in the model suggests
that additional, unmeasured traits (e.g., behavioural strategies;dicade habitat specialization,
physiological tolerances) contribute to shaping species niches. This pattern is consistent with
recent macroecological studies showing that phylogeny often captures latent ecological dimen-
sions not fully described by available trait data (Maioli et al., 2023; Montanyes et al., 2023;
Weigel et al., 2021, 2023). This also suggests that entire phylogenetic lineages may be more
vulnerable to ongoing environmental change and exploitation, potentially leading te non
random biodiversity loss and erosion of ecosystem functioning (Olden et al., 2004; Pinsky et al.,
2011; Purvis et al., 2000; Sunday et al., 2015). Collecting and integrating trait information at the
life-stage scale (i.e., for juveniles (adlike form, immature) and adults (sexually mature, re-
productive)) therefore appears crucial to improve mechanistic understanding of spkfeies
stage niches and community assembly, and to strengthen-txased links between environ-
mental and anthropogenic gradients and fish diversity (Daskalaki et al., 2022; Di Stefano et al.,
2024).

Several limitations of this study are related to the characteristics of the underlying survey
data. The MEDITS bottom trawl survey is not designed to capture the full spatial distribution of
all target species and life stages, particularly early juveniles whose nursery habitats often occur
in shallow coastal areas that are poorly or not sampled by the survey (Cheminée et al., 2021;
Colloca et al., 2015; Garcia et al., 2022; Giannoulaki et al., 2017; MediSeH, 2013). In addition,
MEDITS is conducted almost exclusively during the sgtingner period, which may lead to
temporal mismatches between survey timing and key biological processes such as spawning or
early recruitment for some species (Fiorentini et al., 1999; Spedicato et al., 2019). These limita-
tions likely contribute to the large proportion of the variance explained by the random effects
(especially the spatial random effect) and residualocourrence patterns observed in our
models.

The large number of significant residual@ccurrences indicates that specglife stage
assemblages are structured by processes not fully captured by the measured environmental
and anthropogenic covariates (Ovaskainen & Abrego, 2020). The predominance of positive re-
sidual associations suggests that shared habitat preferences, unmeasured environmental or an-
thropogenic drivers, facilitative processes and/or biotic interaction such as predation could play
a major role in shaping local assemblage compositicdin G KS aLJ GAFf aOl S
et al., 2018; Montanyes et al., 2023). Such positive residuakcarrences are also consistent
with habitat filtering acting on finescale environmental features not explicitly included in the
model, such as seabed complexity, microhabitat heterogeneity or localized hydrodynamic con-
ditions, which are known to structure Mediterranean fish assemblages (Druon et al., 2015;
Ordines et al., 2011; Ospidvarez et al., 2012). Negative residuatomourrences, although
less frequent, likely reflect spatial segregation driven by competition (for food and/or habitat),
predation avoidance or contrasting responses to unconsidered phgsiemical gradients
(Ovaskainen & Abrego, 2020). The comparable contribution of juvenile and adult life stages to
both positive and negative associations suggests that these structuring processes operate
across ontogenetic stages, rather than being restricted to a particular phase of the life cycle.
However, the higher proportion of adatdult positive associations may reflect stronger habi-
tat specialization or aggregation of mature individuals, whereas juvenile negative associa-
tions may indicate nursery habitat partitioning or densitypendent interactions during early
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al., 2021; Gouraguine et al., 2011; Haak et al., 2020; Mytilineou et al., 2013; Panzeri et al., 2025;
Sion et al., 2019). Overall, these residuabcourrence patterns point to the importance of bio-
tic interactions, both interand intraspecific, and finescale habitat structure in shaping com-
munity assembly, complementing the effects of breswhle environmental gradients and an-
thropogenic pressures captured by the fixed effects. While residual associations cannot be in-
terpreted as direct interactions (Blanchet et al., 2020; Ovaskainen & Abrego, 2020), they pro-
vide valuable insight into latent processes influencing species coexistence and spatial organiza-
tion.

Spatietemporal trend analyses revealed a pronounced contrast between juvenile and
adult life stages. Juvenile abundance trends were spatially heterogeneous, with localized in-
creases, stability or declines, whereas adult abundances showed a more spatially homogenous
and widespread decrease across much of the western Mediterranean Sea. This pattern suggests
that recruitment limitation is not the primary driver of population decline for many species and
that postrecruitment processes, especially fishing mortality, play a key role in shaping adult
population dynamics through time (Quinzan et al., 2020; Vasilakopoulos et al., 2014). This is
consistent with basifwide assessments showing chronic overexploitation of Mediterranean
stocks (FAO, 2025; Fiorentino & Vitale, 2021). These results underscore the importance of ex-
plicitly incorporating demographic structure into analyses of species distributions and temporal
dynamics.

Essential Fish Habitats (EFHs) are widely recognized as a cornerstone of fisheries sustain-
ability and marine ecosystem functioning, as they support keyhigtory processes such as
spawning, nursery development, feeding and refuge from predation (Le Pape et al., 2014;
Moore et al., 2016; Stamp et al., 2025; Sundblad et al., 2014). By sustaining recruitment, bio-
mass production and trophic interactions, EFHs underpin critical ecosystem services, including
food provision, biodiversity maintenance and ecosystem resilience (Liquete et al., 2016). In the
Mediterranean Sea, however, EFHs are increasingly threatened by cumulative pressures from
fishing, seause change, pollution, biological invasions and rapid climate warming (Bevilacqua et
al., 2020; Coll et al., 2010; Halpern et al., 2025; Micheli, Halpern, et al., 2013). The degradation
or loss of EFHs can propagate through populations and food webs, reducing recruitment suc-
cess, truncating age structures, and diminishing ecosystem resilience (Barrientos et al., 2024;
Fonseca et al., 2025; Peterson & Lowe, 2009; Tao et al., 2021).

Traditionally, EFHs have been identified at the species level, often focusing on a limited
number of commercially important stocks and specific life stages (Colloca et al., 2009;
| NEBOQKNA2dz SO €t ®X HanyT [Fdz2NRIF SO Ff®I HAM
2025). Such approaches typically rely on static distribution maps, expert judgement (e.g.,
Bousquet et al., 2024) or coarse habitat classifications and rarely account for-sgaporal
variability, multispecies interactions, or climadeiven distribution shifts. In dynamic and spe-
ciesrich systems such as the Mediterranean, this specedric perspective is increasingly in-
adequate, as rapid warming, biological invasions, and changing exploitation patterns are re-
shaping species distributions and community composition (Azzurro et al.,, 2019; Chust et al.,
2024; Damalas et al., 2021; Moullec et al., 2019; S4aunzin et al., 2024).

Here, we move beyond these limitations by adopting a commduatsed, lifestage
explicit and spatigemporally dynamic framework. By combining joint species distribution
modelling (Ovaskainen et al., 2017) with Emerging Hotspot Analysis (ESRI, 2025), we identified
dynamic hotspots and coldspots of abundance across multiple species and life stages. Only
about half of these areas were spatially congruent between life stages, indicating that high or
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low abundance areas are strongly {gtagespecific. Spatial congruence between juvenile and
adult hotspots (i.e., areas supporting high abundances of both juveniles and adults) delineates
areas where multiple demographic processesocour (e.g., recruitment, growth, natural mor-
tality) and can be interpreted as communitased EFHs. These areas can be considered as eco-
logically significant and priority conservation areas at the community level and provide an op-
erational basis for ecosystebased fisheries management.

Despite their ecological importance, most of these commuhaged EFHs remain outside
the current Mediterranean MPA network. Approximately 76% of their surface fall outside
MPAs, and the majority of protected EFHs are subject only to minimal or light protection. This
spatial mismatch reflects the fragmented development of Mediterranean MPAs, which have
largely emerged from national or subnational initiatives driven by socioeconomic and historical
factors rather than baskscale ecological evidence (AminiBiguet, Gorjanc, et al., 2024; Clau-
det et al., 2020; Francour et al., 2001). It also mirrors broader patterns observed across the
Mediterranean Sea, where MPAs often fail to encompass ecologically critical areas or to pro-
vide adequate protection levels (Abello et al., 2025; Claudet et al., 2020; Giakoumi et al., 2017,
Guilhaumon et al., 2015; Mouillot et al., 2011), thereby undermining progress toward the ob-
jectives of the EU Marine Strategy Framework Directive, the Common Fisheries Policy, and the
EU Biodiversity Strategy for 2030. Our results suggest that MPA designed to encompass areas
used by both juvenile and adult life stages could deliver greatertemy biodiversity and fish-
eries benefits than approaches focusing on a single demographic component (Beck et al., 2001;
Dahlgren et al., 2006; Gaines et al., 2010; Gruss et al., 2019; Olds et al., 2016; White, 2015). In-
deed, protecting areas that simultaneously support recruitment and spawning has been shown
to enhance population replenishment, stabilize biomass, and increase fisheries yields through
spillover and larval export (Baskett & Barnett, 2015; Edgar et al., 2014; Gaines et al., 2010; Gofi
et al., 2008). Notably, congruent persistent juvegadult hotspots represent approximately
8.5% of the study area, close to the EU target of strictly protecting 10% of marine waters under
the EU Biodiversity Strategy for 2030. While illustrative rather than prescriptive, this proximity
highlights the potential of such areas as scientifically grounded references for improving the
ecological coherence and effectiveness of MPA networks. These priority areas could be inte-
grated with complementary biodiversity metrics and conservation initiatives to support the de-
sign of interconnected, climateesilient MPA networks accounting for population connectivity
and cumulative pressures (Abello et al., 2025; Mazor et al., 2014; Micheli, Levin, et al., 2013).

Taken together, our results highlight the urgent need to integrate dynamic, community
based EFHs into marine spatial planning, fisheries management and MPA network design. Pro-
tecting EFHSs is not only a biodiversity conservation objective but a prerequisite for maintaining
ecosystem services and lotgym fisheries productivity. Incorporating Ifgtage dynamics and
spatiotemporal variability into EFH identification offers a practical pathway to operationalize
ecosysterbased fisheries management under European and regional policy frameworks. Ex-
tending this approach to project EFH shifts under climate change scenarios and cumulative hu-
man pressures will be critical to support adaptive, forwrdking conservation strategies in
the Mediterranean Sea.

4.5. Conclusion

Our results show that conservation strategies based on static, speesc representations

of habitat use are likely to underestimate both the spatial extent and ecological importance of

key marine habitats in rapidly changing systems. By explicitly accounting fstalifespecific

responses, phylogenetic structure and spaemporal dynamics, we demonstrate that areas of
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high ecological importance can differ markedly among demographic stages and through time,
particularly under strong environmental gradients and anthropogenic pressures. Spatially
congruent hotspots between juvenile and adult life stages provide a dynamic, comntenely
representation of Essential Fish Habitats, identifying locations where recruitment, growth, and
adult persistence can eoccur across multiple species. These habitats are therefore likely to
contribute disproportionately to population connectivity, biomass production and ecosystem
resilience, yet only a limited fraction currently overlaps with existing protected areas in the
western Mediterranean Sea. The strong phylogenetic structuring of species responses further
suggests that protecting communityased habitats may help safeguard phylogenetic and
functional diversity, thereby buffering ecosystems against clintliteen range shifts and
reorganization. More broadly, integrating joint species distribution models with spatio
temporal hotspot analyses offers a transferable macroecological framework to identify dynamic
conservation priorities and improve the ecological representativeness and-téony
effectiveness of marine protected area networks under ongoing global change.
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5.1. Introduction

The Mediterranean Sea is a highly complex marine environment that hosts a plethora of spe-
OASax ¢6AGK I KAIK tS0St 2F SYRSYA&AY 065Qh NI S\
2015). Several nursery habitats have been reported in the basin, noRddidonia oceanica
(Lattanzi et al., 2024) and other seagrass meadows (Cuadros et al., 2017), algal forests
(Cheminée et al., 2013) and biogenic reefs (Boudouresque et al., 2016). These, mostly shallow,
coastal habitats form a mosaic of habitats important for early fishslifges (Cheminée et al.,

2021).

Juvenile fish community distribution and diversity information in the Mediterranean, and
especially on the eastern part of the basin, is sparse. Few studies refer on the matter, and only
for specific habitat types (Lattanzi et al., 2024), for a small area (Ntouni et al., 2023) or for a sin-
gle species (Druon et al., 2015). Similarly, areas with large aggregations of multiple juvenile fish
species (hot spots) have not yet been identified.

In the present study we aimed to identify the environmental and anthropogenic drivers
that shape the juvenile fish community of the CentEalstern (CE) Mediterranean. We used
joint species distribution modelling in order to be able to predict the species distributions
across the spatial and environmental gradient, and subsequently assess the status and trends of
juvenile fish alpha biodiversity. By combining the model results with a spatial statistical analysis
framework, we aimed to map the essential for early fishdifages habitats.

5.2. Material and Methods

In order to assess the biodiversity status (spatial and temporal patterns) and drivers (environ-
mental and anthropogenic variables) of juvenile fish in the CE Mediterranean, we utilised a joint
species distribution modelling approach, and specificallyHierarchical Modelling for Species
Communitied | a{/ 0 FNIYSg2N]l ® |l a{/ Aa al Ydzt GASBI NA
Y2RSt FAOGGSR GAGK . lF@SaAaly AYyFSNByOS¢ GKI G
ONBaLRyasS YIGNRED 6AGK SYy@BANRYYSyGlt REGE 6
logenetic/taxonomic information to infer community assembly processes (Ovaskainen &
Abrego, 2020).

To start building our models we used fish occurrence, abundance and length frequency
data (abundance per length class) from the Mediterranean International Trawl Surveys (MED-
Le{0O o!y2yeyY2dzays wnmTLOX Ff2y3a gAGK (GKS KI dz
mation, from 1999 to 2021. Before the analyses, potential errors in the MEDITS data were iden-
GAFASR YR O2NNBOGSR 06KSNB ySSRSRO gAUGK GK
2025). To allot the fish data to the different liftages, we usgthe abundance per length class
data included in the TC files and the length at first matutity) of each species from the traits
database (see below) to split the abundances between juveniles (lengthlas$ and adults
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(length class >tmay). Afterwards, the abundance data were standardised to units of surface
Obi2pYoe RAGARAYI 6AGK GKS O2NNBaLRyRAy3A KI dz
were filtered further to include only the lifstages that occurred in at least 1% of the total
hauls in the final dataset. In total, 104 species/btages were included (60 juvenile and 44
adult life-stages, from 61 unique species) and 12924 unique hauls (sampling points) (Figure
5.1).

To construct the covariate matrix, we used monthly modelled data from the Copernicus
CMEMS Mediterranean Sea Physics Reanalysis (Escudier et al. 2021) and the Mediterranean Sea
Biochemistry Reanalysis (Teruzzi et al. 2021) products. To minimise computation time and avoid
overfitting, we first checked for significant collinearities between the covariates and successive-
ly removed those with variance inflation factors > 3 (Zurr, 2014). We then performed a dis-
tance-based redundancy analysis on the log(x+1) Hastis transformed abundance dissimilar-
ity matrix, using the remaining covariates (Legendre & Anderson, 1999). The environmental var-
iables with the largest scores in the first three RDA axes were then selected to perform the first
few HMSC test runs. The variables that displayed an insignificant contribution on the overall
explained variance were eliminated. Additionally, to model the effect of human pressures on
the juvenile fish community, we elected to include fishing pressure asatpeori dominant
stressor on Mediterranean marine habitats. Three fishing pressure indices were computed an-
nually for the area, for smaficale fisheries, trawlers and purseiners, by using a Multeria
Decision Analysis (MCDA) that takes into account the various interactions between the fishing
FESSGQa OKIFNYOGSNRAGAOAZT KdzYly FTOGADBAGASE 0O°
ronmental factors (e.g. bathymetry, temperature, winds), as described in Kavadas et al. (2015,
2025). These indices were subsequently summed and then rescaled b@xkljso produce a
single fishing pressure index (FPI). All in all, the covariates that were used to fit the HMSC mod-
els were bottom depth, bottom temperature (botT), bottom salinity (botS) tlagsformed
surface chd concentrations (chl) and fishing pressure index (FPI).

To construct the species traits matrix, we used information from the Mediterranean fish
traits database developed and presented in Deliverable 2.2 (Spedicato et al., 2024), and select-
ed five traits (two categorical and three continuous), the trophic guild (categorical), the caudal
shape (categorical), the trophic level (continuous), thetlagsformed growth coefficient (con-
tinuous) (all shared between the two li#ages), and the maximum size (continuous) that was
set equal to the length at first maturity for juveniles and the maximum observed length for
| Rdzf Gad CAylffeés dzaAy3d GKS WFHLISQ w LI O1F3ASE
life-stages (tips), with branches of length 1 between nodes, except for thetéifges tips that
were set at a length of 0.1 in order to simulate a psewdlfterentiation between the juveniles
and the adults of the same species.

Finally, to construct the spatial random factor, we generate® hekagonal grid covering
the entire area and used the id number and the centroids of the grid cells to construct the first
random factor (89 levels), and set the maximum number of latent factors to 5 (Figure 5.1). We
avoided using a finer resolution grid because most of the explained variance was absorbed by
the spatial random factor during test trials. For the temporal random factor, we used the sam-
pling year as factor (23 levels), with a maximum of 2 latent factors.
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Figure 5.1 .Distribution of the 12924 sampling points (MEDITS hauls), from 1999 to 2021, in the Eastietin
Mediterranean. ThedK SEI 32yl f 3INAR dzASR F2NJ 6KS Y2RSt&aQ aLl GALlf

To fit our model, we used a hurdle approach, which requires the fitting of two separate models,

a Presence/Absence (PA) and an Abundance Conditional on Presence (ACP) model, that are
then combined to produce a single model. The PA model was fitted by applying a probit regres-
sion on the species/lifstages presence/absence binary matrix, and the ACP model by applying
linear regression on the leansformed abundance matrix. For the covariates, depth, boT and
020{ ©HSNB | RRSR Ia ljdzZ RN GAO {SNN&EI ARFa @2 NRSL
temperature and salinity niches, while log(chl) and FPI were added as linear terms. Each model
was sampled four times with Markov Chains Monte Carlo (MCMC) simulations, run for.85
iterations, with the first 1/3 of the iterations being discarded as burnEach of the four chains

was thinned by 3000 and sampled 300 times, resulting in a total of 1200 posterior samples per
model.

After fitting the models, the MCMC convergencasaxchecked by examining the effective
sizes and the potential scale reduction factors (PSRFs) of the beta, gamma and omega model
LI NI YSGSNB® ¢KS 20SNIfft LISNF2NXIYyOS 2F (GKS
R and Area Under the Curve (AUC) (for the PA model) and the nigdor Rhe ACP model).
The variance partitioning was calculated to check the variance explained by each covariate,
overall and by species/lifstage, for both models. The posterior distributions were then used to
predict the effect of the covariates on the overall juvenile species richness and abundance
Ff2y3 SIFOK O20FNAIFGSQa 3INIRASY(HO®

Afterwards, we aggregated annually the monthly modelled CMEMS environmental data
for the covariates included in the models into a®hexagonal grid, and calculated their mean
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per grid cell between May and August (which corresponds to the period 86.3% of the sampling
took place). From these data we constructed a spatial environmental gradient that was then
used to predict the probability of occurrence (using the PA model) and the abundance (using
the ACP model) of species/lftages across the entire area and up to 1000 m in depth, for eve-
ry year. For a subset of speciesAgtages that displayed erroneous probabilities outside their
expected depth niche, the probability predictions were subsequently refined by manually set-
ting them to zero for depths larger than their maximum recorded depth in the CE Mediterrane-
an dataset. The hurdle model predictions were then calculated by multiplying the probability
and the ACP abundance matrices for each year. The hurdle predictions were also subsequently
refined to curtail some extreme values (typically no more than five for a small minority of spe-
cies/life-stages) to manually set them equal to the 99.9 percentile. Finally, abundances < 0.012
km? (which corresponds to <1 individual per grid cell) were set to zero.

¢CKS lyydzaf KdZNRf{S Y2RStf LINBRAOGAZ2Yya oSNB
SBAOSNAAGEY &aLISOASa NAROKySaa |FyR tASft2dzQa 9¢
trends, we performed a ManKendall trend test (Mann, 1945) for each grid cell and for each
index. The delta of each index per grid cell was calculated and then summarised to get their
overall change. The summarised deltas of the grid cells that demonstrated significant temporal
trends were then plotted to identify areas that have undergone significant alpha diversity
changes from the past to the present.

Finally, in order to identify significant juvenile hot spots in the CE Mediterranean, we per-
formed an Emerging Hot Spot Analysis (EHSA) (Baezzalez & Kamakura, 2025; Esri, 2026).
In brief, EHSA is an analysis that uses the @gtisGi* statistic (Getis & Ord, 1992; Ord & Getis
1995) and the ManKendall trend test to identify significant clusters of high (hot spots) or low
(cold spots) values, and then classify them under an-ea$gllow convention. First, the annual
hurdle model predictions were normalised to unit variance, by dividing each value with the an-
ydzt £ adlyRINR RS@OAFGAZ2Y 2F SIOK aLISOASasz (2
abundance, but preserve their temporal and spatial variability. The normalised juvenile abun-
dances were then summarised to produce a single juvenile abundance index that is not heavily
influenced by the most abundant species. Hence, large values of this index will indicate areas
where both juvenile abundancend richness is high. We then performed the EHSA using the
I F2NBYSY(iA2ySR AYRSESX vdsSSyoga O2ydGAdadzaide aLd
significance threshold of 0.01, and run for 100 simulations.

lEf FylfeasSa 6SNB LISNF2NNY¥SR Ay w GOSN ndnodE
R package (ver. 3.2t03B80 I yR dKS3 QWILRAE2Z2Y Y2Rdz S 6wl KYl
tanced  a SR w5! FyR I fLKIFI RAGSNAAGE AYyRAOS&a oSN
27-2). TheManfy SY RIF £t GNBYR GSada 6SNBE R2yS gA0GK
91 {! ¢la R2yS gA0K GKS WaFTRSLIQ w LI O1+F3S 0@S

5.3. Results

The MCMC convergence of the beta, gamma and omega parameters of both PA and ACP mod-
els were deemed satisfactory, with mean effective sample sizes very close to 1200 (i.e., the
number of posterior samples), and PSRF point estimates and upper confidence intervals very
close to 1 (Figur&5m 0 @ ¢ KS LISNF2NXIFyOS 2F t! Y2RSt gl 2
ndomo FyR YSIy !/ T nopmnd ¢KS !/t Y2RSf Qa
parison, with mean R= 0.250.
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The dominant variable affecting the juvenile species distributions was depth, which explained
55.6% and 51.9% of the total variance for the PA and the ACP model, respectively (Figure 5.2).
Bottom temperature was the next most influential variable, explaining 4.9% and 5.7% of the to-
tal variance (for the PA and the ACP model, respectively), followed by bottom salinity (1.9% and
3.8%), chd concentrations (1.6% and 2%), and fishing pressure (1% and 1.8%). The spatial ran-
dom factor absorbed 30.8% of the variance from the PA model and 31.3% from the ACP model,
hinting there was much spatiaistructured residual variance that was not covered by the co-
variates. The temporal random factor also hinted at the existence of tempestailgtured re-

sidual variance, albeit weaker than the spatial one (4.3% and 3.6% of the total variance for the
PA and the ACP model, respectively).

PA model

botS (1.9%)
botT (4.9%)

log(chl) (1.6%)
& depth (55.6%)
2 FPI (1.0%)
8 Random: grid.id (30.8%)
g Random: year (4.3%)
kS
£
©
8
3
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Figure 5.2Variance explained per species for the 60 juvenilesiéges included in the HMSC models, partitioned
between the model covariates and random factors. Top: Presence/Absence (PA) model, Bottom: Abundance Con-
ditional on Presence (ACP) model. botS: bottom salinity, botT: bottom temperature, log(cHtarefprmed sur-

face cha concentrations, FPI: fishing pressure index, grid.id: Spatial random factor, year: temporal random factor.

CKS 20SNIff AyTFtdzSyO& i28BSEN RODIANEYOS #HIJ
abundance 22%. The species responses to the covariates attributable to traits showed different
patterns between the models, with depth, botS and FPI being the most important in the case of
the PA model, and depth, botT and log(chl) in the case of the ACP model G@)rd8y con-
trast, the mean taxonomic signal was very strong in both models (87.65% and 78.18%, for the
PA and the ACP model, respectively), hinting that the residual variation in species niches was in-
fluenced by the species |Hgtage.

Regarding the influence of covariates on the juvenile richness and abundance, overall,
both showed the same trends, albeit ndinear in the case of richness (Figusa). Bottom
temperature, chh concentrations and fishing pressure correlated positively with both richness
and abundance, while depth and bottom salinity displayed a negative correlation.
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Figure5.3. Effect of the covariates on juvenile species richness (left) and abundance (right). The black line denotes
GKS YSIyYy GNBYR If2y3a GKS O02@FNARIF{iISQa 3INIRASY:H FyR GK
represent the sampling points. N: number of individuals, botT: bottom temperature, log(chtyalogformed sur-

face ch& concentrations, botS: bottom salinity, FPI: fishing pressure index.

The juvenile alpha diversity patterns in the CE Mediterranean revealed high spatial heter-
ogeneity both at the area and at the subarea level (Figudg. In general, deeper waters
showed lower Shannon diversity and species richness, and average or high evenness. A weak
north-south species richness gradient could also be observed. The areas that displayed the
highest Shannon diversity were the C Cyclades and the C Dodecanese in the C Aegean Sea, and
the N lonian Islands in the lonian Sea. For species richness, the C Aegean Sea, the C lonian Sea
the N Adriatic and the shelf area along the strait of Sicily showed the highest values. Regarding
t ASt 2dzQa S@SyySaazr GKS !'S3ISlIy {SI FyR GKS L2
for Thermaikos Gulf in the N Aegean), while the opposite was true for the Sicilian shelf waters
and for most of the Adriatic. The Sicilian slope waters, though, and the open waters in the N
Adriatic Sea, were characterised by relatively high evenness scores.
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indices between 199¢ 2021) (left) and significant temporal trends (Delta) (right). Delta represents the overall
change of the index from 1999 to 2021. Only deltas in grid cells that displayed significanidadall trends are

shown. The colour switch for indices is set at their mean, and for deltas at zero. Grid cells represent the predicted
space.

Looking more closely at the subarea level, several noteworthy patterns arise. In the N Ae-
gean, Thermaikos Gulf, although it presented average species richness, had very low diversity
and evenness scores. In the Adriatic two contrasting patterns were observed, along the east
west and the northsouth axes. The western coasts displayed average species richness and low
diversity and evenness scores, while the eastern coasts showed high index scores all around. A
similar pattern could be observed for the open Adriatic waters, where the N Adriatic showed
overall higher index scores, compared to the S Adriatic. The shelf area along the strait of Sicily
presented very high species richness, but relatively average diversity and low evenness, while
the slope waters around the shelf had relatively low to average species richness, but high diver-
sity and evenness. Cyprus showed high species richness only in the shallower waters around the
island, but relatively moderate to low diversity and evenness scores, as opposed to Crete,
whose shallower waters presented high values for all three indices.
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Regarding the juvenile alpha diversity temporal trends, a significant-kEoge trend was
0KS RNRL) 2F {KIyy2y RAGSNEAGE YR tASf2dzQ4
Adriatic and, to a lesser degree, the strait of Sicily. The sharpest diversity and evenness drops
were fairly localised along the coasts of Albania and CE Italy. The final notable drop in diversity
and evenness was observed in the N Adriatic, across the W Istria. In regard to species richness,
the area most affected by losses was the lonian Sea. The Aegean and the Adriatic Seas also
showed a loss of species sporadically. Nevertheless, some areas displayed notable positive
trends in the juvenile alpha diversity. A fairly large area along the shelf waters from the SE Mal-
GFr G2 GKS { 2F {AOAfe RAALIFE@SR I &AA3AYAFAOLl )
The waters all around the strait of Sicily showed an increase in species richness in general. The
deeper waters of the S Adriatic also displayed sporadic gains in species richness. The Aegean
Sea presented sporadic gains in all three indices across the area. Finally, positive trends for di-
versity and evenness were observed in the C lonian Sea, in the southern and the northern Croa-
tian archipelago, in the NC Adriatic Sea, around the Po river Delta and the mouth of the rivers
Adige and Brenta (NW Adriatic), and in the Gulf of Manfredonia (W Adriatic).

According to the EHSA analysis, the most significant juvenile hot spots in the CE Mediter-
ranean were located across the southern coasts of Cyprus and along the Morphou Bay, in the
Dodecanese between the islands Samos and Kos (CE Aegean), and east of Limnos island (NE Ae
gean), along the Evros and Nestos river Deltas, the Gulf of Kavala and Thermaikos Gulf (N Aege-
an), in the Pagasetic Gulf and around the Attic peninsula (CW Aegean), in the central Cyclades
(C Aegean), in the Gulf of Patras (C lonian), along the strait of Corfu (N lonian), along the coasts
of Albania and in the southern Croatian archipelago (SE Adriatic), around the Marano and the
Venetian lagoons, as well as south of the Po river Delta and the along the coasts of Ravenna (N
Adriatic), in the Gulf of Manfredonia (CW Adriatic), in the serdhbtern coasts of Sicily and in
the shelf waters east of Malta (Figuseb). Finally, the deeper waters in the Aegean Sea, in the
seas around Crete, in the NW lonian Sea, in the S Adriatic and in the strait of Sicily were persis-
tent juvenile cold spots. Several cold spots were also located in the CW Adriatic waters.

46°N - :
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intensifying hot spot
p— “\ Lﬂ consecutive hot spot
\, new hot spot
Cd sporadic hot spot
40°N 1 ﬁ}'m} no pattern detected
}m X sporadic cold spot
38°N - ' J\ﬁ/ X x r new cold spot
b \j % : '@f consecutive cold spot
/o % &f‘if\r Wy # s a:‘-"ﬁ;’"ﬁq f‘\\\ “_‘ intensifying cold spot
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Figure5.5. Significantd = 0.01) juvenile fish hot and cold spots in the Cerfraétern Mediterranean. Areas were
classified in accordance to the Emerging Hot Spot Analysis classification scheme.
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5.4. Discussion

In the present study we used staté-the-art joint species distribution modelling to reconstruct

the state of biodiversity of juvenile fish in the CE Mediterranean, from 1999 to 2021. Through
Hierarchical Modelling of Species Communities, we uncovered the environmental and anthro-
pogenic drivers shaping their distributions, and by combining the modelling outputs with spatial
statistical technics (EHSA) we identified areas of particular importance for conservation (juve-
nile fish hot spots) in the CE basin. According to our results the dominant environmental driver
shaping the distributions of juvenile lifgages, and the demersal fish community as a whole,
was depth (Figure 2). It is well known that demersal fish species inhabit inside specific depth
niches and form distinct assemblages along the depth gradient (Fujita et al., 1995; Bergstad,
2009), and our model results corroborate this. Fish juvenile species richness peaked at-shallow
most waters (660 m depth range) and formed a smaller secondary peak betweef8260m,

while juvenile abundance decreased almost linearly with depth (Figure 3). This was also reflect-
ed at the juvenile species richness map (Figure 4), where several of the shadlstwones and
areas over the shelf presented high richness scores.

Bottom temperature showed a positive correlation with juvenile species richness and
abundance (Figure 3). Since fish species thrive under certain temperature ranges (Tzanatos et
al., 2020), the interaction of temperature and depth forms a particular suitability range for spe-
cies over the seafloor. But when sea warming is considered, some species may experience a
range contraction, either northwards or towards deeper waters (Clark et al., 2020). Our results
provide more evidence on this, since many deep areas, where generally vulnerable chondrich-
thyan juveniles reside (e.@himaera monstrosa, Centrophorus granulosus, Dalatias éintda
Etmopterus spingxexperienced a loss in two of the three alpha diversity indices (Shannon di-
GSNARAGE YR tASf2dzQa S@SyySaaovd {SI g NYAy3
thermophilic species, judging by the positive trends in species richness, most notably all around
the strait of Sicily and in the North Aegean Sea (Figure 3).

Bottom salinity and clalconcentrations were the next most influential covariates (Figure
2), with salinity correlating negatively and atpositively with juvenile species richness and
abundance (Figure 3). This agrees with the EHSA results, which identified plenty significant ju-
venile hot spots near river mouths and deltas, and near lagoons (Figure 4). Productive fronts
are generally important for successful recruitment and juvenile growth (Druon et al., 2015). Bar
the above, this salinitghla gradient could also reflect a more general easst gradient,
which is prevalent in the Mediterranean.

Lastly, fishing pressure had a significant, albeit weak effect on the CE Mediterranean ju-
venile fish community (Figure 2). Interestingly, fishing pressure correlated positively with spe-
cies richness and abundance (Figure 3). This find is possibly due to FPI correlating spatially with
juvenile fish aggregations in shallower, more productive areas. In these areas, where trawling is
frequently banned due to proximity with the coast or due to the presence of protected marine
habitats, fishing is done by highly selective gears from artisanal fishers. Small scale fisheries
might tend to gravitate towards these areas to catch the bigger adult fish that share these habi-
tats, indirectly favouring the smaller juvenile lséages by lowering their mortality from preda-
tion. Although here we prioriconsidered and modelled only fishing pressure as the dominant
anthropogenic stressor on the juvenile fish community (other than sea warming), other stress-
ors like the presence of extensive marine infrastructure might be very important locally (Mer-
cader et al., 2017; MatiBkoko et al., 2020).
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Veged

As mentioned above, in the previous section, juvenile alpha diversity was highly hetero-
genous across the CE Mediterranean. Subarea patterns were significantly more pronounced
than subbasirwide patterns, with the only notable larggcale pattern being that along the
depth gradient. The Aegean Sea arose as a very diverse area that presented high scores across
all indices, with exceptionally high evenness. Additionally, species richness trended upwards in
several locations around the area. Its northern part though, and especially Thermaikos Gulf,
presented very low evenness, hinting that juvenile abundance was dominated by a few species.
Nevertheless, several areas in the N Aegean, including Thermaikos, were identified to be signifi-
Oyl o6FyR AyiGSyaArTeAay3ao 2d@SyAftS Kz2G aLl2dGa c
holed into a single biodiversity index when prioritising conservation, but rather examine in a
caseby-case basis which indices to consider. The Adriatic Sea displayed two very pronounced
diversity patterns along the norteouth and the eastvest axis. The N Adriatic open waters
presented a very diverse juvenile community, while the S Adriatic open waters showed the op-
posite pattern. Similarly, the E Adriatic coasts showed high biodiversity scores across the board,
while the W Adriatic coasts had markedly low scores. Still, areas like the Gulf of Manfredonia
and the Po river Delta are persistent juvenile hot spots according to the EHSA analysis. Worry-
ingly, the Adriatic Sea was an area that recorded mostly losses in the juvenile alpha diversity. In
GKS aGNXAG 2F {AO0OAfeé&x (KS FfLKIF RADGSNBAGE T
area was characterised by very high species richness, but the more diverse and even juvenile
communities were located on the slope along the shelf break. The strait of Sicily was the area
that presented the most prominent gains in juvenile alpha diversity in the CE Mediterranean.
Finally, the lonian Sea showed very high scores in all indices. The CE lonian presented an inten-
sifying juvenile hot spot (Gulf of Patras) in an area where species richness trended significantly
downwards. Perhaps the CE lonian is an area where nursery habitat conservation measures
should be prioritised. The N lonian Sea also revealed a potential blind spot of our EHSA analysis.
The south of the Salento peninsula that presented relatively high alpha diversity scores was
classified as a cold spot, further corroborating against the use of simggx approaches for
biodiversity conservation.

In conclusion, through the use of Hierarchical Modelling of Species Communities, we have
shown that the most important environmental variables influencing juvenile fish distributions in
the CE Mediterranean were (in order of significance) depth, bottom temperature, bottom salin-
ity and ch& concentrations. Fishing pressure interacted significantly but had a weaker, positive,
indirect effect on juvenile aggregations and richness. By utilising joint species distribution mod-
elling and spatial statistical technics we were able to map for the first time the juvenile fish
community alpha diversity patterns and hot spots in the area. Each subarea displayed distinct
diversity and hot spot patterns, revealing that CE Mediterranean is a highly heterogenous area
with substantial spatial complexity on its juvenile habitat structure.
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6 Interacting effects of anthropogenic and environmental pressures on
biodiversity: a multtscale approach

Authors: Alicia Gran, Manuel Hidalddarion Billy, Silvia Blum, Walter Zupa, Stratos Batziakas,
Bastien Merigot, Fabien Moullec, Panagiota Peristeraki, Maria Teresa SpeBigticia Puerta

6.1. Introduction

The Mediterranean Sea, a w&hown biodiversity hotspot (Coll et al., 2010), is one of the most
exposed ecosystems to anthropogenic (e.g., pollution, direct habitat destruction) and environ-
mental (e.g., warming, biological invasions) pressures, with fishing and climate change among
its main threats (Collocetal> HAMTT tA&aly2 SG Ff®dX wnunT hQl
in isolation, pressures can accumulate in space and time (Culhane et al., 2018; Halpern et al.,
2019), enhancing the degradation of marine habitats, eroding their resilience, and deteriorating
key ecosystem servicesparticularly, those dependent on marine biodiversity such as climate
regulation or food provision (Balvanera et al., 2017).

Biodiversity is key in maintaining ecosystem stability and resilience under a context of in-
tensifying pressures (Loreau, 2001; Isbell et al., 2015). Changes in biodiversity, especially when
persistent, can weaken these properties, altering community composition and functioning and,
in consequence, increasing vulnerability to further perturbations (Hooper et al., 2005; Oliver et
al., 2015; Isbell et al., 2015; Hong et al., 2021). As predicting biodiversity responses is, there-
fore, a priority for effective management, it becomes challenging when multiple pressures act
simultaneously. In such cases, pressures may act cumulatively, triggering additive effects, or in-
teract in complex ways altering the expected biodiversity response through multiple pathways
(Crain et al., 2008). These interactions are commonly described as synergistic, when combined
effects trigger a stronger response than expected, or antagonistic, when one pressure reduces
the effect of the other (Cotet al., 2016). However, the type, the magnitude, and even the di-
rection of these effects cannot be generalised, but most likely vary with pressure intensity, bio-
diversity facet, and the ecological or biogeographic context in which they occur (Catford et al.,
2022).

Within this dependency framework, both biodiversity and pressures are sensitive to the
spatial scale (Gonzalez et al., 2020; Low et al., 2023). Most studies address cumulative effects at
broad scales, capturing regional patterns, which may potentially mask local, ecologically rele-
vantdynamicso / I § F2NR S | f ®S HAHHOD® LIY2NAY 3T LINBA
priate spatial scales can lead to management actions that are ineffective, or even detrimental
to marine ecosystems (i.e., mismanagement; Brown et al., 2013; Cété et al., 2016). Understand-
ing which interactions are most critical, where they occur, at which scales, and which facets of
biodiversity are most affected can therefore help prioritising management actions.

Despite their ecological and management relevance, interactions of cumulative effects
still remain poorly addressed and understood, particularly, in heterogeneous and complex sys-
tems such as the Mediterranean Sea. Here, we assess how multiple pressures interact to shape
the spatial patterns of three different taxonomic and functional biodiversity indicators in the
demersal communities of the Western Mediterranean considering both local to regional scales.
Specifically, (i) we identify the main interactioasiong pressures and characterise theirec-
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tion, type and magnitude; and (ii) we spatially assess the role of interacting effects of tempera-
ture-productivity-fishing in the biodiversity responses.

6.2. Material and Methods
Study area and data availability

This study was conducted across the Western Mediterraneanbasin, covering from the

Strait of Gibraltar to the Strait of Sicily. Biodiversity was quantified using taxonomic and func-
tional indicators that relied on fishefindependent abundance data of demersal communities
collected during the Mediterranean International Bottom Trawl! surveys (MEDITS). The MEDITS
surveys are carried out annually during late spmragly summer following standardised proto-

cols regarding sampling design, trawl gear characteristics, and biological data collection, there-
by ensuring spatial and temporal comparability across the region (Spedicato et al., 2019; 2024).
This study focuses on three regions (GSA06, GSA09 and GSA10) and on shelf community biodi-
versity (5@200 m) as a first case study (Fig. 1). A follpaof Deliverable 3.2 will extend the
same analytical approach to other Mediterranean areas and to slope communitieg8@D0

m).

Biological and trait data were compiled in theUBEFUL project (Spedicato et al. 2024;
Deliverable 2.2) and biodiversity indicators calculated within Deliverable 3.1, accounting for
demersal species occurring in at least 1% of the sampling stations to ensure consistency across
time series over the whole basin. The resulting dataset comprised 191 species, including 146
fishes, 24 cephalopods, and 21 decapod crustaceans. Functional diversity indicators were based
on five categorical traitg body length, life span, vertical biological zone, diet, and temperature
preference¢ selected according to their ecological relevance and data availability, and com-
bined to define a total of 144 functional entities (see Deliverable 2.2 for details).

To cover different facets of biodiversity, we selected three biodiversity indicators, not
strongly correlated, that exhibited contrasting responses during exploratory analyses, being:
the Shannon indeas a measure of taxonomic diversity (Shannon and Weaver, 10948¢tion-
al entities richnes#o represent the diversity of functional roles (i.e. sum of functional entities
number; Mouillot et al., 2014), andlultidimensional functional evenness describe how regu-
larly species abundances are distributed in the functional space (Villéger et al., 2008).

Environmental variables related to temperature, salinity and productivity were obtained
from Copernicus Marine Service fraecess repository (Nigam et al., 2021, Teruzzi et al., 2021),
and were expressed as spring average (Alrile), the concurrent MEDITS sampling season.
Substrate type were characterised using the braadle European seabed habitat map (EU-
SeaMap; Vasquez et al., 2023), provided by the European Marine Observation Data Network
(EMODnet), and subsequently simplified into five categoiffesidonia hard substrate, sand,
mud, and mixed sediment.

Anthropogenic pressure on demersal communities was quantified using fishing effort da-
ta derived from Automatic Identification System (AIS) records provided by Global Fishing Watch
(Kroosma et al., 2018). A fishing effort index derived from AIS data as the average number of
fishing days per year, accounting for overall demersal activity (dominated by trawling, with mi-
nor contributions from other demersal gears such as pots and traps, gillnets, and longlines). As
AIS data are only considered reliable from 2012 onwards, biodiversity and environmental data
were restricted to the same period, resulting in a final dataset comprising 656 sampling loca-

tions over a 16/ear timeframe.
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All biodiversity, environmental and anthropogenic variables were spatially and temporally
aggregated using average values onto a hexagonal grid with a spatial resolution of 0.1° (Fig.
6.1), which constituted the basic spatial unit employed for all subsequent analyses. Both chlo-
rophyll concentration and fishing effort were lgansformed prior to analysis to reduce skew-
ness and improve model performance.

Biodiversity responses to interactions

Biodiversity responses to interactions between anthropogenic and environmental pressures
were analysed following two main steps: (i) first, ranking importance of pairwise interactions
through Random Forest at regional scales, and (ii) second, employing Generalised Linear Mixed
Models (GLMM) to characterise the direction, type and magnitude of each interaction at both
regional and local scales, which is the second objective of the study.

Multi-scale approach

Analyses were conducted at two different spatial scales to study -swale patterns in interac-

tions between anthropogenic and environmental pressures. The regional scale was defined by
Geographical SuBireas (GSAs) within the Western Mediterranean, corresponding to fisheries
stock assessment and management units established by the General Fisheries Commission for
the Mediterranean (GFCM) (Breuil, 1999); whereas the local scale was represented by 0.1° grid
cells within each GSA (brg 1).

o
aasN ‘ ‘ Local scale

GSA08

Regional scale

N GSA07
420N ey
GSAQ9
GSA06

40°N
GSA11 GSA10

GSA05
389N

GSAO1
36 N ‘

5°w 0° 59 10 °E 15 °E 5°wW 02 5¢F 10 %€ 15 °E

Figure6.1. Regional (GSAs) and local (0.1° grid cells) scales used in the analysis of interactions in the Western Med-
iterranean. Dark purple highlights the study cases for this deliverable.

Variables and interactions selection

To identify the main drivers of biodiversity across the Western Mediterranean a Random Forest
Y2RSf O6WNIYR2YC2NBadQ LI O1IF3IST [AlLdg YR 2ASy
mental variables (including different measurements of temperature, salinity, productivity, and
habitat structure) and anthropogenic pressures (fishing effort index). Based on variable and
ecological relevance in the study area, chlorophyll concentration (ry-sea surface temper-

ature (SST; °C), and demersal fishing effort index (daysmere selected as descriptors of
productivity, temperature, and fishing pressure. Substrate type was also included in the model

as a control variable to account for structural habitat difference. While substrate type contrib-
uted to improve model performance, it was not considered in the interaction analyses, as no
meaningful or interpretable interaction patterns were detected in preliminary analyses.
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Then pairwise interactions among these variables were ranked by hierarchical im-
portance. Overall interaction strength (%) was quantified for each combination using Accumu-
lated Local Effects (AL&)F 8 SR YSUONARO& OS6WAYEQ LI O113AST azf
relative contribution of interactions to variability in model predictions, while also identifying di-
rectionality (i.e., which pressure modulates the effect of the other). Interactions were evaluat-
ed separately for each region.

Interaction characterisation

In a second step, interactions among pressures and their magnitudes were characterised, classi-
fying them in three different types: additive, synergistic or antagonistic. For this purpose, we
dz2a SR DSYSNIftAaSR [AYySINI aAESR a2RSta 6D[aaal
et al., 2022), to account for the spatial autocorrelation of our data through spatial random
fields to ensure more reliable estimates. All predictive variables were previously scaled from 0

to 1 to improve model convergence and comparability. For each pair of pressures, an additive
model Eq. 61) was compared to an interaction modé&lq. 62):

Indicator ~A+B (1)
Indicator ~AxB (2)

CKS WAYGSNIOlA2y STFSOGQ 461 a OFfOdA F SR |
teraction and additive models, providing information on the nature of their combined effects
(Coteet al, 2016). Thus, (i) a synergistic effect was indicated by positive values indicating am-
plifying effects, (ii) additive effects resulted when the difference was close to zero indicating in-
dependent effects that mainly sum up, (iii) and negative values indicated masking or antagonis-
tic effects, where one pressure reduces the effect or the other (Fig. 2). The magnitude of the ef-
fect was quantified as the difference, either positive or negative, from the additive estimation.
Only robust interactions were considered at each spatial scale, by apglyiagholds based on
the 10" and 9¢" percentiles of the interaction response distribution, separately to both the re-
gional scale (calculated from mean interaction effects aggregated per GSA) and the local scale
(mean interaction effects across cells). Interactions were then classified as (i) antagonistic (<10
percentile), (ii) additive (1D0" percentile), or (iii) synergistic (>9@ercentile); hereafter re-
FTSNNBER (G2 & Wep)SNI OliAz2zy (ellSQ 6CAF

Analyses were performed at both regional and local scales, with local interaction re-
sponses modelled independently for each region to account for context dependency. Interac-
tion responses were finally mapped using yearly averages at both scales to visualise spatial var-
iability and crosscale patterns across the Western Mediterranean.

For the purpose of this deliverable, in this second step of the workflow we focused on
two different case of study: (i) regional scale fishiamperature characterisation for the Shan-
non index, with an example of the Italian coast (GSA09 and GSA10) for local scale, and (ii) fish-
ing-productivity for Functional Entities Richness at regional scale, and the Northern Spanish
coast (GSAO06) at the local scale.
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Figure6.2. Conceptual framework to characterise additive and interaction responses between pressures.

6.3. Results

RandomForest models including the three main predictor variables (chlorophyll concentration,
sea surface temperature, and demersal fishing effort) and substrate type applied on different
indicators explained different fractions of biodiversity variance. The selected variables ex-
plained the highest proportion of variance (21.9%) on Functional Entities Richness, followed by
Multidimensional Functional Evenness (14.2%), while the Shannon index showed the lowest
one (6.3%)For the Shannon index, dominant interactions displayed a clear spatial structure
across the Western Mediterranean, with temperature being involved in almost all interactions
across regions. Along most of the Spanish, French, and Italian shelf, the Shannon index was
mainly influenced by fishintemperature interaction (Balearic Islands [GSAO05], Northern Spain
[GSA06], Gulf of Lion [GSA07], Southern Italy [GSA10]), while theaastidrn Italian coast
was dominated by fishirgroductivity interaction (GSA09). Conversely, in the central part of
the subbasin (Corsica [GSA08], Sardinia [GSA11]) and in the Northern Alboran Sea (GSA01), the
interaction between productivity and temperature was the dominant (Figure &&)function-
al diversity, patterns of dominant interactions changed across regions. In the case of Functional
Entities Richness, fishiggoductivity dominated in nearly all regions except the Gulf of Lion
(GSAOQ7), where the temperatufesshing interaction was again the main one. The Northern Al-
boran Sea (GSA01) and Corsica (GSA08) also maintained prodtmtiygrature as the main
interaction compared to Shannon, whereas in other regions the dominant interaction shifted to
combinations with fishing: in Sardinia (GSA11) interacting with temperature, and in the Balearic
Islands (GSAO05) and southern Italy (GSA10) replacing productivity as the pressure interacting
with temperature (Figure 6.3)or Multidimensional Functional Evenness, the dominant inter-
actions pattern differed from that observed for the other indicators. Fishing interacted with
temperature in the Northern Alboran Sea (GSAO01) and the Gulf of Lion (GSAQ07), while fishing
productivity was the main interaction in the Northern Spanish coast (GSA06) and in Southern
Italy (GSA10). By contrast, the central part of the-babin (Balearic Islands [GSAOQ5], Corsica
[GSAO08], Northern Italy [GSA09] and Sardinia [GSA11]) was mainly influeypgedductivity
temperature interactions (Figure 6.3).
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Figure 6.3 Principal interaction between variables across the Western Mediterranean for the Shannon (a), Func-
tional Entities Richness (b) and Multidimensional Functional Evennessl{cators.

Thedirection, type and magnitude of interactions varied strongly depending on the region and
biodiversity indicator. However, additive responses dominated most of the regions regardless
of the biodiversity indicator and interacting variables (Figure 6.4). For instance, when consider-
ing the interaction between temperature and fishing for the Shannon index at the regional
scale, westernmost regions showed additive interactions, but with a wide range of magnitudes.
In some cases, the interaction value closely approached the threshold for a synergistic effect
(e.g., Northern Alboran SeaGSAO01). At easternmost regions, however, the three interaction
types were present, including a clear synergy of effects in Corsica (GSA08), an antagonism in
northern Italy (GSA09), and additive responses with differing magnitudes in the south. Never-
theless contrasting patterns were observed at local scale which were masked at regional level.
For example, strong local hotspots of both synergies, and antagonisms are detected in North
Tyrrhenian Sea and Sicily and, Central Tyrrhenian Sea, respectively, although antagonistic, and
additive interactions were detected at regional level (Figure 6.5).

Shannon index Functional entities richness
Fishing x Temperature Fishing x productivity
44N \ A
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0
38 °N 0
W 0.0005 W -0.0005
36 °N ‘
5°wW 02 59 10 °E 15 °E 59w 02 59 10 ¢E 15 °E

Figure 6.4.Type (additive, synergistic and antagonistic) and magnitude of interactions between fishing and tem-
perature for the Shannon index (left) and between fishprgductivity for Functional entities richness (right) at re-
gional scales across the Western Mediterranean. Additive effects are shown in light brown, synergies in pink and
antagonisms in blue.

Additive interactions among fishiqgroductivity predominated across most of the sub
basin for Functional Entities Richness, although esos$e heterogeneity was also observed.
Only the Northern Alboran Sea (GSAO01), where fishing and productivity acted synergistically,
and the Gulf of Lion (GSAQ7), where the interaction was antagonistic, differed from that pattern
(Fig. 4). Locadcale analyses evidenced witkniegion variability in interaction type and magni-
tude. Along the Northern Spanish coast (GSAOQ6), for instance, local hotspots-ofdggitude
interactions were detected, with antagonistic interactions concentrating around the Ebro Delta
and synergistic ones mainly occurring in the southern part of this region (Figure 6.5).
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Figure 6.5 Type (additive, synergistic and antagonistic) and magnitude of interacti@tseen fishing and tem-
perature for the Shannon index (left) in the Italian coast (GSA09 and GSA10), and betweespfthiagvity for
Functional entities richness (right) in the Spanish coast (GSAOQ6) at local scales. Additive effects are shown in light
brown, synergies in pink and antagonisms in blue.

6.4. Discussion

Our study shows that cumulative effects of anthropogenic and environmental pressures on
demersal biodiversity in the Western Mediterranean are widespread but strongly centext
dependent, relying on the oceanographic and ecological context of the area, the spatial scale at
which the biodiversity response is measured and also the biodiversity facet considered. The in-
teractions across the subasin varied due to the gradients of temperature and productivity,
and local fishing pressure, whose effects accumulate and interact in different ways. Hence, bio-
diversity responses cannot be interpreted through singdeale, pressure or indicator ap-
proaches, especially in environmentally heterogeneous and highly impacted systems such as
the Mediterranean Sea (Coll et al. 2010, Nieblas et al., 2014; Cetiat:a2017).

Interactions among pressures were ecologically relevant across regions-{tigg, alt-
hough their dominance relied on both the biodiversity indicator and ecological context. For the
Shannon index, interaction patterns showed a clear spatial structure, with fishing being the
main driver combined with environmental pressures in second place; particularly with tempera-
ture. This interaction dominates in several regions. Fistengperature interactionreflects the
sensitivity of taxonomic diversity to both direct fishing mortality and thermal niches, as Shan-
non integrates species richness and relative abundances, which respond rapidly to changes in
community size and composition already described in the Mediterranean (Bianchi et al., 2000;
Gristinaet al.,, 2006; Lindegren et al. 2025; ChapterS)3including directly some of our study
regions, e.g., Veloy et al. (2022) for cephalopods and crustaceans.

Functional indicators, instead, displayed more complex patterns across théasirt
While fishing remained as a relevant driver, its interaction with productivity became more dom-
inant for Functional Entities Richness, whereas both fistengperature and fishing
productivity shaped Multifunctional Evenness. Therefore, as the complexity of the biodiversity
indicator increases, with increasing biodiversity facets accounted for by the indicator, more
heterogeneous is the spatial pattern of the interactionaang its drivers. This suggests that
functional indicators are influenced by fishing pressure, but also by productivity. Similar dynam-
ics have been reported for the Western Mediterranean, where community resilience and func-
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tional reorganization were favoured by fluctuations in productivity, with additional emgn
effects of fishing pressure making populations and communities more sensitive to natural fluc-
tuations (Fu et al., 2018; Hidalgo et al., 2021). Trait mediated responses, such as those encom-
passed in the functional indicators, capture ecological processes (e.g., trophic relationships in-
terplay, ecological preferences, niche availability) that are not recognisable from taxonomic di-
versity alone, highlighting their complementarity in assessing biodiversity responses to cumula-
tive pressuresAt the regional scale, both the type and magnitude of interactions were spatially
structured with clear, regiospecific patterns, reflecting the ecological and oceanographic
complexity of the Western Mediterranean. For the Shannon index, interactions between fishing
and temperature displayed contrasting responses between western and eastern regions, very
likely due to the strong environmental gradients and regional differences in fishing intensity
(Nieblas et al., 2014; Colloea al., 2017). In contrast, for Functional Entities Richness, highly
productive regions such as the Alboran Sea and the Gulf of Lion (Bosc et al., 2004) presented
more complex interactions, such as synergistic effects, whereas more oligotrophic areas were
linked to weaker additive responseScale at which the biodiversity response is measured also
influenced how cumulative pressures were interpreted (Gonzalez et al. 2020). While regional
analyses captured broader ecological processes,-kae assessments revealed hotspots of
both synergistic and antagonistic interactions even if a different interaction is observed at the
wider scale. Therefore, interactions among pressures are sensitive to spatial scale, being very
likely modulated by the variability in habitat structure, community composition, and other envi-
ronmental conditions. Caution should be posed in biodiversity stptassure assessment con-
sidering spatial scale, since regional averages may overlook local processes potentially critical
for ecosystem structure and functioning and result in misleading biodiversity status conclusions
(Kenny et al. 2025).

By mapping where and how pressures interact, this study provides the first powerful ap-
proach for interpreting cumulative impacts on biodiversity status. Additive effects, while of
great potential impact, are the easiest to target, as reducing any of the pressures will provide
predictable improvements due to its cumulative nature (Darling and Cote, 2008). On the con-
trary, antagonistic and synergistic interaction effects are far more complex, where reducing
one pressure may not translate into proportional recovery (Halpern et al. 2008; Brown et al.
2013), or in contrast, trigger disproportionate benefits (Crain et al. 2008). The strong spatial
variability observed here suggests that understanding where and how pressures interact could
help design more effective and contexivare conservation strategies in a system as environ-
mentally complex and heavily impacted as the Western Mediterranean.
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7.1. Introduction

Biodiversity loss is a global environmental crisis (IPBES 2019; Keck et al., 2025), with marine
ecosystems being increasingly affected by the intensification of anthropogenic and environ-
mental pressures such as overfishing, direct habitat destruction, and climate change (Halpern et
€ ®X HnanmpT {AYS2yA SO Ff®Z WHAnuuHT hQIINF SG |
structure and functioning of marine ecosystems, with sound consequences for their stability,
NEaAf ASyOSz IyR GKS aASNPAOSa GKS& LINPOARS o.
2024). The Western Mediterranean is particularly exposed to such changes, as it is simultane-
ously affected by high and lodgsting fishing pressure and, a rapid warming rate and increas-

ing heatwaves frequency and strength (Vardadiez et al., 2008; Seltavarro et al., 2020;
OuledCheikh et al., 2022), among others, which altogether encompass strong environmental
gradients and high spatial variation in communities composition and biodiversity over relatively
short distances (Veloy et al., 2022; Flensborg et al., 2025). This situation creates a highly heter-
ogeneous seascape in which environmental and anthropogenic pressures can accumulate, and
possibly interact, in space and time, shaping biodiversity responses to pressures in complex
gl ea o/ dAZ KFIyS SG Fft®dX wamyT 1 IFEfLISNYy Si fox
ble).

Under these persistent cumulative pressures seascape, demersal biodiversity may experi-
ence critical changes in their structure and functioning, which could lead to shifting biodiversity
baselines (Lilkendey et al., 2025). Therefore, for effective conservation and management meas-
urements, it is essential to identify both baselines aihdesholds of a given pressure in a given
area where biodiversity can shift from relatively favourable states to increasingly degraded
ones. Finding such shifts allows delineating areas with contrasting degrees of impact and priori-
tising contextdependent management strategies in order to increase the local and regional ef-
ficiency of measures and, ultimately, contain or reverse further global biodiversity loss. There-
fore, since biodiversity statpressure relationships are not uniform, they rely on the ecological
or biogeographic context in which they occur, and may result in diffesamisitivities, resistant
and resilience capacitiesf communities to increasing pressure levels may also differ (Tuomi et
al., 2024; Flensborg et al., 2025; Keck et al., 2025).

Alongside this context dependency, biodiversity stptessure relationships are also
scaledependent, as both pressures and biodiversity can impact or respond differently at differ-
ent scales, e.g., the type and intensity of pressures vary across spatial scales (Gonzalez et al.,
2020; Low et al., 2023). In consequence, ecologically relevant dynamics may be masked under
broader spatial scales, potentially leading to misinterpretation of important biodiversity -state
pressure relationships over local and regional scales (Chapter 6 of this deliverable). Understand-
ing the impact of cumulative pressures on biodiversity across regions and spatial scales would
help capture spatial heterogeneity in biodiversity staieessure relationships and guide effec-
tive and contextaware conservation strategies to efficiently embrace national to international
management measures.
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In this study, we quantify how taxonomic and functional biodiversity spagssure rela-
tionships of demersal communities of the Western Mediterranean vary across spatial scales
under different scenarios of cumulative pressures, by (i) evaluating-ptatgsure relationships
along a fishing gradient, under different environmental scenarios (productivity, temperature)
and spatial scales (regional and subregional), (ii) identifying limiting thresholds of impact and
(i) spatially assessing the biodiversity state (low, increasingly or highly impacted) in the West-
ern Mediterranean at a local scale.

7.2. Material and Methods
Study area and data availability

This study was conducted across the Western Mediterraneanbasin, extending from the
Strait of Gibraltar to the Strait of Sicily (Figure 7.1). This deliverable focuses on three different
regions as first case studies, while a foHoprwork of the Deliverable 3.2 will extend the same
analytical approach to other Mediterranean and Atlantic areas.
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Figure 7.2Regional (GSAs) and subregional (subregional ecoregions) scales used in the analysis of interactions in
the Western Mediterranean. Dark purple highlights the study cases for this deliverable.

Biodiversity responses were quantified using species richness, an indicator obtained from
previous work in the TasB.1 of the project (Lindegren et al. 2025), known to be responsive to
external natural and anthropogenic impacts, and also used to assess the Good Environmental
Status (GES). However, subsequent analyses will compare these responses of taxonomic diver-
sity with other functional indicators to assess complementarity of responses to cumulative
pressures. Data originated from fishendependent abundance data of demersal communities
collected during the Mediterranean International Bottom Trawl (MEDITS) surveys (Spedicato et
al., 2024), which benefit from spatially and temporally standardised and comparable dataset
across the basin. These surveys are conducted annually in late -sarilggsummer following
common protocols, with sampling carried out at degdtnatified stations using a bottom trawl
gear with consistent characteristics across years and sampling locations (see Spedicato et al.,
2019, 2024). To ensure robust statistical analyses, species richness was calculated considering
only species occurring in at least 1% of the hauls across the full time series, resulting in a total
of 146 fishes, 24 cephalopods, and 21 decapod crustaceans.

Environmental data, including spring (Agrilune; MEDITS sampling season) averages of
chlorophyll concentration (mg-1¥) and sea surface temperature (SST; °C), were obtained from
the Copernicus fre@access repository (Nigam et al., 2021, Teruzzi et al., 2021). These variables
were selected as effects of productivity and temperature on demersal communities, respective-
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ly, due to their known influence ang@otential interactions with fishing activities in the region
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ing pressure, expressed as average fishing days per year through Automatic ldentification Sys-
tem (AlShased data from Global Fishing Watch (Kroosma et al. 2018). The index mainly re-
flects bottom trawl activity. However, other demersal fishing gears (e.g., pots and traps, gill-
nets, longlines) are also included although thegpresent a very small contribution to total
fishing effort within the study area. As AIS data are only reliable from 2012, biodiversity and
environmental data were restricted to the same period, resulting in a final dataset comprising
656 sampling locations over a-y@ar timeframe.

All biological, environmental and fishing effort data were aggregated to a common hex-
agonal grid of 0.1° resolution, which constituted the basic spatial unit for all analyses.

Biodiversity sensitivity and SAl assessment

Assessing the state of marine biodiversity under cumulative anthropogenic and environmental
impacts requires identifying the levels of pressure at which biodiversity becomes adversely af-
fected. Thus, significant adverse impacts (SAl), originally developed to assess vulnerability of
deepsea Vulnerable Marine Ecosystems (VMESs) (FAO, 2009, 2016), were adapted here to eval-
uate demersal communities by quantifying how biodiversity responds to increasing fishing
pressure under different environmental scenarios, across scales and contrasting regions.

The relationship between biodiversity and fishing pressure was characterised using cumu-
lative species richness curves (Kenny et al., 2025). All biodiversity observations across years
were ranked along a gradient of increasing fishing effort. Species richness values were then
cumulatively summed and expressed as a proportion of the total biodiversity observed in each
spatial unit, resulting in normalised and directly comparable cumulative biodiversity curves
ranging from O to 1 (Figure 7.2).

To determine the thresholds at which biodiversity responses to fishing effort shift be-
tween impact states, these empirical cumulative biodiversity curves were subsequently mod-
elled using a logistic function. Following the approach proposed by Kenny et al. (2025}, a four
parameter logistic function (1) was fitted to the relationship between proportional cumulative
biodiversity and fishing effort:

GKSNE WweQ NBLINBaSyila G§KS Odzydz I GA DS LINE L2 NI A
RAGSNEAGE f2aa aAyOS TFAakKAy3ad | OGAGAGE -gAff
transformed fishing days-y}, and y, a, ¥ and b are model parameters (Fig. 1). Models were

fitted using repeated no#inear least squares with multiple starting parameter combinations
YR O2yaSNBAYy3a (KS o0Sad aztdziazys AYLIXSYSyi!
field et al., 2020), with a maximum of 500 iterations to ensure robust convergence (Figure 7.2).
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Figure 7.2 Methodological framework adapted from Kenny et al. (2025), in which a logistic model describing the
cumulative biodiversitffishing effort relationship is used to obtain impact thresholds of corresponding low, in-
creasingly and highly impacted states.

From the fitted curves (1), lower and upper thresholds were obtained to define reference
points for biodiversityimpact state (Figure 7.2). These thresholds were calculated by applying
+2 times the residual standard error (i.e.,"™8onfidence intervals) to the floor and ceiling of
the fitted logistic cumulative biodiversity curve (limiting ceiling values at 1 when ceiling > 1;
Kenny et al. 2025). The resulting thresholds delineate three gistesure categories: (ipw
impacted biodiversity, below the lower threshold, (iizcreasingly impactedbiodiversity, be-
tween thresholds, and (iifighly impactedbiodiversity above the upper threshold. Fishing ef-
fort and cumulative biodiversity values associated with each threshold were obtained by solv-
Ay3 GKS t23AaGA0 Sljdz2 GA2yY 6mM0 F2NJ WEQ | yR we

To account for environmental context, the cumulative biodiversity curves were modelled
separately for two environmental scenarios or regimes (low and high) of either productivity and
temperature. Environmental (low and high) scenarios were defined using the median values,
chlorophyll concentration or SST, at each spatial unit. This approach ensured context depend-
ency by allowing local gradients of fishing pressure and environmental conditions at each spa-
tial unit, while maintaining comparability between scenarios and across units through the use
of normalised cumulative biodiversity (see specific scenarios in Tables 1, 2 and 3 in results sec-
tion). All models followed the same parameterisation and assumptions. Fishing effort and chlo-
rophyll concentration were logransformed prior to analysis.

Once thresholds were defined for each spatial unit (i.e., region andegibn) and envi-
ronmental scenario, observed biodiversity values in a given spatial unit were classified accord-
ing to their position along the fitted curves, allowing each observation to be assigned to a low,
increasingly, or highly impacted state.

Multi-scale approach

Analyses were conducted across three nested spatial scales to account foscatspatterns

in biodiversity responses to cumulative anthropogenic and environmental impacts. Biodiversity
state-pressure relationships were analysed iatregional scale, considering the eight Geograph-
ical SubAreas (GSASs) located in the Western Mediterranean, which are delineated by the Gen-
eral Fisheries Commission for the Mediterranean (GFCM) for fisheries management (Breuil,
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1999); ii) subregional scale, GSAs were subdivided into subregional ecoregions, defined accord-
ing to existing biogeographic and ecological knowledge (e.g., Puerta et al., 2014; Billy, 2024)
(Figure7.1). In addition, biodiversity state was spatially assessed at iii) the local scale, per-
formed at the level of 0.1° grid cells .

At the local scale, each 0.1° grid cell was assigned to one of the three impact categories
based on its yearlpverage species richness and fishing effort relative to the subregional
thresholds, as interannual variability was low. Separate SAI spatial assessments were produced
for low and high environmental scenarios, resulting in two maps per region illustrating the vari-
ability in biodiversitympact states under the different scenarios (Kig7.2).

7.3. Results

Fourparameter logistic models successfully captured the cumulative relationship between bio-
diversity loss along an increasing fishing pressure gradient across regions, environmental sce-
narios, and spatial scales (tiig 7.3 and 7.4). Overall, model performance was high, with RMSE
values ranging from 0.013 to 0.047, indicating a close fit between observed and predicted cu-
mulative biodiversity curves. In general, fitted curves provide a robust tool for identifying biodi-
versity sensitivity, resistance, and thresholds of cumulative fishing pressure under contrasting
environmental scenariosncreasing fishing pressure resulted in different cumulative biodiversi-
ty-state across regions, following similar yet displaced sigrebaped response curves under
contrasting environmental scenarios (fig 7.3 and 7.4). In general, the environmental context
modulated the initial state and rate of biodiversity losgther than the overall shape of the re-
sponse, affecting, therefore, the biodiversity baseline of increasing fishing impact. Thresholds
from low to increasingly impacted states (lower) often show more variable values among re-
gions, and environmental scenarios. At the subregional scale, cumulative curves differed from
those observed at the regional scale; masking, in some cases, very different local dynamics.

Productivity strongly influenced the biodiversity response to fishing pressure across regions, al-
so showing strong crosscale variability (Fige 7.3; Tables7.1, 7.2). Under low productivity
scenarios, thresholds towards increasingly impacted states occurred at very low fishing pres-
sure values and, in most regions, also collapsed to highly impacted states at lower fishing effort
levels.Along the Spanish Mediterranean coast (GSAO06), biodiversity showed marked high initial
biodiversity values with no responses to small increases in fishing pressure. Biodiversity re-
mains low impacted until 52 days¥and 65 days-yrunder low and high productivity scenari-

os (Tabler.1), respectively. This phase was followed by a steep slope, with biodiversity rapidly
declining towards highly impacted states (> 0.95 biodiversity loss) at 556 and 579 d#&ya-yr

ble 7.1), respectively. Subregions broadly reproduced the regional response, yet with notable
differences in thresholds among subregions ({Feg/ .3, Table7.2). The biodiversity state of the
North Catalan Sea required nearly twice the fishing effort to move ftomto increasingly im-
pacted state compared to other subregions. Conversely, the Ebro Delta and Valencia Channel
reached highly impacted states at considerably lower fishing effort (478 and 412 days-yr
spectively) than the surrounding subregions (iFégy7.3, Tabler.2).
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Figure 73. Relationship between proportional cumulative biodiversity and fishing effort. The grey line shows ob-
served proportional cumulative biodiversity; whereas green lines represent the fittedpfaameter logistic

model under low (light green) and high (dark green) productivity scenarios. Dashed vertical lines indicate the lower
and upper impact thresholds for each scenario. The distribution of observations is shown at the bottom of each
plot.

In contrast, the northern Italian coast (GSA09) displayed a transitioning to increasingly
impacted at very low fishing effort values (9 and 16 daysfgr low and high productivity),
showing a smaller baseline of response to fishingu(Eig.2, Table7.1). However, theinter-
mediate phase was prolongated until a much higher fishing effort values than in other regions
(703 and 680 days-yrrespectively) that marked the highly impacted state, probably related to
the severe fishing impact of this area. e subregional level, strong contrasted responses
with higher subregional thresholds were found, especially under high productivity scenarios.
Both the Ligurian Sea (21 daysiyand the North Tyrrhenian (61 days*tymay allow higher
fishing effort without significant consequences for biodiversity than that suggested by the re-
gional curve (7 days-V (Figire 7.2, Table7.2). Nevertheless, the Ligurian Sea reached an up-
per threshold at nearly four times lower fishing effort levels than those of tbghNTyrrhenian
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and the regional response, implying a likely ldasting impact in this area (fige 7.2, Table

7.3). The southern Italian coast (GSA10) showed the strongest environmental seenario
dependency. Under low productivity, biodiversity was lost rapidly, reaching the threshold of
low impacted state at approximately 10 days-ywhereas under high productivity this shift oc-
curs at 34 days-yr(Figure 73, Table7.1). Differences between productivity scenarios persisted
across the fishing gradient, with biodiversity reaching highly impacted statesuch higher
values under high productivity despite similar response shapes. Subregions diverged strongly
from the regional response. The South Tyrrhenian displayed marked differences between
productivity scenarios, with remarkable lower values (29 day$igr low productivity scenario

than at high (88 days-yy one. While Sicily showed extreme lower threshold, shifting out of the
low impacted state at only 8 4 days-yt, its increasingly impacted state covers most of the re-
sponse curvewith a wide range of fishing pressure, particularly under high productivity (357
days-yr vs. 179 days-yrfor low productivity), although reaching the impacted state at lower
values than both the South Tyrrhenian and the overall regional responsedFig, Tabler.3).

Temperaturemodified statepressure relationships

Biodiversity responses under contrasting temperature regimes were more similar between
thermal scenarios than those observed under productivity ones, even for-soads analyses
(Figure 7.4, Table7.1), meaning that biodiversity sensitivity to fishing impact was more inde-
pendent of thermal conditions, with few exceptionBhe Spanish coast (GSA06) showed again
no changes as initial values of fishing pressure increase followed by rapid dedure (),

with transitions to increasingly impacted states occurring at similar fishing effort under both
temperature scenarios (58 days#y while highly impacted states were reached between 559
(low temperature) and 581 (high temperature) days:yCentral subregions generally sharp-
ened the regional decline, with the North Catalan Sea showing low diversity loss at initial values
of fishing effort (102 and 119 days#ifior low and high temperature), while upper thresholds
remained very similar among subregions (Fég7.4, Table7.3). The northern Italian coast
(GSA09) exhibited again the lowest impact values and fast response to small increase in fishing
pressure, with biodiversity shifting to increasingly impacted a2 days-yt, and a strong
resistance to further fishing pressure afterwards. Signaleafapse occur at a high impacted
states of 674¢ 719 days-yt under low and high temperatures, respectively (Fig. 4, Table 3).
Both subregions closely replicated the regional response. However, the Ligurian Sea reached
highly impacted states at much lower fishing effort (176 daysfgr both scenarios) than the
North Tyrrhenian (632 and 672 daystyand the overall regional curve (674 and 719 day$-yr
(Figure 74, Table7.3).In the southern ltalian coast (GSA10), thresholds from temperature sce-
narios were more similar between them compared to those observed under productivity. Bio-
diversity shifts occurred at nearly identical fishing effort levels under both temperature scenar-
ios, with low impacted states occurringt 12¢ 14 days-yt, and highly impacted states reached

at 502¢ 506 days-yt. Subregional temperature responses differed from the regional response.
The South Tyrrhenian lower thresholdcreased by 11 and 33 days*yfor low and high tem-
perature compared to the regional curve, whereas in Sicily biodiversity loss remained highly
sensitive to small fishing pressure (4 and 3 day$.Wotably, Sicily benefited greatly from low
temperature scenario, reaching thkighly impacted state threshold at 340 172 day$-gom-

pared to high temperature scenarios (168 day$)y(Figire 7.4, Table7.3).
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Table7.1. Impact thresholds of the proportional cumulative species richness in relation to fishing effort (dys-yr
under different environmental scenarios at region level. Valueprofductivity scenarios are indicated as chloro-
phyll concentration (mg-rf), while those for temperature are in °C. n indicates the number of observations for
each scenario.

Fishing effort thresholdg Biodiversity thresholds
Region| Environmental scenarig ~ Scenario n Lower Upper Lower Upper
0 OE‘_"(’)V 1o | 258| 5227 555.80 0.12 0.95
Productivity : High-
258 64.59 578.90 0.15 0.95
GSAD (0.12-0.31]
115 1“’1’; 46| 258| 5790 | 55919 | 013 0.95
Temperature : High '
(18.46- 20.05] 258 58.05 580.53 0.13 0.95
[0 OLg_V\é 1] 167 8.60 702.96 0.03 0.97
Productivity : High-
166 15,51 679.60 0.09 0.96
GSA0S (0.1-0.42]
17 3L°i"i’3 45| 167| 1087 | 67381 | 005 0.96
Temperature : High :
(18.45-19.74] 166 11.66 718.89 0.06 0.96
0 OLf_‘"(’) y |100| 1023 482.99 0.12 0.94
Productivity : High'
100 33.91 554.66 0.22 0.96
GSALO (0.1-0.25]
” s 1| 100 1402 | 50217 | 0.3 0.96
Temperature ' High :
(19.16- 20.47] 100 12.31 505.84 0.13 0.93
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Table7.2. Impact thresholds of the proportional cumulative species richness in relation to fishing effort
(days-y?) under low and high productivity scenarios (chlorophyll concentration [mj):m indicates
the number of observations for each scenario.

Fishing effort thresholdg Biodiversity thresholds
Region Subregion Scenario | n Lower Upper Lower Upper
o O'é‘_"g’ Lap| 54| 11833 | 55695 | 0.3 0.92
North Catalan Sej—— High'
(0.14-0.21] 53 104.83 571.89 0.11 0.95
Low | 144| 4837 477.97 0.18 0.01
[0.06-0.11]
GSA06 Ebro Delta High
(0.11-0.31] 144 76.38 527.77 0.23 0.92
Low 61 66.51 412.35 0.11 0.87
: [0.06-0.1]
Valencia Channe High
(0.1-0.16] 60 61.99 505.84 0.11 0.93
Low | 56 | 16.98 165.89 0.11 0.93
o [0.06-0.1]
Ligurian Sea High
(0.1-0.42] 55 21.41 183.06 0.17 0.93
GSAO09 Low
111 21.54 651.75 0.10 0.94
. [0.06-0.1]
North Tyrrhenian High
(0.1-0.19] 111 61.84 642.21 0.21 0.93
Low | 25 | 29.39 414.90 0.13 0.90
. [0.05-0.1]
South Tyrrhenian High
(0.1-0.25] 75 87.88 519.19 0.29 0.93
GSA10 Low
o [0.04-0.1] 25 2.81 179.13 0.12 0.83
Sicilia High
(0.1-0.08] 25 3.50 356.45 0.15 0.93
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Table7.3. Impact thresholds of the proportional cumulative species richness in relation to fishing effort
(days-y?) under low and high productivity scenarios (°C). n indicates the number of observations for
each scenario.

Fishing effort thresholdg Biodiversity thresholds
Region Subregion Scenario n Lower Upper Lower Upper
15 1"°X"7 o7 | 54| 10215 | 58224 | 011 0.95
North Catalan Se; .High.
(17.07-19.19] 53 119.38 545.73 0.12 0.92
Low
[16.64-18.51] 144 62.59 502.23 0.20 0.91
GSA06 Ebro Delta High
(18.51- 20.05] 144 68.97 503.72 0.22 0.91
Low
- [17.21-18.79] 61 63.78 497.17 0.11 0.93
Valencia Channe High
(18.79-19.89] 60 64.85 418.67 0.11 0.88
Low
o [17.3-18.35] 56 17.76 176.37 0.12 0.93
Ligurian Sea High
(18.35-19.74] 55 21.86 175.72 0.17 0.92
GSA09 Low
| p7.51-18.47 111 41.63 631.78 0.16 0.93
North Tyrrhenian High
(18.47-19.62) 111 39.00 672.46 0.15 0.93
Low 75 | 2527 495.63 0.09 0.94
. [18.11-19.1]
South Tyrrhenian High
(19.1- 20.02] 75 45.27 507.70 0.16 0.93
GSA10 Low
. [18.41-19.42] 25 4.15 339.45 0.15 0.93
Sicilia High
(19.42- 20 47] 25 2.60 167.96 0.12 0.80

SAIl assessment

The SAIl assessment, based on subregpetific impact thresholds (Tables 2 and 3 ), depicted
nearly homogeneous spatial patterns of the biodiversity state across the Western Mediterrane-

an. Along both, the Spanish (GSA06) and the Italian coasts (GSA09 and GSA10), increasingly im-
pacted states predominated, with eventuallycalizedhotspots of low and highly impacted bi-
odiversity (Figre 7.5).

Overall, the spatial distribution of the biodiversity state varied with environmental sce-
narios. Under high productivity, several observations shifted from highly to increasingly im-
pacted, or from increasingly impacted to low impacted states, suggesting that higher productiv-
ity increases resistance to fishing. Along the Italian coast, this shift occurred in most subregions
except the Ligurian Sea, which remained largely stable across scenarios. Throughout the Span-
ish coast, biodiversity states were more 8pHy steady, with persistent hotspots of both low
and highly impacted states. Nevertheless, the Valencia Channel and southern Ebro Delta
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Figure 7.5 Biodiversity states in the Spanish and Italian shelf coasts using subspgioific thresholds.
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Temperaturemodified shifts in biodiversity state were more localized and heterogene-
ous. Along the Spanish coast, high temperatures led to shifts from increasingly to highly im-
pacted states in the Valencia Channel, while the Ebro Delta and the North Catalan Sea were
more robust. In the Italian coast, biodiversity negatively shifted under high temperature in the
North Tyrrhenian and Sicily, but improved in the South Tyrrhenian.

7.4. Discussion

Our results showed that the biodiversity stgpeessure relationship (BPR) between richness
and fishing pressure are regkspecific, and, therefore, the pressure thresholds delimiting
low/high impacted biodiversity are modulated by the environmental variability of the region.
Our study shows that productivity ieighly modulating how biodiversity responds to fishing,
while the indirect effect of temperature on BPRs was negligibleile decay (i.e., slope) values

of biodiversityfishing relationship remained very similacross subregions, main differences
between subregions and/or environmental scenarios occur at the floor (i.e. baseline) and ceil-
ing of the logistic curves. Such differences, even when small, led to largely different fishing
thresholds towards increasingly/highly impacted biodiversity states. Further research is needed
to disentangle whether these different thresholds between environmental scenarios simply re-
flect two different biodiversity status or two contrasting responses to the fishing pressure.
Longlasting historical impact of fishing also may affect the biodivefstying relationship
(Farriols et al., 2017). For instance, the North Catalan Sea (GSA6), a heavily exploited area (Col-
loca et al., 2017), showed the highest minimum fishing intensities along the pressure gradient
compared to neighbouring subregions. As a result, impacts on biodiveasédydetected at
higher fishing levels due to the lower baseline and the higher cumulative pressure needed for a
meaningful biodiversity response. In contrast, biodiversity is increasingly impacted at much
lower fishing pressure in the southern Italian subregions, particularly in northern Sicily, suggest-
ing a higher sensitivity to fishing pressure in this ecosystem. However, once biodiversity began
to decline, the shift to highly impacted state was more gradual, possibly related to its higher
species richness and comparatively lower fishing pressure in this area (Fatrils 2019;
Lindegren et al. 2025). These patterns highlight the st gradients of pressures observed
across the Mediterranean and how regional averages may mask or mislead subregional variabil-
ity in biodiversity sensitivity (e.g. Chapter 6 of this Deliverable report).

Productivity was the mairenvironmental variable on modulating biodiversity responses
to fishing. Under highly productive scenarios, biodiversity generally required higher fishing
pressure to shift towards increasingly impacted states, suggesting that increased productivity
enhances biodiversity resistance by sustaining more diverse, complex structural and trophic or-
ganisation (Fu et al., 2018). This was particularly evident in highly productive subregions such as
the Ebro Delta and both North and Southrifignian. Conversely, loywroductivity scenarios
were associated with greater sensitivity to fishing, in line with previous studies showing strong
responses to relatively small environmental changes (Fu et al., 2018). Part of this response may
be also linked to the differences in the baseline biodiversity, as high productivity scenarios of-
ten start from higher diversity levels (e.g., North and South Tyrrhenian subregions), as afore-
mentioned.In contrast, biodiversity response to fishing impact measuredneyBPRs was not
clearly modulated by thermal conditions. While regiceehle patterns were similar under low
and high temperature scenarios, subregional responses differed. In some subregions (e.g., Sici-
ly, Valencia Channel, North Catalan Sea), lower temperatures were associated with greater sen-
sitivity to fishing, whereas in some others (e.g., Ligurian Sea, Ebro Delta) temperature had neg-
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ligible influence, or even an opposite effect (e.g., North and South Tyrrhenian), reducing the
impact thresholds. Such variability may be linked to regional differences in species composition,
as communities are adapted to local thermal conditions (Pecuchet et al., 2017), or high func-
tional redundancy in terms of sensitive traits to climate change (Polo et al. 298&8bly, SAI

maps evidenced that most of the studied regions are already in an increasingly impacted state,
with some localised hotspots of low or highly impacted biodiversity. The spatial distribution of
the biodiversity state was also clearly contebdpendent, with productivity largelynodulating

how fishing pressure translated into an ecological impact at local scale. However, the effect of
temperature scenarios were minimal and more localised. High productivity scenarios generally
improved the biodiversity status at local scale (Fu et al., 2018), and increased the baseline for a
meaningful response to fishing impact. This was particularly evident along the Italian coast,
with the exception of the Ligurian Sea, that remained relatively stable across scenarios. In re-
gions with extensive continental shelves, such as the Ebro Delta and the North Tyrrhenian Sea,
low-impact hotspots occurred at longer distances from the coastline, possibly associated with
reduced fishing pressure of the bottom trawlers in deeper habitats.

In general, biodiversity sensitivity to fishing in the Western Mediterranean is strongly
context dependent, but high productivity scenarios tended to improve biodiversity status and
allowed for higher relative resistance of biodiversity to fishing pressure. However, our results
highlight that largescale fishing regulations are unlikely to achieve effective conservation out-
comes everywhere. Instead, management strategies should adapt subregional environmental
contexts in a dynamic and adaptive manner, particularly productivity, to better anticipate
where fishing pressure is most likely to translate into biodiversity loss and benefit from more
resilient areas that can tolerate larger effort without remarkable biodiversity loss.
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8 Regime shifts and reorganization of fish and maeirovertebrate
communities in warming and overexploited Mediterranean ecosystems

Authors: Alexandros Kaminas, Bastien Mérigot, Camilla Sguotti, Stratos Batziakas, Walter Zupa,
Patricia Puerta, Manuel Hidalgo, Panagiota Peristeraki, Mamasa Spedicato, Fabien
Moullec.

8.1. Introduction

The biodiversity of freshwater, marine, and terrestrial ecosystems is significantly altered by
global change, which induces abrupt or gradual alterations to biotic and abiotic components on

a global scale (IPBES, 2019; Kroeker et al., 2020; Van Moorsel et al., 2023). Global change en-
compasses five anthropogenic drivers of biodiversity loss defined by the Intergovernmental Sci-
encePolicy Platform on Biodiversity and Ecosystem Services (IPBES), namely the overexploita-
tion of marine resources, climate changegllution, biological invasions and seae change
(IPBES, 2019). Climate change, along with other drivers of global change such as increased ni-
trogen deposition and habitat disruption due to human activities, can influence species distri-
bution and resource dynamics in both terrestrial and aquatic ecosystems (Sage, 2020). These
RANBOU RNAGSNAER OFys> Ay GdzNYyZ AYLI OGO Fy SO24ac¢
peared in the scientific literature, often to indirectly describe ecosystem health siability
(Capdevila et al., 2021; Van Meerbeek et al., 2021). Resilience refers to a system's ability to
GFroaz2Nbd OKIFy3dS FyR G2 FYGAOALI OGS ¥Fdzi dzZNB LIS NI
2016). It includes the ability of a system to recover from disruptions such as anthropogenic ac-
tivities, adjust to changes like climate variability, and absorb shocks like an extreme weather
event. Unlike stability, resilience does not focus on equilibrium. It recognizes the dynamic na-
ture of systems andhieir capacity for transition between different states (Liu et al., 2022). For
example, ecosystems can be significantly impacted by the conversion of natural habitats for ur-
banization and agriculture, which can result in habitat loss and fragmentation (Theodorou,
2022). The ability of species to migrate or adapt to changing environmental conditions can be
hindered by this fragmentation, which can also isolate populations and decrease genetic diver-
sity (Delnevo et al., 2021). Because of this, ecosystems megynie less resilient to disturb-

ances such as climate change or invasive species introductions, increasing their vulnerability to
collapse or degradation (Wang et al., 2022). Complimenting the notion of resilience, other con-
cepts have been used to describe the response of an ecosystem to perturbation. The most
widely known is the concept of regime shifts. Lasgale population and community reorgani-
zations as well as nonlinear discontinuous dynamics in ecosystems (i.e., regime shifts) can result
from anthrgpogenic pressures such as overfishing and climate change (Jungblut et al., 2018;
alttyYlyy SO ft®dZ HAaHMOD ! Yy2IKSNI O2y OSLIi NBTS
SYGANRYYSYyGlt 2N FYIKNRLR2IASYAO FT2NOAYyId ¢CKAA
erties beyond which a system reorganizes, often in alimgar manner, and does not return to

the initial state even if the drivers of the change are abated. For the climate system, the term
refers to a critical threshold at which global mgional climate changes from one stable state

G2 FTYy20KSNJ adloftS adriadSoé oO6LLIOOZT HAHHOD L
system under forcing shifts away from its current state into a different alternative state
(Scheffer et al., 2001). Formally, tipping points in systems are described as a qualitative change
in a system, known as a bifurcation in mathematical literature (Poincaré, 1885). Tipping points
can be crossed, for instance, at specific warming levels, a particular decreasmine dis-
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solved O2, or a specific alteration in abiase chemistry due to CO2 absorption from the at-
mosphere (Heinze et al., 2021). Reorganizations such as regime shifts are the result of exceed-
ing a tipping point of an ecosystem (Heinze et al., 2021). In the late 1980s, the North Sea expe-
rienced a regime shift in its plankton composition due to rising temperatures (Beaugrand,
2004). This change, coupled with persistent overfishing, particularly of demersal fish like Atlan-
tic cod, led to a collapse of the entire demersal ecosystem, with cod stocks plummeting from
their previously abundant levels (Alheit et al., 2005; Lynam et al., 2017).

Understanding resilience and its potential for discerning regime shifts is of utmost
importance for sustainable management and conservation. Identifying regime shifts can pro-
vide early warning signals of changes in systems such as fish andimaartebrate communi-
ties, enabling more adaptive and sustainable fisheries management practices (Dakos et al.,
2015; Van Moorsel et al., 2023). Regime shifts may also be associated with ¢hhatte
changes and understanding them is essential for assessing the system's resilience to past, ongo-
ing and future climate impacts. Indeed, sudden changes, such as a shift from a diverse and pro-
ductive ecosystem to a less diverse and less productive one, can have severe consequences for
marine resources and human activities dependent on these ecosystems (Sguotti et al., 2019,
2022b; Vasilakopoulos et al., 2017; Vasilakopoulos and Marshall, 2015).

The Mediterranean Sea ranks among the most overexploited and fastashing
ocean regions (Bee@arretero et al., 2020; Sofdavarro et al., 2020). Largeale changes in
Mediterranean marine communities in response to sea warming have been previously docu-
mented (Azzurro et al., 2019; Piroddi et al., 2020).The Mediterranean Sea is exceptionally vul-
nerable to the diverse impacts of climate change, experiencing accelerated warming rates, in-
creased extreme weather events, and shifts in productivity (S&earro et al., 2020). Addi-
tionally, it faces anthropogenic pressures such as overfishing and facilitated introduction of in-
vasive species, contributing to a patchy structure in marine populations (Hidalgo et al., 2022).
Consequently, the Mediterranean systems display heightened responsiveness to environmental
fluctuations and are strongly influenced by climabeven variables, including changes in prima-
ry production (Damalas et al., 2021). Environmentdtiyen regime shifts in the Mediterrane-
an basin werddentified as the causes in change to several aspects of fisheries, such as the
body condition of important small pelagic commercial species in areas such as the Gulf of Lion
or Northern Spain (Bensebaini et al., 2022; Feuilloley et al., 2020; Saraux et al., 2019). Addition-
ally, the influence of regime shifts in the quality of the stocks of commercially important de-
mersal species has been noted in several works (Hidalgo et al., 2022; Vasilakopoulos and Mar-
shall, 2015). The emergence of regime shifts mag ahpact the biodiversity of a community
and permanently change species composition, as was the case with the coastabottam al-
gal communities in Sardinia, which transformed into barrens upon perturbation by predators
(Bianchelli et al., 2016; Melis et al., 2019). However, the studies that investigated the resilience
of marine communities to anthropogenic and environmental pressures were carried out solely
on a local scale (ca. 43.2% of the studies conducted in the Mediterranean Sea; see supp. mate-
rials Table 1) and the resilience of the studied systems is rarely quantified (only ca. 8% of the
studies really quantified it; see supp. materials Table 1) (Peleg et al., 2020; Sguotti et al., 2023).
Additionally, the different response types of the Mediterranean communities to sea warming
and fishing pressure, potential shifts, shift mechanisms and resilience dynamics remain un-
known at the entire Mediterranean scale. There is a general lack of a synthetic assessment on
studies dedicated to resilience and pd3de regime shifts across the entirety of Mediterranean
fish and macranvertebrate communities, particularly considering the complex interplay of an-
thropogenic stressors and environmental variables. This gap in scientific understanding high-
lights the crucial need for studies that combine data from multiple areas to evaluate the resili-
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ence and likelihood of regime shifts in Mediterranean marine ecosystems. To address these
shortcomings, the present work takes a broader, mrdggional approach by assessing regime
shifts and quantifying resilience across multiple GeographicalA®eids (GSAS) in the Mediter-

ranean Sea using catastrophe theory.

The catastrophe theory can help identify the critical thresholds and abrupt transi-
tions that occur in systems (Johnson and Dudgeon, 2024; Scheffer and Carpenter, 2003; Thom,
1974). It provides a framework for understanding how changes in external conditions brought
on by modification of the control variables can lead to discontinuous shifts in the state of a sys-
tem (Grasman et al., 2009). This theory also helps explain the existence of alternative stable
states and the mechanisms that drive transitions between these states, as well as hysteresis in
a system (i.e the inability of the system to recover even after the causal forcing has subsided)
O{ OKSFFSNI YR [/ FTNLWISYGIGSNE Hnnood /Gl adNRLKS
GKS2NE FNRY | G2L1f23IA0Ff LISNBELSOGALBSEé D LYy
be used to model and analyze the dynamics of critical transitions, such as sudden changes in
species composition, vegetation cover, or water clarity in lakes (Scheffer and Carpenter, 2003).
By applying catastrophe theory in modeling approaches, researchers can identify the conditions
under which regime shifts are likely to occur, as well as the factors that contribute to the resili-
ence or vulnerability of ecosystems to such shifts (Scheffer et al., 2001; Scheffer and Carpenter,
2003). The cusp catastrophe accounts for a thd@eensional system, in which an additional
external variable acts as a splitting factor, changing the response of the system from linear and
continuous to nonlinear and discontinuous in reaction to varying types of external drivers
(Grasman et al., 2009). It also takes into account the concept of multiple states, showing how
systems can exist in various configurations or regimes (Thom, 2018). Moreover, it outlines sce-
narios in which certain system states become inaccessible under specific conditions. For exam-
ple, an ecosystem state might become unattainable after certain environmental parameters
permanently fall within a predetermined range. Finally, the cusp model provides a geometric
AYOGSNFIOS G2 dzyRSNEGFYR YR @AadzZ €t A1 S &adzRF
change of state. These observed patterns and behaviors are common across many different
types of natural phenomena and systems, whether they occur independently or in combination
(Stewart, 1983). These observed behaviors are common to many different types of natural
phenomena and systems, either separately or in combination (Stewart, 1983).

The main research questions of our study are how key stressors, including tem-
perature change and fishing pressure, influence fish and mineertebrate (cephalopod and
crustacean) communities in Mediterranean ecosystems, if regime shifts occurred, and are these
communities resilient to these stressors. To address this question, the following objectives are
outlined. First, this work aims to assess nonlinear discontinuous dynamics, specifically regime
shifts, within the studied western mediterranean communities using the stochastic CUSP mod-
el, rooted in catastrophe theory. Second, it aims to discern the influence of temperature
change and fishing pressure on the dynamics of these communities. Third, it focused on evalu-
ating the resilience of western Mediterranean ecosystems to anthropogenic and environmental
stressors. It is hypothesized that Mediterranean communities experiencing the combined ef-
fects of temperature change and fishing pressure will show nonlinear discontinuous shifts in
community structure (Damalas et al., 2021). Additionally, it is supposed that changes in the
abundance of fish and maciovertebrate communities in Mediterranean ecosystems are in-
fluenced by temperature variability and fishing pressure to some degree (Piroddi et al., 2020).
Finally, it is anticipated that Mediterranean communities exhibiting lower resilience, due to in-
tense environmental and anthropogenic stressors, are more likely to undergo regime shifts
than systems that receive lower levels of forcing (Heinze et al., 2021).
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Wastern Mediterranean Sea MEDITS Hauls (1999-2021)

Figure 8.1Map of the study area in the western Mediterranean Sea. Each circle corresponds to a sampling station
for the MEDITS survey from 1999 to 2021. The color code corresponds to the different GSAs.

8.2. Material and Methods
Survey method and data collection

Data on marine communities were collected from the annual MEDITS scientific bottom trawl
surveys conducted between May and July from 1999 to 2021 (Bertrand et al., 2002; Spedicato

et al., 2020). These surveys took place over the continental shelf (10 to 200 m depth) and the
continental slope (200 to 800 m depth) of the northern Mediterranean Sea (Fig 1). The study
area ranged from 35.88°N to 44.33°N and 5.21°W to 16.18°E and was divided into Geographical
SubAreas (GSAs) with boundaries set by the General Fisheries Commission for the Mediterra-
nean Sea (as per resolution GFCM/33/200912p://www.gfcm.org ). The zones analyzed in

this work focused on the western basin, and included GSA 1 (Alboran Sea), GSA 5 (Balearic Is-
lands), GSA 6 (Northern Spain), GSA 7 (Gulf of Lion), GSA 8 (Corsica), GSA 9 (Ligurian and Nortf
ern Tyrrhenian Sea), GSA 10 (Southern and Central Tyrrhenian Sea), and GSA 11 (Sardinia) (Fig
8.1). Sampling methods were standardized across all GSAs and years using a bottom trawl GOC
73 with a 26mm codend mesh size. All tows were performed during daylight hours at a speed

of 3 knots. The duration of each tow was standardized to 30 minutes for shelf stations and 60
minutes for slope stations to accommodate potential challenges of deep hauls (Bertrand et al.,
2002). For each species the mean abundance per year and GSA (N.km?2) was calculated as:

n
’Abundance siy = Z (TN i/ sweptarea ;,) /n (Eql)
Where s is a species, j a GSA and y a given year. TN is the total number of individuals in the

haul, calculated for each species, and n is the total number of hauls conducted in GSA j during
year y with the swept area calculated as follows:

Swept area ;= (Wing opening ;/ 10000) x (Distance ;/1000) (Eq 2)

Where swept area is the area spanned by the scientific trawler vessel, transformed from me-
ters? to km?, the wing opening, transformed from decameters? to km? is the area spanned by
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density. Hauls conducted in certain years were not available in the dataset for select GSAs. Spe-
cifically, hauls for the year 2000 in GSA 1, hauls conducted in 2000 and 2003 in GSA 5 as well as
hauls for the years 2002 ar&ZD20 in GSA 8 could not be considered in this work.

The MEDITS surveys identified a total of 361 marine species between 1999 and 2021 in 12571
hauls. Rare species, i.e species occurring in less than 1% of the hauls were excluded from fur-
ther analysis. According to the histograms of species percentage of occurrence, most species
are concentrated at the lower end of theaxis, suggesting they are rare and appear in a small
fraction of the hauls. Conversely, a smaller number of species appear frequently, as indicated
by bars toward the higher end of theaxis. The majority of rare species were small crusta-
ceans, while fish and cephalopod species were generally not as rare. After filtering, hauls were
aggregated per year and the mean abundance of species was calculated.

Anthropogenic and Environmental data

We used the overall fishing capacity per GSA and year to depict the influence of fishing pres-
sure on the marine communities. The total fishing capacity can be seen as a proxy of the fishing
effort and is the only fishing pressure information (considering both small fishing vessels and
industrial fishing fleets) available between 1999 and 2021 and at the western Mediterranean
scale. The fishing capacity data, expressed as Gross Tonnage (GTwierenextracted from

the EU Fleet Register database [https://webgate.ec.europa.fof 19992021. This dataset
encompasses vessels ranging from 3.36 to 4m2&egarding environmental data, sea bottom
temperature (SBT, in °C) was retrieved from the Copernicus-apeess database. SBT is close-

ly linked to marine system productivity, influencing metabolic rates, and water stratification
(Pennino et al., 2013). Specifically, the dataset Mediterranean Sea Physics Reanalysis by Es-
cudier et al. (2020) was accessed and yearly mean potential temperature was extracted with a
high horizontal resolution of 1/24°.

Analysis of Marine Community Dynamics
Principal Component Analysis

To understand the overall trends in the marine community of each GSA, we used principal
component analysis (PCA), a statistical method for dimensionality reduction in datasets, to sim-
plify our large dataset into just a few key components summarizing the main variations of the
data. As a result, the historical trend of the marine community could be reduced to several ax-
es, each of which explaining a portion of the variability found in the species community. Only
the two first axes, encompassing the main variability, were kept (Sguotti et al., 2022a). The co-
ordinates of years on axes 1 and 2 were extracted and used to analyze the overall community
trends over time in the cusp models ran for each G3&lidean distances among years on the
first two axes of the PCA were used in hierarchical clustering to analyze changes in the marine
community over the course of the selected time period (Legendre and Gallagher, 2001). The
average linkage method, which yields more "faithful” results than other hierarchical clustering
algorithms, was used to cluster the studied years (Mérigot et al., 2010). The optimal nhumber of
clusters was determined using the NbClust R package, which evaluates 30 indices to identify the
best clustering scheme. It then proposes the most suitable number of clusters based on the ma-
jority rule from these evaluations (Charrad et al., 2014).
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Bayesian Change Point Analysis

We performed Bayesian Change Point Analysis (BCP) to detect sudden shifts in Mediterranean
marine communities' dynamics. The method calculates the posterior probability of an abrupt
change occurring at any given point in the time series (Barry and Hartigan, 1993). It uses a Mar-
kov chain Monte Carlo approach to assess the probability that there is a significant difference in
the posterior means before and after a potential change point (Erdman and Emerson, 2007).
With a posterior probability ranging from 0 to 1, the threshold for identifying significant change
points was set at a posterior probability greater than 0.7, considering the substantial yearly
fluctuations observed in species abundance within the time series. All BCP analyses were con-
RdzOGSR 4A0K GKS 4o0OLIQ w LI O1F3AS O09NRYIY YR

Stochastic cusp modeling

To detect whether the marine communities of the Western Mediterranean exhibited discontin-
uous behavior, this study utilized the stochastic cusp model, which allows for the identification
of discontinuous dynamics, such as regime shifts, within a system influenced by two interrelat-
ed external factors (Diks and Wang, 2016; Sguotti et al., 2019; Thom, 1977). This model de-
scribes abrupt transitions in the eqbitium state of a state variable Y using two control varia-
ofSazx b YR i ® ¢KS LRIOGSYOGAlIfT TdzyOlAzy Gl 1Sa

V(i B) =ay+1/2By *— 1/4y * (Eq3]

This equation creates a cusp equilibrium surface, which acts as a response surface in regression,
YR LINBRAOGA GKS RSLISYRSYyG @GFNARIOofS @& ol asSR
tain combinations of these variables, it can predict two possible values for y and "antipredict"
an intermediate value, indicating newsccurrence of specific states (Col®81). The slope of

the potential function represents the rate of change of the system, depending on the forcing of
the two control variables. To be appropriate for empirical data, which frequently exhibit ran-
dom variations (stochasticity), a Wiener précd ¢ A (i K 2Hs adldd 16 €h& equation to
transform it as a stochastic differential equation (SDE) (Cobb and Watson; 1980)

FdV(y;a; B)/ dz = (—y >+ By+a)dt + cdWt=0 (Eq4)

In this equation, the initial segment signifies the drift term, which accounts for the determinis-
GAO GNBYR Ay (KS LINRPOSaad ¢KS aS3IaySyid ° RSyz
atility or the degree of randomness in the process represents the Wiener process. The vari-
FofS hy (1y26y a GKS FadYYSUuUNER OFNRARFof ST RAI
linked to fishing capacity in this work, reflecting how fishing effort affects the community's
a0 GS® aSlygKAXYS IO NER FIoKESS 30 AGHdgNIUNIFAY & F2 NY G KS
state variable from a smooth, linear one to a nonlinear, discontinuous one, potentially leading
G2 NBIAYS aKAFilad ¢KAa aiddzRe dziAft AT SR | f Ay
(SBT), indicating that variations in SBT may impact the way fishing pressure influences commu-
nity composition, potentiallyesulting in regime shifts and events such as hysteresis. Changes in
GSYLISNI dzNBE KIF @S 06SSy (y2sy G2 AYLIOG Iy SO
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2009), which means that even minor adjustments to fishing pressure could significantly influ-
ence the ecosystem under varying environmental regimes. The canonical state variable y and
0KS LI NIYYSGSNBR " FyR i |INB SadAYFGSR Fa fAYyS
(Egs. 5b and 5c) variables using a likelihood approach (Diks and Wang, 2016; Grasman et al.,
2009):

ly = w0 + wlAbundance (Eq5a)

e = a0 + alFishing Pressure (Eq 5b)

B =pB0 +B1SBT (Eq5c)

GKSNE é6nz hn YR in NP GKS AyuGSNOSLIWa FyR ¢
variables were substituted into Eq. (4).

If the system follows a discontinuous path, it will exhibit two stable and one unstable equilibria;

if it follows a continuous path, it will only exhibit one. The solution of (Egs 4), which is used to
RSNAGS (GKS /I NRIFIyda RAAONARYAYLFY(d 0610 RSGSNY

|5= 27a—48 > (Eq6)

2 KAOK LINRPRdzOSa 2yS az2fdziAzy ¢6KSy + B n |yR
g KSNB 1+ T -shaped akea onlthe plaiz (E&2). By default, the summary of the basic
Odza L) Y2RSt FdzyOlAzy O2YLI NBa (GKS Odzall by2 RSt ¢
computing a pseuddr2 statistic measure, AIC and BIC. The ps&8dweasure is preferred and

used for cusp catastrophe model applications because it provides a measure of explained vari-
ance similar to the traditional R2 in ordinary regression models. However, in the context of cusp
catastrophe models, defining error variance is not straightforward due to the model's irregular
nature. In ordinary regression, the predicted value generally represents the expected outcome
of the dependent variable based on the independent variables. In contrast, the cusp catastro-
phe model may predict multiple values for the dependent variable with a given set of inde-
pendent variables (Grasman et al., 2009). In the pseRBaneasure for cusp catastrophe mod-

els, error variance is defined as the variance of the differences between the observed (or esti-
mated) states and the mode of the distribution that most closely aligns with these values. This
statistic assesses the goodness of fit of the model by quantifying the proportion of variance in
the dependent variable that is explained by the independent variables. (Cobb and Watson,
1980; Grasman et al., 2009). Additionally, since the cusp density function doesn't involve nested
models, evaluating its fit isn't based on differences in likelihood. Instead, alternative indicators
such as Akaike information criterion (AIC) and Bayesian Information criterion (BIC) are em-
ployed. These fit indices, along with an AIC corrected for small sample sizes (AlCc; Burnham et
al., 2011), are computed by the summary function.

The Cusp Resilience Assessment (CUSPRA) approach, developed by Sguotti et al. (2023)

was used to evaluate the findings of the cusp model and to allow for a meaningful commentary

of the resilience in the studied areas. CUSPRA estimates how close a system is to a tipping
point, which could lead to a shift into a new state or regime. CUSPRA provides a quantitative
indicator of resilience (RA) that is directly applicable in ecosystased management settings.

In CUSPRA, the resilience indicator (RA) is defivedtwo main components: the vertical dis-

tance (V) and the horizontal distance (H) within the 2D cusp model representation. The vertical
distance (V) gauges the separation between the state variable and the region representing line-

ar dynamics, driven by changes in the bifurcation variable (b). Meanwhile, the horizontal dis-
tance (H) measures the system's distance from the instability/cusp area, where three states are
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possible, reflecting its proximity to a potential tipping point. These distances (V and H) are
combined in an equation and then transformed using a hyperbolic tangent function to yield the
overall resilience estimate (RA), which is scaled between 0 and 1. Resilience is low and the sys-
tem is nearing a tipping point if RA is near zero, indicating that it is in a highly transient state.
Alternatively, resilience is strong and the system is in a stable state far from a tipping point if RA
is close to 1. Finally, CUSPRA also provides guidelines to determine when a cusp result is mean-
ingful. These guidelines, based on the works of (Cobb, 1998) stipulate that: i) The {feoido

the cusp model must be no less than 0,3, ii) the Delta AlCc, which is the difference in the AICc
values between the linear and the cusp models, must be positive. This means the cusp model
should have a lower AlICc than the linear model, iii) the percentage of points inside the bifurca-
tion set must be no less than 10% and iv) theapue of the state variable Y must not exceed
0.05.

(a)
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High climate impact

Abundance
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Figure8.2. The stochatic cusp model provides a way to visualize species abundance dynamics influenced by two
BFNAIFOofSAaY FAAKAYI LINBaadz2NE oh 0 | y-Bimeasthal répazdeRtatian$a), i S Y LIS
species abundance can follow either a continuousliscontinuous path depending on these variables. This can be
simplified into a twedimensional projection (b & c), where the bifurcation area, indicating where the marine
community data resides, is shaded in gray and light blue. Here, species abundance is represented by filled dots,
with the radius proportional to the values on the principal component (PC) axis used as input. Red dots specifically
highlight the last 10 years of the time series. The vertical dotted line marks the current management target, and
note that the yaxis is reversed, with temperature increasing downward. Adapted from Sguotti et al. (2019).

8.3. Results
Spatiotemporal changes in species abundances

The GSAs exhibited various trends in their community structures over time. GSA 1, 6, and 10 ini-
tially had diverse communities with various fish and cephalopod species, later shifting to sim-
pler structures dominated by crustaceans and a few generalist fish. GSA 5 showed a replace-
ment of smaller species by largkodied predators. GSA 7, and 8 also started with a mix of spe-
cies but transitioned to crustaceatominated communities after key years such as 2006, 2012,
and 2015. GSA 9 showed fidbminated commuities initially, and significant shifts around the
years 2002 and 2005. GSA 11 initially experienced high diversity with medium tesileede
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- predators, moving towards a smaller set of species after 2009. The number of species consid-
ered varied according to the GSA analyzed

In GSA 1, PCA with 174 species revealed that the first two PCs explained ~23.12% of to-
tal variance. PC1 is driven by cephalopods $ikpia orbignyand_oligo forbesjiand small gen-
eralist predators such aSerranus hepatusPC2 is driven by active predatory crustaceans like
Processa nouveleryon longipgsand Squilla mantisInitially, the community was associated
with a diverse array of species spanning all considered taxa. However, a noticeable change oc-
curred after 2007, when the community was primarily influenced by a different set of species,
predominantly crustaceans. In 20P®14, the community was driven by a limited number of
species, notablyardanus arrosoand Squilla mantis Subsequently, the community composi-
tion underwent another change, associated with a different diverse set of specie8.8}ig

For GSA 5, the PCA was conducted with 190 species, and the first two PCs together had
35.2% explained variance. PC1 is mainly driven by bony fish, specifically ambush predators such
as Scorpaena notatand Scorpaena scrofa t / H QA @ f dzSa | NS RNRARGSY
thopelagic species such as the crustaceRlesionika edwardsiind Parapenaeus longirostras
well as bony fish and elasmobranchs. Initially, the community is associated with a few species,
such as the crustacearolenocera membranaceand Calocaris macandreadfter 2006, a
more diverse set of mostly largéodied species, comprising all taxa, became prominent. The
year 2017 stands out as only being driven by a few species sutynzenocephalus italicueand
P. longirostris

In GSA 6, the PCA was conducted with 170 species, and the two axes had 29.9% ex-
plained variance. PC1 is driven by bathydemersal bony fish species s&maburus ni-
grescensas well as more shallelving species such dssuerigobius friesiPC2 is associated
with the abundance of small crab species suck#misa mascaronandD. arrosor At the start
of the time series, the community was driven by the abundance of a few speci&€3giksurus
serpensHowever, the years 2068002 and 2005 were more related with the abundance of fish
like Cepola macrophtalmand crustaceans such &athynectes maravignan PC2.The year
2006 was related to the abundance of the generalist 8sthepatugand crustaceaMunida in-
termedia After 2006, the community is mostly associated with the abundance of a few general-
ist fish species likBagrus sp.Capros apeand Glossanodon leioglossus

For GSA 7, the PCA was performed with 141 species,and the first two PCs explained
~29.9% of the variance. PC1 is mainly associated with crab species R@puaiss excavatus
and Macropodia tenuirostris Contrarily, PC2 is driven by active predator and generalist fish
species such as the small spotted catsh&@wgy(iorhinus caniculaThor's scaldfisrnoglossus
thori and S. hepatusin the start of the time series and until 2006, the community is mostly re-
lated to changes in the abundance of species Dikeentrarchus labraand M. merlucciusuntil
2011. After 2012, the community is solely driven by the fluctuations in abundance of inverte-
brates, mostly crustaceans like. longirostrisand Liocarcinus depuratorThe year 2013 also
seems to be associated with different invertebrate species suthaahus dorsettensis

In GSA 8, the PCA was conducted with 146 species, and the first two axes captured
~26.2% of the variance. PC1 is driven by d&afer crustaceans such &olycheles typhlopss
well as demersal fish predators lilspondyliosoma cantharusd M. merluccius PC2 is solely
driven by small bony fish likBlennius ocellariand S. hepatusAt the start of the time series
and until 2011, the community is mostly driven by changes in fish and cephalopod species like
Chelidonicthys cuculusind S. orbignyanaAfter 2012, the community is solely driven by the
abundance of crustaceans lilgagurus alatusand P. longirostris with the exception of 2015,
driven by fish species likéarapus acus

122



77 W)
4L TT TN
( i ==, ‘

Seged?

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

For GSA 9, the PCA was conducted with 145 species, and the two PCs captured ~26.2%
of the variance. PC1 is driven by an assortment of species, such as the commercially important
benthopelagic crustaceaR. longirostris the minute cephalopodrondeletia minoand bony
fish predators such aSapros aperPC2 is instead only driven by larger predatory fish species,
such as the elasmobrancBgyliorhinus.canicul&tmopterus spinaand the bony fists. notata
The community seems to be driven by the fluctuations in abundance of fish species for all
years. In 2002, the community was driven only by species in the Scorpaena genus. A change to
another set of fish species driving the community was recorded for 2005.

In GSA 10, the PCA was performed with 141 species and the first two axes explained
~27.3% of the variance. Changes in abundance of the cepha®ppid eleganseem to drive
PC1, while an assortment of fish and crustacean specieéiilaglossus laternand Plesionika
acanthonotugrespectively) also contributed to the axis. PC2 is principally driven by the crusta-
cean predatorsG.longipesand Spinolambrus macrochelosnd to a smaller degree by the
cephalopodSepietta neglectand small to medium sized bony fish and elasmobranch preda-
tors. At the start of the time series and for the years 2@0D3, the community is related to
the abundance of fish and cephalopods lkelaternaand S. neglectaespectively. The rest of
the years until 2017 are associated with an assortment of mostly crustacean species. After
2017, the community is only associated with the abundance of a handful of fish and cephalopod
species likd_epidopus caudatuand Todarodes sagittatysrespectively. In 2021, the dominant
species changes to the cephalopbddaropsis eblanae

Lastly, in GSA 11, the PCA was performed with 136 species and the first two PCs ex-
plained 33.2% of the variance. PC1 is driven by medium to-targd bony fish and elasmo-
branch predators like the blackmouth catshatBafeus melastomgsthe speckled rayRaja
polystigmg and the Greater weeveiT (achinus dracp PC2 again driven by medium to large
sized predators, this time bony fish lil& canthara andEpigonus telescopu3he community
seems to be associated with the abundance of a diverse set of fish speciés. likerluccius
andT. dracountil the year 2009. An exception is 2007, which is related with different fish spe-
cies likeChelidonichthys lucern&fter 2009, the community is only associated with fluctuations
in abundance of a few fish and cephalopod species Meeroramphosus scolopaand L.
forbesiirespectively.

Detection of abrupt changes in species abundance

The Bayesian change point analysis revealed significant changes in species abundances for 7 of
the 8 studied GSAs (except GSA 9). Several GSAs shared common significant change points:
GSAs 1 and 11 both experienced notable changes in 2006 and 2007, while GSA 9 saw significant
shifts in 2003. Additionally, 2006 was a year of change in community abundance for GSAs 1, 6,
and 10. The years around 2015 were also significant for GSAs 5 and 8.

Specifically, in GSA 1, the years 2006 and 2007 were identified as significant change
points for the marine community. In GSA 5, 2006 and then ZMY showed a significantly
different species composition. For GSA 7, notable changes seem to have taken place in 2010. In
GSA 8, the method detected that significant changes shaped the community abundances in the
years 2011, 201:2015. The BCP approach identified that in GSA 9, 2005 was a year of signifi-
cant change in community abundances. In GSA 10, 2003 and 2019 seemed to harbor a change
in the abundances of the marine community. Lastly, in GSA 11-2006 were detected as
years of significant change in the species composition of the are&8.8ig
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For the average linkage clustering method, the years 2003 in GSAs 1 and 9, 2006 in GSAs
1, 6, and 10, and 2012, 2015, and 2017 in GSAs 7, 8, and 5 respectively, were associated with
unique clusters. For the rest of the GSAs, a more uniform cluster arrangement was observed,
with cluster groups displaying a linear progression over time. For the communities that had
more than 2 Cluster groups, in GSA 5, the community seems to shift in terms of abundance af-
ter 2005 and until 2021, with 2017 having a unique composition. For GSA 7, the marine com-
munity changes significantly after 2010, with cluster 2 including the years-2040 (except
2012). A similar pattern is depicted in GSA 8, where the years become associated with Cluster 2
after 2010 (except 2015). In GSA 10, the community significantly changed in 2003, after which
all years until 2019 are associated with Cluster 2, followed by Cluster 3. Lastly, in GSA 11, with
the exception of 2007, the community changes in terms of species abundance after 2012, be-
longing to Cluster 3 (Fi§.3).

Figure8.3. Changes in the loadings of PC1 and PC2 of a Principal Components Analysis based on species abun-
dance over time in the areas under study. For every GSA, the loadings of PC1 and PC2 are shown, with colors de-
noting the various phases detected through cluster analysis. Axis 1 values are colorédukghnd axis 2 values

are colored gray. The redotted lines represent the years where a significant change in the communities was de-

tected by Bayesian Change Point (BCP) analysis.
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