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Executive summary 

The goal the B-USEFUL project is to contribute to achieve policy goals of the EU Green Deal and the 
Biodiversity Strategy 2030 by developing user-oriented 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 Deliverable is to report on how drivers 
and stressors impact biodiversity and how their independent and cumulative impacts are mediated 
shaping biodiversity trends and patterns, which has been undertaken by partners under Task 3.2. 
To do that, the B-USEFUL team has applied a variety of analytical techniques over a broad range of 
marine ecosystems and organisms sampled along European shelf seas from the Eastern 
Mediterranean Sea to Greenland and the Barents Sea. All these areas are exposed to different 
regional environmental gradients in terms of climate and hydrography, but also local pressures 
mainly associated to anthropogenic activities. This Deliverable focuses on three main aspects: i) the 
combination of environmental gradients with local drivers spatially shaping the baselines for 
biodiversity patterns, ii) the context dependence and cross-scale approaches needed to explain 
global to local biodiversity variations, and iii) the cumulative pressures influence on the spatial 
heterogeneity of biodiversity-pressure relationships. 

Our main findings indicate that environmental gradients like depth and sea-bottom variables 
(mainly bottom temperature) are the primary drivers of community composition and the different 
biodiversity facets. This highlights the crucial role of environmental filtering structuring marine 
communities by selecting species with traits capable of thriving in a particular range of 
environmental conditions of any given area. Local processes linked to natural environmental 
variability can also influence local biodiversity, but often play a secondary role to that of fishing 
pressure, especially for the nektobenthic and epibenthic communities analyzed here. Functional 
and life history traits explained a substantial fraction of among-species 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 studies together evidence how 
biodiversity baselines are shifting, impacting biodiversity protection and conservation. 

Cumulative effects and complex interactions in the biodiversity responses has been shown in 
different areas, evidencing that fishing, local environment and climate do not act independently in 
modifying biodiversity. For instance, in many Mediterranean areas, impacts on sea-bottom are 
amplified in shallow, thermally stressed areas where communities are near physiological tolerance 
limits or dominated by long-living and slow-recovering species. Some studies have paid particular 
attention to the three general types of cumulative interacting effects (additive, synergistic and 
antagonistic) with dominant interactions displayed a clear spatial structure in terms of 
temperature, primary production and fishing pressure. Context dependence and cross-scale 
biodiversity responses have been transversally considered in all the studies, albeit through different 
methods, including a set of potential environmental and local drivers to describe, in an integrative 
way, the mechanisms of biodiversity variation from local to regional scales. The co-occurrence 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 biotic homogenization 
over regional scales driven by the preferential loss of sensitive species and expansion of more 
tolerant taxa. Many studies stress the limitations of uniform, basin-wide measures for biodiversity 
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protection, and thus, the 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 Mediterranean Sea, but also reported in the North Sea epibenthic communities with a clear 
spatial heterogeneity in the biodiversity-pressure relationships, and over the large climate-driven 
redistribution of fish species at a biogeographic scale over the whole Northeast Atlantic. Such 
results report a combination of context-dependent and species-specific responses all over the 
European Seas. 

Taking the results of this Deliverable together, there is clear evidence of the need to develop 
region-ǎǇŜŎƛŦƛŎ ƳŀƴŀƎŜƳŜƴǘ ŀǇǇǊƻŀŎƘŜǎ ǳƴŘŜǊ ǘƘŜ aŀǊƛƴŜ {ǘǊŀǘŜƎȅ CǊŀƳŜǿƻǊƪ 5ƛǊŜŎǘƛǾŜΩǎ DƻƻŘ 
Environmental Status (GES) objectives. A careful assessment of where conservation interventions 
are likely to be the most effective, together with the implementation of dynamic and adaptive 
measures as part of the Marine Spatial Planning (MSP) are also urgently required. Considering  
regional environmental and ecological context in the biodiversity responses enables a more holistic 
identification of the candidate areas for protection under realistic scenarios of change.  
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1 The role  of  this  deliverable  
 

This deliverable (DоΦнύ ƛǎ ǘƘŜ ǎŜŎƻƴŘ ƻŦ ǘƘǊŜŜ ǊŜǇƻǊǘǎ ƛƴ ǘƘŜ ²tо ƻŦ ǘƘŜ 9¦ ǇǊƻƧŜŎǘ άuser-
oriented solutions for improved monitoring and management of biodiversity and ecosystem 
services in vulnerable European Seasέ ό.-¦{9C¦[ύ ǘƘŀǘ ǘƻƎŜǘƘŜǊ ŎƻƳǇǊƛǎŜ άbiodiversity sta-
tus and cumulative impactsέΦ Identifying and Understanding the key 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 services. These elements are: (i) 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), and (iii) assess the effect and relative importance of various 
biodiversity indicators on overall measures of ecosystem functions and services (Deliverable 
3.3).  

 In the present deliverable we report a diversity of impacts and biodiversity responses 
in marine communities of nektobenthic fish, crustaceans and cephalopods, as well as in 
marine benthic communities. The different sections provide evidence across European wa-
ters (Mediterranean, North Sea, Northeast Atlantic, Greenland and Barents Sea), and also 
over the northwest Atlantic and Pacific 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 cross-scale effects.   

(3) Describe state-pressure 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 communities. The meth-
ods used and implemented are described in each section, ranging across a variety of meth-
odologies including Joint-Species Distribution Models (JSDM), other statistical data-driven 
approaches, or specific state-pressure methods. All sections represent primarily manu-
scripts in preparation, or in review, with no single contribution published prior to submis-
sion of this report. 
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ESM: Environmental Safety Margins  

MSP: Marine Spatial Planning 

MPAs: Marine Protected Areas  
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BPR: Biodiversity-Pressure Relationships 
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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
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2 General introduction 

2.1 Aim and background  

Natural systems are evolutionarily adapted to cope with environmental variability and thus, the 
rapid and accelerating loss of worldwide biodiversity is primarily attributed to a combination of 
ƛƳǇŀŎǘǎ ƻŦ ŀƴǘƘǊƻǇƻƎŜƴƛŎ ƻǊƛƎƛƴΣ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ƛƴ ƎŜƴŜǊŀƭ ǘŜǊƳǎ ǘƻ ΨƎƭƻōŀƭ ŎƘŀƴƎŜΩ όtƛƳ Ŝǘ ŀƭΦ 
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 the variety of impacts of the climate change (e.g. 
warming, extreme events, seasonal shifts), resources overexploitation, habitat loss, pollution 
and the arrival of non-indigenous species (Boyce et al., 2022, Halpern et al., 2008, 2025). For 
some of these drivers, such 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 (McGill et al., 2006; Mouillot et al., 2013). However, 
the mechanisms of impact and how biodiversity responds under the combination of different 
impacts (natural and anthropogenic) are poorly known, and tools to monitor and assess these 
complex impacts across regions are 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; Mouillot et al., 2013). This combination of accumulation of impacts has a 
higher relevance at lower scales (regional to local) 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 multi-faceted nature of biodiversity 
(González et al. 2020). Additionally, how the combination of cumulative impacts interacts 
affects the response of biodiversity changes in 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 
ǊŜŦŜǊŜƴŎŜ ƭŜǾŜƭǎ ŘŜƴƻǘƛƴƎ ŀƴ ǳƴŦŀǾƻǳǊŀōƭŜ ƻǊ ŦŀǾƻǳǊŀōƭŜ ǎǘŀǘǳǎ όǎǳŎƘ ŀǎ άDƻƻŘ 9ƴǾƛǊƻƴƳŜƴǘŀƭ 
{ǘŀǘǳǎέ όD9{ύ ŀŎŎƻǊŘƛƴƎ ǘƻ aŀǊƛƴŜ {ǘǊŀǘŜƎȅ CǊŀƳŜǿƻǊƪ 5ƛǊŜŎǘƛǾŜΣ a{C5Σ 5ŜǎŎǊƛǇǘƻǊ м ƻƴ 
biodiversity) are commonly based in univariate state-pressure relationships. Making use of 
large spatiotemporal standardized databases of the benthic and nektobenthic communities 
across the European Seas, the task 3.2 of the B-USEFUL project has assessed the status of a 
series of biodiversity indicators, as well as investigated state-pressure relationships and 
cumulative impacts on biodiversity arising from multiple natural and human stressors, and 
compared across organism groups and European and non-European Seas. To do that, this 
deliverable builds on WP2, by using various catalogues of datasets containing biological traits, 
as well as of epibenthic and necktobenthic species abundances and distributions as informed by 
survey datasets from the Mediterranean and North-east 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 ecosystem-based management (EBM) 
(Ellis et al. 2025), which aims to balance human activities with environmental stewardships in 
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., 
нллфύΦ ¢ƘƻǎŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǊŜ ƪƴƻǿƴ ŀǎ Ψcumulative impactsΩ ƻǊ Ψcumulative effectsΩΣ ŀƴŘ ǊŜǇǊŜπ
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-
ǘƛƻƴΣ ŀƴŘ ŘƛǎŜŀǎŜΦ ²ƘƛƭŜ ǘƘŜ ǘŜǊƳǎ Ψcumulative impactsΩ ƻǊ Ψcumulative effectsΩ ŀǊŜ ƻŦǘŜƴ ǳǎŜŘ 
interchangeably to describe how pressures affect ecosystems, it is recommended the term 
Ψcumulative effectsΩΣ ƴƻǘƛƴƎ ǘƘŀǘ ƛƳǇŀŎǘǎ ŀǊŜ ƘȅǇƻǘƘŜǎƛȊŜŘ ŀƴŘ ƘŀǾŜ ōŜŜƴ ŜƛǘƘŜǊ ƴƻǘ ŘƛǊŜŎǘƭȅ ƻōπ
served or attributed (Murray et al. 2015). 
 

There are three 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-
quences 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-
quence 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 cross-scale 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 
stressors are spatially propagated triggering sys-
tem responses (Low et al. 2023). The biodiversi-
ty responses to different pressures are often 
context-dependent and therefore, detecting 
signals of change will depend on the way the 
system is defined or delimited (Heim et al. 
2021). Ecological theory has long emphasized 

that ecosystems are hierarchically structured 
and that many ecological processes are inher-
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ently scale-dependent (Levin, 1992, Gonzalez et al. 2020, Figure. 2.1), while environmental and 
anthropogenic pressures also act at different spatial-scales. 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, 2021). Indeed, activity and stressor imprint can gen-
erate a variety of systems response footprints because seascapes can have varying levels of 
physical and biological variation and connectivity (Low et al. 2023) (Fig. 2.2).  

Broader scales may mask or dilute locally im-
portant effects and show an apparent temporal stabil-
ity, partly due to statistical averaging, speciesςarea re-
lationships and compensatory dynamics among species 
(Flensborg et al., 2025). Therefore, larger-scales may 
potentially obscure early warnings of biodiversity 
change and conceal substantial local variability and lo-
calized declines. Thus, biodiversity indicators as well as 
stressors´ effects can be contrasted and even opposed 
when progressively moving from larger to smaller spa-
tial units of analyses. This scale dependence is further 
complicated when multiple stressors interact, since 
drivers and responses operating at different spatial or 
temporal scales, often produce nonlinear and emer-
gent dynamics that cannot be inferred from single-
scale analyses (Peters et al., 2007; Soranno et al., 
2014). Despite this context dependency, most studies 
still focus on a single spatial scale, neglecting the need 
to explicitly consider scale when interpreting biodiver-
sity trends, assessing stateςpressure relationships and identifying ecological thresholds. 

Cross-scale perspective is essential to achieve a holistic understanding of spatio-temporal 
changes in marine biodiversity, having profound implications for ecosystem resilience, recovery 
and management effectiveness, particularly under cumulative and interacting stressors. This 
deliverable shows how B-USEFUL has done that across the European Seas. 

2.4 State-pressure relationships 

The quantification of marine biodiversity is strongly linked with the concept of state-pressure 
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 et al. 2025). However, as aforementioned, 
pressures and biodiversity responses vary across-scales with cumulative and interacting effects 
occurring from local to regional and basin-wide ecosystems. This heterogeneity makes single, 

Figure 2.2. Conceptual diagram showing how 

the scale of the response (A) might or (B) 

might not agree with the scale of the impact 

(adapted from Low et al. 2023). 
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systemȤwide thresholds difficult to generalize (Osland et al. 2025) and poses great 
methodological challenges in the identification of meaningful ecological thresholds that 
encompass such context complexity (Tam et al. 2017). 

Nevertheless, incorporating cumulative effects, interacting pressures and meaningful 
spatial scales is key to understanding the variability in stateςpressure relationships (commonly 
non-linear) and identifying ecological thresholds that support effective spatially explicit 
management measures aimed at maintaining ecological resilience. This B-USEFUL deliverable 
goes one step beyond common univariate state-pressure relationships towards multi-faceted 
ecological thresholds, and considering a cross-scale vision on biodiversity dynamics over the 
European Seas. 
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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 semi-enclosed 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 sub-regions with substantial environmental, ecological and impacts differences. 
The present-day 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 AW (100-500m 
of depth) and ultimately reaching the Channel of Sicily and the Strait of Gibraltar (Millot and 
Taupier-Letage, 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 large-scale 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; Soto-Navarro 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 ecosystem-based man-
agement. Biodiversity is usually quantified through indicators of species richness and relative 
abundance (Magurran, 2013). Alpha-diversity metrics, such as species richness, Shannon diver-
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ǎƛǘȅ ό{ƘŀƴƴƻƴΣ мфпуύ ŀƴŘ tƛŜƭƻǳΩǎ ŜǾŜƴƴŜǎǎ όtƛŜƭƻǳΣ мфссύΣ ŘŜǎŎǊƛōŜ ƭƻŎŀƭ ŘƛǾŜǊǎƛǘȅ ŀƴŘ ǘƘŜ 
abundance distribution of species within communities, while gamma-diversity describes the to-
tal diversity observed at the regional scale, integrating the contribution of multiple local as-
semblages across the broader area (Whittaker, 1972). Beta-diversity represents the ratio be-
tween regional and local species diversity and is often measured as the compositional dissimi-
larity among sites (Whittaker, 1972). Beta-diversity 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 pattŜǊƴǎ ƛƴ ǘƘŜ ʰ- ŀƴŘ ʲ-diversity, 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 sub-basins. 
  

3.2. Materials and methods 
 
An integrated analytical workflow was developed to describe spatial and temporal patterns of 
demersal biodiversity in the Central-Eastern Mediterranean Sea and to assess the cumulative 
effects of climatic, environmental and anthropogenic drivers. The workflow combined joint 
species distribution modelling, multi-ǎŎŀƭŜ ōƛƻŘƛǾŜǊǎƛǘȅ ƛƴŘƛŎŜǎΣ ǎǇŀǘƛŀƭ ŀƴŘ ǘŜƳǇƻǊŀƭ ʲ-diversity, 
generalised dissimilarity modelling and constrained ordination. First, information of species 
abundance and distribution were obtained from the posterior predictions 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 abundance sub-models), 
two different models were fitted for each sub-basins, Western (WMS) and Central-Eastern 
Mediterranean Sea (CEMS), comprising 18 GFCM GSAs (Resolution GFCM/33/2009/2) (WMS: 
GSAs 1, 2, 5-11; CEMS: GSAs 15-20, 22, 23, 25) (Figure 3ΦмύΦ ¢ƘŜ ƳƻŘŜƭǎΩ ƛƴǇǳǘǎ ǳǎŜŘ ŀ но-year 
time series (1999ς2021) of MEDITS trawl-survey (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 two sub-basin 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), chlorophyll-a (Cos-
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 sub-models, whereas spatial and temporal variability was modelled 
via random effects. For each sub-model, 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 details on parametrization 
are reported in B-Useful deliverable 3.1 (Lindegren et al., 2025). 
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All HMSC predictions were performed on a regular 0.1° grid covering the two sub-basins, 

over 18 GSAs in four broader sub-regions: Western Mediterranean Sea (WMS), Adriatic Sea 
(AS), Central Mediterranean Sea (CMS) and Eastern Mediterranean Sea (EMS). Predicted prob-
abilities of occurrence were converted into presenceςabsence using species-specific 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-
ǘƛƻƴŜŘ ƻƴ ǇǊŜǎŜƴŎŜ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ Ia{/ ŦǊŀƳŜǿƻǊƪΦ ¢ƘǊŜŜ ʰ-diversity metrics were com-
puted (R package vegan): species richness (number of species with predicted abundance > 0), 
{Ƙŀƴƴƻƴ ŘƛǾŜǊǎƛǘȅ όhƪǎŀƴŜƴ Ŝǘ ŀƭΦΣ нлнлύ ŀƴŘ tƛŜƭƻǳΩǎ ŜǾŜƴƴŜǎǎ ό{ƘŀƴƴƻƴΣ мфпуΤ tƛŜƭƻǳΣ мфссύΦ 
¢ŜƳǇƻǊŀƭ ǘǊŜƴŘǎ ƛƴ ʰ-diversity were evaluated using Spearman rank correlations with time over 
multiple spatial scales. Spatial patterns and their persistence through time were examined by 
applying the GetisςOrd Gi* statistic (Getis and Ord, 1992) by year. Thus, cell with values higher 
than the 90th percentile and lower than the 10th percentile were classified as hotspot or cold-
spot respectively, and the number of years classified as such, were used to derive the temporal 
ǇŜǊǎƛǎǘŜƴŎŜ ƻŦ ƘƛƎƘ ŀƴŘ ƭƻǿ ōƛƻŘƛǾŜǊǎƛǘȅΦ ʲ-diversity was used to characterise compositional dif-
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; 
[ŜƎŜƴŘǊŜ ŀƴŘ [ŜƎŜƴŘǊŜΣ нлмнύ ŀƳƻƴƎ ƎǊƛŘ ŎŜƭƭǎΦ ¢ƻǘŀƭ ʲ-diversity, estimated with the betapart R 
package (Baselga, 2010; Baselga et al., 2018). Distanceςdissimilarity relationships were ana-
lysed by combining annual Jaccard matrices with projected Euclidean distances among grid-cell 
centroids and fitting a power model (Bevilacqua et al., 2023). The intercept (a) and slope (b) of 
this model described short-distance similarity and its rate of decline with distance, allowing 
ŎƻƳǇŀǊƛǎƻƴǎ ŀƳƻƴƎ ȅŜŀǊǎ ŀƴŘ ǎǇŀǘƛŀƭ ǎŎŀƭŜǎΦ ¢ŜƳǇƻǊŀƭ ʲ-diversity, including turnover and nest-
edness components, was mapped at the grid-cell scale. Spearman correlations were then used 
to relate these indices to longitude and latitude, thereby describing large-scale spatial gradients 
in temporal compositional change at different spatial scales. 
 

 

Figure 3.1. 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 sea-surface temperature), local environment 
(surface and bottom salinity, chlorophyll-a, depth), fishing pressure (FDI data spatially disaggre-
gated using the Global Fishing Watch footprint) and spaceςtime 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 southern-estern Adriatic Sea. Varia-
tion partitioning was quantified as unique and shared fractions of Hellinger-based composition-
al variation attributable to each predictor set (Borcard et al., 1992; Peres-Neto 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, sea-surface 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 spaceςtime 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 to BrayςCurtis 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, log-transformed chlorophyll-a, log-transformed 
trawling effort and year as predictors, using I-spline basis functions to model non-linear turno-
ver along each gradient. Predictor importance was quantified by permutation, and model per-
formance was assessed by cross-validation in terms of deviance explained and predictive accu-
racy. 
 

3.3. Results 
 

-hdiversity 
In the WMS, the highest species richness values occurred along the Iberian 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 Ionian 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). GetisςOrd Gi* maps highlighted these areas as persistent hot- and coldspots over 
time. The temporal analysis (Table S3.1, Figure 3.2) indicated a pervasive long-term decline in 
species richness at multiple spatial scales. At the sub-region level, richness decreased signifi-
cantly, with the most widespread trends in the WMS (up to -6.5% in the time series), where all 
GSAs displayed consistent reductions, reaching the highest reduction rate of -13.4% in GSA 8 
(Corsica Island) and -10.8% in GSA 7 (Gulf of Lion). CEMS sub-regions also tended to show de-
clining richness (especially in Malta Island, -3.6%; Northern AS -4.9%; Aegean Sea -3.6%; respec-
tively GSAs 15, 17 and 22) (Table S3.1), but with greater heterogeneity at the GSA scale. Spatial 
patterns of Shannon diversity broadly mirrored those of richness. Stable hotspots of Shannon 
index (Figure S3.1) occurred along the Iberian and Sardinian coasts (GSAs 7, 8 and 11), in the 
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southern Adriatic (GSA 18), the eastern Ionian (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 (northern-western 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 (from -0.7% to -мΦо҈ ƛƴ ǘƘŜ /9a{ύΦ tƛŜƭƻǳΩǎ ŜǾŜƴƴŜǎǎ ŘƛǎǇƭŀȅŜŘ ǎƛƳƛƭŀǊ ƭŀǊƎŜ-scale spa-
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 EMS (-1.0% both), aligned with an in-
crease in dominance of some species within assemblages and communities, whereas the CMS 
displayed comparatively stable trajectories (-0.4%), without significant long-term 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 the CMS. 

 

Figure 3.1. Temporal pattern of the alpha-diversity metrics (species richness, Shannon and evenness indices) at 
sub-region spatial scale (WMS: Western Mediterranean Sea, CEMS: Central-Eastern Mediterranean Sea). 
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-̡diversity 
tŀǘǘŜǊƴǎ ƻŦ ʲ-diversity revealed a temporally variable distanceςdissimilarity structure across 
Mediterranean sub-areas (Table S3.2). 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 
basin-scale trends in either parameter. At the GSA scale, temporal changes in distanceς
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 strong positive trends in both parameters. In the EMS, GSA 23 also dis-
played significant positive trends in a and b, mirroring the basin-scale strengthening of dis-
tanceςdissimilarity in this region. No significant temporal changes were detected in the Adriatic 
D{!ǎ мт ŀƴŘ муΣ ƻǊ ƛƴ ǘƘŜ ǊŜƳŀƛƴƛƴƎ D{!ǎ ƻŦ ǘƘŜ /9a{Σ ǿƘŜǊŜ ʲ-diversity patterns appeared 
largely stationary through time. 
 

¢ŜƳǇƻǊŀƭ ʲ-diversity between 1999 and 2021 showed marked and spatially structured 
patterns (Figure 3.3). The strongest compositional reorganisation 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 Ionian shelves. There, nestedness 
contributed more modestly and displayed a heterogeneous and spatially fragmented pattern, 
with higher values mostly in the western AS and the central-southern 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 (Table S3.3). In the 
²a{Σ ǘŜƳǇƻǊŀƭ ʲ-diversity shows the higher local variations along the time series in the north-
ern-eastern quadrant, following a significant trend along the west-east and south-north geo-
graphic gradients. These positive gradients were particularly pronounced 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 AlboranςBalearic re-
gion and the Ligurianςnorthern Tyrrhenian sector. In the CMS, longitudinal gradients were gen-
erally weak, but Sicily Channel and the Western Ionian Sea (GSAs 15, 16 and 19) showed clear 
ƛƴŎǊŜŀǎŜǎ ƛƴ ǘŜƳǇƻǊŀƭ ʲ-diversity, especially in nestedness, towards their north-eastern areas, 
while Eastern Ionian Sea (GSA 20) exhibited a stronger latitudinal signal with higher turnover at 
ƘƛƎƘŜǊ ƭŀǘƛǘǳŘŜǎΦ Lƴ ǘƘŜ !ŘǊƛŀǘƛŎ {ŜŀΣ ǘŜƳǇƻǊŀƭ ʲ-diversity decreased eastwards and increased 
northwards, mainly driven by turnover, pointing to stronger community reorganisation in the 
ǿŜǎǘŜǊƴ ŀƴŘ ƴƻǊǘƘŜǊƴ !ŘǊƛŀǘƛŎΦ Lƴ ǘƘŜ 9a{Σ ōƻǘƘ ǘƻǘŀƭ ʲ-diversity and its turnover component 
declined sharply from west to east but increased towards higher latitudes. 
 



26 

 

 

 

Figure 3.2Φ aŀǇǎ ƻŦ ǘƘŜ ŜǎǘƛƳŀǘŜŘ ǘŜƳǇƻǊŀƭ ʲ-diversity split into turnover and nestedness components in the WMS 
(left) and CEMS (right) sub-basins. 

 
Effects of Cumulative drivers 
The partial redundancy analysis (RDA) on Hellinger-transformed 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 broad-scale spaceς
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, with bottom salinity (bso), depth and 
bottom temperature (btemp) clearly dominating over surface salinity (so), chlorophyll-a con-
centration (chl), fishing effort (fe) and sea-surface temperature (sst). Variation partitioning 
across climate, environment, fishing and spaceςtime 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 spaceςtime. Although the unique fishing 
fraction was small, adding interaction terms between fishing and environmental covariates 
(btemp×fe, fe×sst, depth×fe) significantly improved model fit (F = 68.7, p = 0.002), indicating 
non-additive effects of fishing along thermal and bathymetric gradients (Figure 3.4). In the EMS, 
ǘƘŜ w5! ǎƘƻǿŜŘ ŀ ƭƻǿŜǊ ŀŘƧǳǎǘŜŘ wч όwчψŀŘƧ Ғ лΦнрΤ C Ґ нтупΦоΣ Ǉ Ґ лΦллнύΣ ōǳǘ ǿƛǘƘ ŀ ǾŜǊȅ 
strong overall significance. As in the WMS, RDA1 concentrated most of the constrained vari-
ance (about 71%), and all axes were highly significant. Depth emerged 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% for spaceςtime. 
Thus, in the CEMS, spaceςtime accounted for a much larger unique fraction than in the WMS, 
and fishing also showed a marginal fraction. Interactions between fishing and environmental 
variables had an even stronger effect than in the WMS due to the higher regional and spatial 
heterogeneity, with depth×fe explaining the largest marginal fraction among interactions (Fig-
ure 3.4). The RDA biplots with interaction terms (Figure 3.5) 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 depth-related community segregation. The depth×fe 
interaction is almost collinear with fe and clearly inverse to depth, behaving synergistically with 
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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, btemp×fe and fe×sst point towards the same quadrant as btemp, sst and chl, and away 
from the pure fe vector, suggesting that the observed fishing-related turnover was context-
dependent and co-occurred 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 depth×fe 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 (btemp×fe and fe×sst) also show 
a stronger cumulative signal than in the WMS: both fall between depth and chl along the sst ax-
is and are lonƎŜǊ ǘƘŀƴ ǘƘŜ ŦŜ Ƴŀƛƴ ŜŦŦŜŎǘ όҒмΦнҎ ŦƻǊ ōǘŜƳǇҎŦŜ ŀƴŘ ҒлΦтҎ ŦƻǊ ŦŜҎǎǎǘύΦ hǾŜǊŀƭƭΣ 
these patterns support a non-uniform fishing imprint across the study area, with the apparent 
effect of effort being modulated by depth and temperature regimes, rather than acting as 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 space-time) that is almost 8%. 
 

 

Figure 3.3. Variance partitioning of the redundancy analyses (RDA) conducted for the Western Mediterranean Sea 
(WMS, left) and CentralςEastern Mediterranean Sea (CEMS, right), accounting for 4 different groups of variables: 
Climate (bottom and sea-surface temperature); Env (surface and bottom salinity, chlorophyll-a, depth); Fishing 
(fishing effort); Space/Time (Year, Latitude, Longitude). 
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Figure 3.4. Partial RDA biplots of demersal community composition for the WMS (left) and CEMS (right) including 
main effects (blue arrows) and fishingςenvironment 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 
DŜƴŜǊŀƭƛǎŜŘ ŘƛǎǎƛƳƛƭŀǊƛǘȅ ƳƻŘŜƭǎ όD5aǎύ ǇǊƻǾƛŘŜŘ ŀ Ǌƻōǳǎǘ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘŜƳǇƻǊŀƭ ʲ-diversity 
in both basins, with full models explaining 69.1ς85.0% and 77.3ς93.8% of deviance in the WMS 
and CEMS, respectively, and cross-validation yielding similarly high predictive performances 
(68.3ς85.1% and 77.5ς93.7%). These diagnostics indicate that the models captured most of the 
temporal variation in BrayςCurtis dissimilarity and that this explanatory power was not restrict-
ed to calibration data but remained stable under cross-validation. 
In the western basin, the relative importance of predictors (Table S3.5) was 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 sea-surface 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 BrayςCurtis 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 
 
¢ƘŜ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ŀƴŀƭȅǎƛǎ ƻŦ ʰ- ŀƴŘ ʲ-diversity combining local and regional scales indicates 
that Mediterranean demersal biodiversity is undergoing a pervasive but spatially heterogene-
ous reorganisation facilitated by strong environmental gradients (Lacoue-Labarthe et al., 2016; 
Tuel and Eltahir, 2020), where productivity, hydrodynamics and topographic complexity shape 
contrasts in community structure (Coll et 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 
MEDITS-based evidence of higher diversity in western and central areas and in frontal or 
upwelling zones (Farriols et al., 2020; Veloy et al., 2022).  Long-term declines 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 
fastest-warming ocean regions, already exposed to frequent and intense marine heatwaves and 
temperature extremes with widespread biological impacts (Marbà 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 from Indo-Pacific 
Ocean) over temperate ones that are approaching their upper thermal limits (Bensoussan et al., 
2010; Calvo et al., 2011), while warming-induced reductions in chlorophyll-a and enhanced wa-
ter column stratification likely reduce food supply (Kim et al., 2019). At the same time, cumula-
tive human impacts 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-
ǎƛƻƴ ƻŦ ʰ-diversity in these regions is consistent with the co-occurrence of strong climatic and 
ŀƴǘƘǊƻǇƻƎŜƴƛŎ ǎǘǊŜǎǎƻǊǎΦ ʲ-diversity results show that these changes are not a simple uniform 
loss of species richness, but involve marked spatial restructuring of assemblages (Pennino et al., 
2024): distanceςdissimilarity parameters derived from Jaccard dissimilarities reveal contrasting 
trajectories among sub-regions 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 distance-structured 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 Ionian (Giani et al., 2012), 
while offshore areas of the WMS show more pronounced changes, in liƴŜ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ʲ-
diversity trends reported for the North Catalan Sea and Gulf of Lion (Veloy et al., 2022). Tem-
ǇƻǊŀƭ ʲ-diversity generally increases towards higher latitudes in both basins, with stronger 
turnover likely driven by meridionalisation processes (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 long-term 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 studies emphasizing bathymetry and water-mass con-
trols on demersal assemblages and productivity (Farré et al., 2016; Peristeraki et al., 2017; Car-
lucci et al., 2018; Quattrocchi et al., 2026). RDA and 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, non-additive 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 stressed ar-
eas where communities are near physiological limits or dominated by long-living, slow-
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recovering species (Micheli et al., 2013; Marbà et al., 2015; Colloca et al., 2017). The small 
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 Brayς
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 cold-affinity 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 
(Sanz-Martín et al., 2024), and consistent with the stronger turnover and distanceςdissimilarity 
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. Trait-based and risk-assessment studies show that many long-living, slow-growing 
demersal species, including commercially important taxa, are highly vulnerable to warming, de-
oxygenation and recurrent marine heatwaves, as well as to chronic exploitation (Marbà 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 climate-driven 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 
spaceςtime structure and fishingςenvironment interactions, especially in the CEMS basin, de-
termined by the semi-enclosed nature of the basin together with steep west-to-east 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 explicit patterns described identify priority areas for 
climate-ŀǿŀǊŜ ŎƻƴǎŜǊǾŀǘƛƻƴ ŀƴŘ ŦƛǎƘŜǊƛŜǎ ǊŜƎǳƭŀǘƛƻƴΦ wŜƎƛƻƴǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ƘƛƎƘ ʲ-diversity 
along continental shelves, and in the northern Adriatic, Ionian and parts of the Aegean, corre-
spond to rapidly reorganising 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. Scenario-based 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, species-targeted removals may be needed to effectively 
control invasive fish populations, particularly in the EMS (Giakoumi et al., 2019). By contrast, 
ǎŜŎǘƻǊǎ ǿƛǘƘ ƭƻǿŜǊ ǘǳǊƴƻǾŜǊ ŀƴŘ ǊŜƭŀǘƛǾŜƭȅ ǎǘŀōƭŜ ʲ-diversity may function as refugia under fu-
ture climate scenarios and provide long-term protection. This information will be thus critical to 
properly assess the trade-off between biodiversity conservation and fisheries management in 
future decision making and marine spatial planning. 
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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 
ǘƘŜ ŀōǳƴŘŀƴŎŜ ŀƴŘ ŘƛǾŜǊǎƛǘȅ ƻŦ ǎǇŜŎƛŜǎ ŀƴŘ ƎǊƻǿƛƴƎ Ǌƛǎƪǎ ǘƻ ƴŀǘǳǊŜΩǎ ŎƻƴǘǊƛōǳǘƛƻƴǎ ǘƻ ǇŜƻǇƭŜ 
are reported across the globe, with compounding effects where pressures co-occur (Ceballos et 
al., 2017; IPBES, 2019; Isbell et al., 2017). To be efficient, management and conservation 
measures must combine area-based 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; Herbert-Read 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 2030 - ǘƘŜ άол Ҏ олέ ǘŀǊƎŜǘ ό/.5Σ нлннύΦ !ŎƘƛŜǾƛƴƎ ǘƘƛǎ 
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; Grorud-Colvert et al., 2021; Sala et al., 2021). 
Well-designed, area-based management measures can simultaneously address biodiversity loss 
and climate risks (Mackelworth et al., 2024; Pörtner 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; Stuart-Smith et al., 2013). Yet hotspot delineation remains 
heterogeneous across studies and typically performed on a case-by-case 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 (Chaplin-Kramer et al., 2023; Neugarten et 
al., 2024; Vasileiadou et al., 2024), particularly regarding the integration of life-stage 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 habitat useτdriven by size-dependent 
changes in foraging, reproduction, and predator avoidanceτcommonly yield distinct habitats 
for juveniles and adults (Giakoumi & Pey, 2017; Grüss 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). EFHs are life-stage specific 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 comprehensive, long-term, 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 ecosystem-
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 spatio-temporal scale. This limits our capacity to design spatial measures 
robust to environmental variability and to anticipate community-level responses to 
anthropogenic pressures (Katsanevakis et al., 2011), particularly in the Mediterranean Sea, 
where management needs are most pressing (Aminian-Biquet, Gorjanc, et al., 2024). 

The Mediterranean is one of the most socio-ecologically 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 
speciesτmore 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 
ƻŎŜŀƴƻƎǊŀǇƘƛŎ ǇǊƻŎŜǎǎŜǎ ό.ƛŀƴŎƘƛ ϧ aƻǊǊƛΣ нлллΤ /ƻƭƭ Ŝǘ ŀƭΦΣ нлмлΤ 5ΩhǊǘŜƴȊƛƻ ϧ wƛōŜǊŀ ŘΩ!ƭŎŀƭŁΣ 
2009). This semi-enclosed 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; Marbà 
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 measuresτsuch as Marine Protected 
Areas (MPAs) and Fisheries Restricted Areas (FRAs)τto protect juveniles and spawning 
habitats. The GFCM 2030 Strategy and the MedFish4Ever Declaration advocate a regional 
network of EFHs and expanded area-based 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 
(Aminian-Biquet, 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 life-stage-specific 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, life-history 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 community-based, life-stage-
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 
spatio-temporal 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 community-basef 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 (Aminian-Biquet, 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 sub-basin-scale, community-based, life-stage-
integrated assessment of Essential Fish Habitats in the Mediterranean Sea. Using over two 
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decades (1999-2021) 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 (jSDM, Ovaskainen, Tikhonov, Norberg, et 
al., 2017) framework with spatio-temporal hotspot analyses to define Essential Fish Habitats at 
the community level, explicitly accounting for life-stage differences and temporal variability. By 
integrating life-stage-specific 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 Sub-Areas (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 cold-temperate 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 (MayςJuly) and covered continental shelves (10ς200 m) and upper slopes 
(200ς800 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 GOC-73 type with a stretched-mesh 
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 10ς50, 51ς100, 101ς200, 201ς500, and 501ς800 m. The GOC-73 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 sardine (Sardina pilchardus) and anchovy 
(Engraulis encrasicolus), that 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 ensure high-
ǉǳŀƭƛǘȅ ŀƴŘ ŎƻƴǎƛǎǘŜƴǘ Řŀǘŀ ŀŎǉǳƛǎƛǘƛƻƴΦ 5ŀǘŀ ǾŀƭƛŘŀǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ άwƻa9.{έ w 
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package which performs multiple cross-checks across MEDITS survey datasets, including haul 
metadata, aggregated abundance and biomass by species, and lengthςfrequency 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 and life-stage combina-
tions, we excluded those recorded in fewer than 1% of hauls within the western Mediterranean 
subregion during the 1999ς2021 period. This threshold retained speciesςlife 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 species-life stage 
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 for Mediterranean species 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 
open-access trait databases (Beukhof et al., 2019; Coulon et al., 2023; Koutsidi et al., 2020).  

Missing trait values were estimated using a phylogenetic structural-equation mixed-trait 
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 & Szöcs, 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 one unit between taxonomic nodes, con-
sistent with previous studies applying HMSC to diverse fish assemblages (Gordó-Vilaseca et al., 
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2024; Maioli et al., 2023; Montanyès et al., 2023; Ovaskainen & Abrego, 2020). For the purpose 
of modeling life-stage-dependent 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 life-stage-specific variation in body size, we derived two composite size-
related traitsτminimum size and maximum sizeτfrom 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 life-stage 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 spatial-temporal 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 chlorophyll-a concentration (chl-a, mg.m-3) as a proxy for 
primary production and resource availability. Environmental data were obtained from the Ma-
rine Copernicus platform (https://marine.copernicus.eu/) using the Mediterranean Sea Physics 
Reanalysis and Mediterranean Sea Biogeochemistry Reanalysis products, both available at 
1/24° spatial resolution (ca. 4-5km) (Cossarini et al., 2021; Escudier et al., 2021). Bathymetric in-
formation was extracted from the European Marine Observation Data Network (EMODnet) Dig-
ital Bathymetry (DTM)-2022 (1/16° resolution). For each sampling location (i.e., hauls), envi-
ronmental values corresponded to the mean June-July 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 Index (FPI) derived through a Multi-Criteria 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 small-scale fisheries. It is computed as the fuzzy product of a fishery suitability index 
(Sc) and an activity index (Ac), such that FPI = Sc × Ac (Kavadas et al., 2015). Criteria for Sc in-
cluded bathymetry, distance from coast, chlorophyll-a concentration, fisheries restricted areas, 
and no-take zones. Each factor was normalized on a 0ς1 fuzzy 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 spatio-temporal 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).  

https://marine.copernicus.eu/
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Finally, to minimize multicollinearity among predictors, we examined pairwise correla-
tions and calculated Variance Inflation Factors (VIF) (Dormann et al., 2013). Covariates showing 
ƘƛƎƘ ŎƻƭƭƛƴŜŀǊƛǘȅ όtŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘμ Ҕ лΦт ƻǊ ±LC Ҕ оύ ǿŜǊŜ ŜȄŎƭǳŘŜŘΦ Lƴ ǇŀǊǘƛŎǳπ
lar, sea bottom salinity and seabed substrate (not described here) were removed due to their 
strong correlation with bathymetry. The remaining predictors all met the independence criteria 
όμǊμ Җ лΦтΤ ±LC ғ оύΣ ŜƴǎǳǊƛƴƎ Ǌƻōǳǎǘ ƳƻŘŜƭ ŜǎǘƛƳŀǘƛƻƴΦ 

Joint Species Distribution modelling 

We applied the Hierarchical Modelling Species Communities (HMSC) framework to jointly mod-
el the juvenile 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 life-stage-specific distributions while accounting for spatial 
and temporal autocorrelation (Ovaskainen et al., 2017; Ovaskainen & Abrego, 2020; Tikhonov, 
Opedal, et al., 2020). HMSC is a multi-variate Bayesian generalized linear mixed-effect model 
framework within the class of joint Species Distribution Models (jSDMs) (Warton et al., 2015). It 
integrates community data with environmental and anthropogenic covariates, species traits, 
phylogenetic relationships, and the spatio-temporal structure of the study, providing predictive 
insights into community assembly processes from non-manipulative observational data (Ovas-
kainen et al., 2017; Ovaskainen & Abrego, 2020; Tikhonov, Opedal, et al., 2020).  

Given the zero-inflated nature of the data and heterogeneous abundance patterns, we 
implemented a two-part hurdle modelling approach to model species-life 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 species-life stage 
occurrence (presenceςabsence model). Then, a separate Gaussian model was fitted to predict 
the log-transformed 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. 4-5km). Both sub-models 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, chlorophyll-a concentration, fishing pressure and gravity indices.  

As fixed effects, we included all predictors listed above, estimating second-order 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; Montanyès 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 co-occurrence among species-life stage combinations, we included temporal 
(year) and spatial (using 0.05° grid cells) random effects. These latent random effects may also 
capture unobserved biotic interactions - such as competition, predation, or facilitation - though 
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 species-specific 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 presence-absence and abundance conditional-on-presence models were fitted 
using a high-performance 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 GPUs. 
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 burn-in. Chains were thinned by 
4,000 to yield 250 posterior samples per chain, resulting in 1,000 posterior samples per model.  

Convergence and model performance were evaluated for both components of the hurdle 
model. MCMC convergence was assessed using the Gelman-Rubin Potential Scale Reduction 
CŀŎǘƻǊ όt{wCύ ŦƻǊ ōƻǘƘ ʲ όǎǇŜŎƛŜǎ-ŜƴǾƛǊƻƴƳŜƴǘκŀƴǘƘǊƻǇƻƎŜƴƛŎ ǊŜƭŀǘƛƻƴǎƘƛǇύ ŀƴŘ ʴ όǘǊŀƛǘ-
environment/anthropogenic relationship) parameters, with PSRF values below 1.1-1.2 indicat-
ing satisfactory convergence (Gelman & Rubin, 1992; Ovaskainen et al., 2017; Tikhonov, 
Opedal, et al., 2020). Model explanatory power was quantified by computing the area under 
the curve of the receiver operating characteristic metric (AUC), the coefficient of discrimination 
¢ƧǳǊΩǎ wч ό¢ƧǳǊΣ нллфύ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴŎŜ-absence model (Pearce & Ferrier, 2000), and the coeffi-
cient of determination (R²) for the abundance model, for each species-life stage combination. 
AUC values (ranging 0-1) indicate the probability that a randomly chosen occupied sampling 
ǳƴƛǘ Ƙŀǎ ŀ ƘƛƎƘŜǊ ǇǊŜŘƛŎǘŜŘ ƻŎŎǳǊǊŜƴŎŜ ǇǊƻōŀōƛƭƛǘȅ ǘƘŀƴ ŀƴ ǳƴƻŎŎǳǇƛŜŘ ƻƴŜΣ ǿƘƛƭŜ ¢ƧǳǊΩǎ wч 
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, trait-based and phylogenetic factors to species-life 
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 conditional-on-presence components. Specifically, we estimated the 
ǇǊƻǇƻǊǘƛƻƴ ƻŦ ǾŀǊƛŀƴŎŜ ŀǘǘǊƛōǳǘŀōƭŜ ǘƻ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŀƴŘ ŀƴǘƘǊƻǇƻƎŜƴƛŎ ǇǊŜŘƛŎǘƻǊǎ όʲ-
ǇŀǊŀƳŜǘŜǊǎύΣ ǎǇŜŎƛŜǎ ǘǊŀƛǘǎ όʴ-ǇŀǊŀƳŜǘŜǊǎύΣ ŀƴŘ ǇƘȅƭƻƎŜƴŜǘƛŎ ǎǘǊǳŎǘǳǊŜ όˊ-ǇŀǊŀƳŜǘŜǊύΦ ¢ƘŜ ˊ Ǉŀπ
rameter, ranging from 0 to 1, represents the degree of phylogenetic signal in species responses, 
with higher values indicating stronger similarity among closely related taxa (Ovaskainen & 
Abrego, 2020). Finally, spatio-temporal predictions for each speciesςlife stage combination 
were generated for the 1999-нлнм ǇŜǊƛƻŘ ǳǎƛƴƎ ǘƘŜ άŎƻƴǎǘǊǳŎǘDǊŀŘƛŜƴǘέ ŀƴŘ άǇǊŜŘƛŎǘέ ŦǳƴŎπ
tions in the Hmsc R package (Ovaskainen & Abrego, 2020; Tikhonov, Opedal, et al., 2020). 

Spatio-temporal patterns of life stage distributions and abundances 

To quantify and map long-term spatio-temporal changes in the abundance of both juvenile and 
adult stages from 1999 to 2021, we applied a combined approach by using the Mann-Kendall 
όaYύ ǘǊŜƴŘ ǘŜǎǘ ŀƴŘ {ŜƴΩǎ ǎƭƻǇŜ ŜǎǘƛƳŀǘƻǊ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ ǘƘŜ ǘǊŜƴŘ w ǇŀŎƪŀƎŜ όtƻƘƭŜǊǘΣ нлноύΦ 
This non-parametric approach, robust to outliers, is widely used to identify monotonic direc-
tional trends in ecological time-series data. For each grid cell, the MK test evaluated whether a 
significant trend was present (p ғ лΦлрύΣ ǿƘƛƭŜ {ŜƴΩǎ ǎƭƻǇŜ ǇǊƻǾƛŘŜŘ ŀƴ ŜǎǘƛƳŀǘŜ ƻŦ ǘƘŜ ǘǊŜƴŘ 
magnitude. 

To further explore spatio-temporal 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 
Getis-Ord Gi* statistic (Getis & Ord, 1992; Ord & Getis, 1995) with a Mann-Kendall trend test, 
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enabling the identification of statistically significant spatio-temporal 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 km²) from HMSC were aggregated on a regular 
0.05° spatial grid and organized as a space time cube of locations by years, covering the 1999ς
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 
vǳŜŜƴΩǎ ŎƻƴǘƛƎǳƛǘȅ ŀŘƧŀŎŜƴŎȅΣ ƛƴŎƭǳŘƛƴƎ ǎŜƭŦ-neighbors so that each cell contributed to its own 
Gi* statistic, which improves sensitivity to local clustering. 

For each year, the local Getis-Ord 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 Mann-Kendall 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 (Table 4.1). 

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

Table 4.1. Definitions of the classification scheme of Emerging Hot and Cold Spot analysis (ESRI, 2025) 

Pattern name Definition 

No Pattern Detect-
ed 

Does not fall into any of the hot or cold spot patterns defined below. 

New Cold/Hot Spot 
A location that is a statistically significant Cold/Hot spot for the final time step (i.e., 2021) and has 

never been a statistically significant Cold/Hot spot before. 

Consecutive 
Cold/Hot Spot 

A location with a single uninterrupted run of at least two statistically significant Cold/Hot spot 
bins in the final time-step intervals (i.e., 2020-2021). The location has never been a statistically 
significant Cold/Hot spot prior to the final Cold/Hot spot run and less than 90 percent of all bins 

(i.e., 20 years) are statistically significant Cold/Hot spots. 

Intensifying 
Cold/Hot Spot 

A location that has been a statistically significant Cold/Hot spot for 90 percent of the time-step 
intervals (i.e., 21 years), including the final time step (i.e., 2021). In addition, the intensity of clus-
tering of low/high counts in each time step is increasing overall and that increase is statistically 

significant. 

Persistent Cold/Hot 
Spot 

A location that has been a statistically significant Cold/Hot spot for 90 percent of the time-step 
intervals (i.e., 21 years) with no discernible trend in the intensity of clustering over time. 

Diminishing 
Cold/Hot Spot 

A location that has been a statistically significant Cold/Hot spot for 90 percent of the time-step 
intervals (i.e., 21 years), including the final time step (i.e., 2021). In addition, the intensity of clus-

tering in each time step is decreasing overall and that decrease is statistically significant. 

Sporadic Cold/Hot 
Spot 

A statistically significant Cold/Hot spot for the final time-step interval with a history of also being 
an on-again and off-again Cold/Hot spot. Less than 90 percent of the time-step intervals have 

been statistically significant Cold/Hot spots and none of the time-step intervals have been statisti-
cally significant Hot/Cold spots. 

Oscillating Hot Spot 
A statistically significant Cold/Hot spot for the final time-step 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 percent 

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 time-step 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 community-based 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 comprehensive EU-wide 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) (Aminian-Biquet, Colegrove, et al., 2024; Aminian-Biquet, Gorjanc, et al., 
2024). In this dataset, MPAs were classified into four protection levels based on human-use in-
tensity and frequency following Grorud-Colvert et al. (2021): minimally protected (high-impact 
activities), lightly protected (moderate-impact activities), highly protected (low-impact activi-
ǘƛŜǎύΣ ƻǊ Ŧǳƭƭȅ ǇǊƻǘŜŎǘŜŘ όƴƻ ŜȄǘǊŀŎǘƛǾŜ ŀŎǘƛǾƛǘƛŜǎύΦ !ǊŜŀǎ ŎƭŀǎǎƛŦƛŜŘ ŀǎ άƛƴŎƻƳǇŀǘƛōƭŜέ ǿƛǘƘ ōƛƻŘƛπ
versity conservation (i.e., where high-impact or industrial activities are allowed) were consid-
ered unprotected. 

Following the MPA Guide framework (Grorud-Colvert et al., 2021), we focused exclusively 
on MPAs with explicit conservation objectives, excluding other area-based management tools 
such as Locally Managed Marine Areas or Fisheries Management Areas, which fall under the 
category of Other Effective Area-Based 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 (Aminian-Biquet, 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 presence-
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-мΦн ŦƻǊ ōƻǘƘ ʲ-parameters (species responses to environmental and anthropogenic covari-
ŀǘŜǎύ ŀƴŘ ʴ-ǇŀǊŀƳŜǘŜǊǎ όǘǊŀƛǘ ŜŦŦŜŎǘǎύΦ {ǇŜŎƛŦƛŎŀƭƭȅΣ ǇǎǊŦ Ǉƻƛƴǘ ŜǎǘƛƳŀǘŜǎ ŦƻǊ ǘƘŜ ʲ-parameters av-
ŜǊŀƎŜŘ мΦлп ҕ лΦлу ŀƴŘ мΦмм ҕ лΦнн ŦƻǊ ǘƘŜ t! ŀƴŘ !.¦ ƳƻŘŜƭǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǿƘƛƭŜ ǘƘŜ ʴ-
parameters averaged 1.01 ± 0.01 and 1.02 ± 0.03 for 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 
¢ƧǳǊΩǎ wч Ґ лΦпн ҕ лΦмф ŀƴŘ ƳŜŀƴ !¦/ Ґ лΦфп ҕ лΦлрΣ ƛƴŘƛŎŀǘƛƴƎ ǎǘǊƻƴƎ ŘƛǎŎǊƛƳƛƴŀǘƻǊȅ ǇƻǿŜǊ ƛƴ 
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 species-life stage occurrence and abundance 

We identified pronounced spatio-temporal structuring in fish assemblages at both the speciesς
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 (Figure 4.1). In the 
PA model, grid-cell 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. Temporal random 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 life-stage in the ABU model. Among fixed ef-
fects, depth emerged as the dominant predictor, explaining on average 28% and 43% of the 
variance across speciesςlife stages in the PA and ABU models, respectively, followed by tem-
perature (2% and 10%, respectively). The other environmental and anthropogenic covariates 
(salinity, chlorophyll-a 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 speciesςlife stage combinations, reflected by large 
standard deviations. For some speciesςlife 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 adult Solea solea, respectively), 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 gurnardus). 

 

 

Figure 4.1. Total explained variations of species occurrences (PA model, Tjur R2) and abundance conditional on 
presence (ABU model, R²) partitioned into responses to fixed (depth, temperature, salinity, chlorophyll-a concen-
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 speciesςlife stage combination (orange for species-adult life stage and 
blue for species-juvenile 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 speciesςlife stage responses to environmental 
and anthropogenic drivers (fixed effects) was explained by the trait sets included in the models 
ό-ɹR² = 0.17 and 0.33 for the PA and ABU models, respectively). Overall, traits accounted for ap-
proximately twice as much amongςspeciesςlife stage variation in occurrence (PA model) as in 
abundance (ABU model). In the PA model, trait-mediated variation in speciesςlife 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 chlorophyll-a (34.2%, 32%, and 21.5%, respectively). 
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Environmental and anthropogenic niches of species-life stages 

The linear effect of fishing pressure significantly influenced the occurrence of most speciesςlife 
stage combinations, with 16% showing negative and 43% showing positive responses supported 
ōȅ җфр҈ ǇƻǎǘŜǊƛƻǊ ǇǊƻōŀōƛƭƛǘȅΦ {ƛƳƛƭŀǊƭȅΣ ǘƘŜ ƭƛƴŜŀǊ ŜŦŦŜŎǘ ƻŦ ƎǊŀǾƛǘȅ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀŦŦŜŎǘŜŘ ǘƘŜ ƻŎπ
currence of a large proportion of speciesςlife stage combinations, with 50% exhibiting negative 
and 29% positive responses. In contrast, fishing pressure had no significant linear effect on the 
abundance of most speciesςƭƛŦŜ ǎǘŀƎŜ ŎƻƳōƛƴŀǘƛƻƴǎ όсу҈ύ ŀǘ җфр҈ ǇƻǎǘŜǊƛƻǊ Ǉrobability. Gravi-
ty, however, significantly influenced abundance for more than half of the speciesςlife stage 
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 species-life stage 
combinations), indicating a hum-shaped response of the species-life stage occurrences to this 
covariate. More than half of species-life stage occurrences were affected by temperature (SST 
and SBT), salinity and chlorophyll-a concentration, 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 species-life stage responses to environmental and anthro-
pogenic covariates 

Species responses exhibited a strong phylogenetic structure, with the posterior mean of 
ǘƘŜ ǇƘȅƭƻƎŜƴŜǘƛŎ ŎƻǊǊŜƭŀǘƛƻƴ ǇŀǊŀƳŜǘŜǊ ˊ ǊŜŀŎƘƛƴƎ лΦфс ƛƴ ōƻǘƘ ǘƘŜ t! όфр҈ ŎƻƴŦƛŘŜƴŎŜ ƛƴǘŜǊǾŀƭ 
from 0.94 to 0.97) and ABU (95% confidence interval from 0.93 to 0.97) models, indicating a 
high degree of similarity 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-
ǘǊƛōǳǘŜ ǘƻ ǎƘŀǇƛƴƎ ǎǇŜŎƛŜǎΩ ŜŎƻƭƻƎƛŎŀƭ ƴƛŎƘŜǎΦ 

 

Species-life stage co-occurrence patterns at spatial random effect level 

Residual species co-occurrence patterns were examined at the spatial random-effect level of 
the PA model. We identified numerous positive and negative associations among speciesςlife 
ǎǘŀƎŜ ŎƻƳōƛƴŀǘƛƻƴǎ ǿƛǘƘ ǇƻǎǘŜǊƛƻǊ ǎǳǇǇƻǊǘ җфр҈Φ !ǘ ǘƘŜ ƎǊƛŘ ŎŜƭƭ ǎŎŀƭŜΣ пΣрнт ǎƛƎƴƛŦƛŎŀƴǘ ŀǎǎƻŎƛπ
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 co-occurrences). Among positive co-occurrences, approximately 20% oc-
curred exclusively between juveniles and 32% exclusively between adults. Similarly, among 
negative co-occurrences, about 23% involved juveniles only and 27% involved adults only. 

Spatio-temporal trends in speciesςlife stage abundance 

To assess large-ǎŎŀƭŜ ǘŜƳǇƻǊŀƭ ǘǊŜƴŘǎ ƛƴ ƧǳǾŜƴƛƭŜ ŀƴŘ ŀŘǳƭǘ ŀōǳƴŘŀƴŎŜǎΣ ǿŜ ŀǇǇƭƛŜŘ {ŜƴΩǎ ǎƭƻǇŜ 
analyses to spatio-temporal abundance predictions across the western Mediterranean Sea (Fig-
ure 4.2). This non-parametric approach allowed us to quantify monotonic trends while account-
ing for interannual variability in model-based 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 
ǎǘǳŘȅ ŀǊŜŀ όŎŀΦ рн҈ύΣ {ŜƴΩǎ ǎƭƻǇŜǎ ǿŜǊŜ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘΣ ƛƴŘƛŎŀǘƛƴƎ ǊŜƭŀǘƛǾŜƭȅ ǎǘŀōƭŜ ƧǳǾŜƴƛƭŜ 
abundances on the study period. By contrast, adult abundances displayed a more homogene-
ƻǳǎ ŀƴŘ ŎƻƴǎƛǎǘŜƴǘƭȅ ƴŜƎŀǘƛǾŜ ǇŀǘǘŜǊƴΦ .ŜǘǿŜŜƴ мффф ŀƴŘ нлнмΣ ƴŜƎŀǘƛǾŜ {ŜƴΩǎ ǎƭƻǇŜ ǾŀƭǳŜǎ 
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 sub-areas (e.g., gulf of Lion, Balearic Islands, Sardinia), pointing to a 
basin-wide signal that contrasts with the more spatially heterogeneous and locally variable 
trends observed for juveniles. 

 

 

Figure 4.2. {Ǉŀǘƛŀƭ ǇŀǘǘŜǊƴǎ ƻŦ {ŜƴΩǎ ǎƭƻǇŜ ŜǎǘƛƳŀǘŜǎ όƛƴŘϊƪƳѐчϊȅŜŀǊѐцύ ŘŜǊƛǾŜŘ from HMSC-predicted abundances 
across the western Mediterranean Sea for juvenile (top) and adult (bottom) life stages. Positive and negative val-
ǳŜǎ ƛƴŘƛŎŀǘŜ ƛƴŎǊŜŀǎƛƴƎ ŀƴŘ ŘŜŎǊŜŀǎƛƴƎ ŀōǳƴŘŀƴŎŜ ǘǊŜƴŘǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 5ƻǘǎ ŘŜƴƻǘŜ ƎǊƛŘ ŎŜƭƭǎ ǿƘŜǊŜ {ŜƴΩǎ ǎƭƻǇŜ 
was not significant based on the MannςYŜƴŘŀƭƭ ǘǊŜƴŘ ǘŜǎǘ όǇ җ лΦлрύΦ 
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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 adult life stages (Figure 4.3). On the continental 
shelf of the Gulf of Lion, no consistent spatial pattern was detected for juveniles, except near 
the Rhône 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 similar life-stage 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% (Figure 4.4). Conversely, 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. 

 

Figure 4.3. Emerging hotspot patterns of juvenile (top panel) and adult (bottom panel) life-stage abundances 
across the western Mediterranean Sea. See Table 1 for definitions of the different hotspot and coldspot categories. 
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Figure 4.4. Proportion of the total study area covered by hotspot and coldspot patterns identified using emerging 
ƘƻǘǎǇƻǘ ŀƴŀƭȅǎƛǎΦ {Ǉŀǘƛŀƭ ǇŀǘǘŜǊƴǎ ǊŜǇǊŜǎŜƴǘƛƴƎ ƭŜǎǎ ǘƘŀƴ м҈ ƻŦ ǘƘŜ ǎǘǳŘȅ ŀǊŜŀ ŀǊŜ ƎǊƻǳǇŜŘ ƛƴǘƻ ǘƘŜ ŎŀǘŜƎƻǊȅ άhǘƘπ
ŜǊǎέΦ 

By overlapping hotspot and coldspot patterns between juvenile and adult life stages, we 
identified spatially congruent areas of high and low abundance (Figure 4.5). At the scale of the 
western Mediterranean Sea, approximately half of all hotspot and coldspot areas (ca. 50.7%) 
were congruent between juveniles and adults (Figure 4.6), highlighting strong life-stage 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 juvenile-adult 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%). 

 

Figure 4.5. 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 
ƎǊƛŘ ŎŜƭƭǎ ǿƘŜǊŜ ƧǳǾŜƴƛƭŜǎ ŀƴŘ ŀŘǳƭǘǎ ǎƘŀǊŜ ǘƘŜ ǎŀƳŜ ƘƻǘǎǇƻǘ ƻǊ ŎƻƭŘǎǇƻǘ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴΦ Lƴ ǘƘŜ ƭŜƎŜƴŘΣ άWέ ŘŜƴƻǘŜǎ 
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ƧǳǾŜƴƛƭŜǎ ŀƴŘ ά!έ ŘŜƴƻǘŜǎ ŀŘǳƭǘǎΤ άLƴǘέ ƛƴŘƛŎŀǘŜǎ ƛƴǘŜƴǎƛŦȅƛƴƎΣ άtŜǊέ ǇŜǊǎƛǎǘŜƴǘΣ ά{Ǉƻέ ǎǇƻǊŀŘƛŎΣ ŀƴŘ ά/ƻƴέ ŎƻƴǎŜŎǳπ
tive hotspot or coldspot patterns. 

 
Figure 4.6. Proportion of the total study area covered by congruent hotspot and coldspot patterns identified using emerging 
ƘƻǘǎǇƻǘ ŀƴŀƭȅǎƛǎΦ /ƻƴƎǊǳŜƴǘ ǎǇŀǘƛŀƭ ǇŀǘǘŜǊƴǎ ǊŜǇǊŜǎŜƴǘƛƴƎ ƭŜǎǎ ǘƘŀƴ м҈ ƻŦ ǘƘŜ ǎǘǳŘȅ ŀǊŜŀ ŀǊŜ ƎǊƻǳǇŜŘ ƛƴǘƻ ǘƘŜ ŎŀǘŜƎƻǊȅ άhǘƘπ
ŜǊǎέΦ 

 

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 (Figure 4.7). Among the protected congru-
ent hotspots, about 21% fell under minimal protection, primarily within the Pelagos Sanctuary 
(FranceςMonacoςItaly) 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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Figure 4.7. Spatial overlap between congruent hotspots of juvenile and adult life stages and the protection levels of existing 
Marine Protected Areas (MPAs) in the western Mediterranean Sea. The bar plot in the bottom-right panel shows the proportion 
of the congruent hotspot surface under different protection levels. 

 

4.4. Discussion 

By linking life-stage-specific species distributions, phylogenetic structure and spatio-temporal 
abundance dynamics, this study provides a macroecological basis for redefining EFHs as dynam-
ic, community-based 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 local, sub-regional 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; Sánchez-Hernández, 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 broad-scale gradients inevitably overlooks fine-
scale habitat features, such as sediment type, seabed complexity, localized hydrodynamics, and 
small-scale 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 among-species 
variation in responses, particularly to temperature and anthropogenic drivers, highlighting the 
mechanistic role of functional traits in mediating species-environment 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, fine-scale 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; Montanyès 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 to 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 (adult-like form, immature) and adults (sexually mature, re-
productive)) therefore appears crucial to improve mechanistic understanding of speciesςlife 
stage niches and community assembly, and to strengthen trait-based 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 spring-summer 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 residual co-occurrence patterns observed in our 
models. 

The large number of significant residual co-occurrences indicates that speciesςlife 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 composition ŀǘ ǘƘŜ ǎǇŀǘƛŀƭ ǎŎŀƭŜ ŎƻƴǎƛŘŜǊŜŘ ό5Ω!ƳŜƴ 
et al., 2018; Montanyès et al., 2023). Such positive residual co-occurrences are also consistent 
with habitat filtering acting on fine-scale 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; Ospina-Alvarez et al., 2012). Negative residual co-occurrences, although 
less frequent, likely reflect spatial segregation driven by competition (for food and/or habitat), 
predation avoidance or contrasting responses to unconsidered physico-chemical 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 adultςadult positive associations may reflect stronger habi-
tat specialization or aggregation of mature individuals, whereas juvenile-only negative associa-
tions may indicate nursery habitat partitioning or density-dependent interactions during early 
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ƭƛŦŜ ǎǘŀƎŜǎΣ ŀ ŎƻƴǎƛǎǘŜƴǘ ǎǇŀǘƛŀƭ ǇŀǘǘŜǊƴ ƛƴ ǘƘŜ aŜŘƛǘŜǊǊŀƴŜŀƴ {Ŝŀ ό/ǳŀŘǊƻǎ Ŝǘ ŀƭΦΣ нлмфΤ 5ΩLƎƭƛƻ Ŝǘ 
al., 2021; Gouraguine et al., 2011; Haak et al., 2020; Mytilineou et al., 2013; Panzeri et al., 2025; 
Sion et al., 2019). Overall, these residual co-occurrence patterns point to the importance of bio-
tic interactions, both inter- and intra-specific, and fine-scale habitat structure in shaping com-
munity assembly, complementing the effects of broad-scale 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. 

Spatio-temporal 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 post-recruitment processes, especially fishing mortality, play a key role in shaping adult 
population dynamics through time (Quinzán et al., 2020; Vasilakopoulos et al., 2014). This is 
consistent with basin-wide 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 key life-history 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, sea-use 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; 
/ǊŜŎΩƘǊƛƻǳ Ŝǘ ŀƭΦΣ нллуΤ [ŀǳǊƛŀ Ŝǘ ŀƭΦΣ нлмрΤ aŜŘƛ{ŜIΣ нлмоΤ hǊǘŜƎŀ Ŝǘ ŀƭΦΣ нлноΤ tŀƴȊŜǊƛ Ŝǘ ŀƭΦΣ 
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 spatio-temporal 
variability, multispecies interactions, or climate-driven distribution shifts. In dynamic and spe-
cies-rich systems such as the Mediterranean, this species-centric 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; Sanz-Martín et al., 2024). 

Here, we move beyond these limitations by adopting a community-based, life-stage-
explicit and spatio-temporally 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 life-stage-specific. Spatial congruence between juvenile and 
adult hotspots (i.e., areas supporting high abundances of both juveniles and adults) delineates 
areas where multiple demographic processes co-occur (e.g., recruitment, growth, natural mor-
tality) and can be interpreted as community-based 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 ecosystem-based fisheries management. 

Despite their ecological importance, most of these community-based 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 basin-scale ecological evidence (Aminian-Biquet, 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 greater long-term 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; Grüss 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; Goñi 
et al., 2008). Notably, congruent persistent juvenileςadult 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, climate-resilient 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 EFHs is not only a biodiversity conservation objective but a prerequisite for maintaining 
ecosystem services and long-term fisheries productivity. Incorporating life-stage dynamics and 
spatio-temporal variability into EFH identification offers a practical pathway to operationalize 
ecosystem-based 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, forward-looking conservation strategies in 
the Mediterranean Sea. 

 

4.5. Conclusion 

Our results show that conservation strategies based on static, species-centric 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 for life-stage-specific 
responses, phylogenetic structure and spatio-temporal 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, community-level 
representation of Essential Fish Habitats, identifying locations where recruitment, growth, and 
adult persistence can co-occur 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 community-based habitats may help safeguard phylogenetic and 
functional diversity, thereby buffering ecosystems against climate-driven 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 long-term 
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-
ŎƛŜǎΣ ǿƛǘƘ ŀ ƘƛƎƘ ƭŜǾŜƭ ƻŦ ŜƴŘŜƳƛǎƳ ό5ΩhǊǘŜƴȊƛƻ ϧ 5Ω!ƭŎŀƭŁ нллфΣ .ƛŀƴŎƘƛ Ŝǘ ŀƭΦ нлмнΣ /ƻƭƭ Ŝǘ ŀƭΦ 
2015). Several nursery habitats have been reported in the basin, notably Posidonia 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 fish life-stages (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 Central-Eastern (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 fish life-stages 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 specifically the Hierarchical Modelling for Species 
Communities όIa{/ύ ŦǊŀƳŜǿƻǊƪΦ Ia{/ ƛǎ άŀ ƳǳƭǘƛǾŀǊƛŀǘŜ ƘƛŜǊŀǊŎƘƛŎŀƭ ƎŜƴŜǊŀƭƛǎŜŘ ƭƛƴŜŀǊ ƳƛȄŜŘ 
ƳƻŘŜƭ ŦƛǘǘŜŘ ǿƛǘƘ .ŀȅŜǎƛŀƴ ƛƴŦŜǊŜƴŎŜέ ǘƘŀǘ Ŏŀƴ ŎƻƳōƛƴŜ ǎǇŜŎƛŜǎΩ ƻŎŎǳǊǊŜƴŎŜ ƻǊ ŀōǳƴŘŀƴŎŜ Řŀǘŀ 
όǊŜǎǇƻƴǎŜ ƳŀǘǊƛȄύ ǿƛǘƘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ Řŀǘŀ όŜȄǇƭŀƴŀǘƻǊȅ ǾŀǊƛŀōƭŜǎύΣ ǎǇŜŎƛŜǎΩ ǘǊŀƛǘǎ Řŀǘŀ ŀƴŘ ǇƘȅπ
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-
L¢{ύ ό!ƴƻƴȅƳƻǳǎΣ нлмтύΣ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ ƘŀǳƭǎΩ ŎƻƻǊŘƛƴŀǘŜΣ ŘŜǇǘƘΣ ŘƛǎǘŀƴŎŜ ŀƴŘ ƎŜŀǊ ƛƴŦƻǊπ
mation, from 1999 to 2021. Before the analyses, potential errors in the MEDITS data were iden-
ǘƛŦƛŜŘ ŀƴŘ ŎƻǊǊŜŎǘŜŘ όǿƘŜǊŜ ƴŜŜŘŜŘύ ǿƛǘƘ ǘƘŜ ƘŜƭǇ ƻŦ ǘƘŜ Ψwƻa9Ω w ǇŀŎƪŀƎŜ ό.ƛǘŜǘǘƻ ϧ ½ǳǇŀΣ 
2025). To allot the fish data to the different life-stages, we used the abundance per length class 
data included in the TC files and the length at first maturity (Lmat) of each species from the traits 
database (see below) to split the abundances between juveniles (length class Җ Lmat) and adults 
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(length class > Lmat). Afterwards, the abundance data were standardised to units of surface 
όbϊƪƳ-2ύ ōȅ ŘƛǾƛŘƛƴƎ ǿƛǘƘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ƘŀǳƭΩǎ ǎǿŜǇǘ ŀǊŜŀ ό!ƴƻƴȅƳƻǳǎΣ нлмтύΦ {ǇŜŎƛŜǎΩ Řŀǘŀ 
were filtered further to include only the life-stages that occurred in at least 1% of the total 
hauls in the final dataset. In total, 104 species/life-stages 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) Bray-Curtis 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 as the a priori dominant 
stressor on Mediterranean marine habitats. Three fishing pressure indices were computed an-
nually for the area, for small-scale fisheries, trawlers and purseiners, by using a Multi-Criteria 
Decision Analysis (MCDA) that takes into account the various interactions between the fishing 
ŦƭŜŜǘΩǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΣ ƘǳƳŀƴ ŀŎǘƛǾƛǘƛŜǎ όŜΦƎΦ ƳŀǊƛƴŜ ǘǊŀŦŦƛŎΣ ŦƛǎƘƛƴƎ ŜŦŦƻǊǘΣ ƭŜƎƛǎƭŀǘƛƻƴύ ŀƴŘ ŜƴǾƛπ
ronmental factors (e.g. bathymetry, temperature, winds), as described in Kavadas et al. (2015, 
2025). These indices were subsequently summed and then rescaled back to (0, 1) to 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), log-transformed 
surface chla 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), the log-transformed growth coefficient (con-
tinuous) (all shared between the two life-stages), and the maximum size (continuous) that was 
set equal to the length at first maturity for juveniles and the maximum observed length for 
ŀŘǳƭǘǎΦ CƛƴŀƭƭȅΣ ǳǎƛƴƎ ǘƘŜ ΨŀǇŜΩ w ǇŀŎƪŀƎŜΣ ǿŜ ƎŜƴŜǊŀǘŜŘ ŀ ǘŀȄƻƴƻƳƛŎ ǘǊŜŜ ŦǊƻƳ ǇƘȅƭǳƳ όǊƻƻǘύ ǘƻ 
life-stages (tips), with branches of length 1 between nodes, except for the life-stages tips that 
were set at a length of 0.1 in order to simulate a pseudo-differentiation between the juveniles 
and the adults of the same species. 

Finally, to construct the spatial random factor, we generated a 1o hexagonal 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 Central-Eastern 
Mediterranean. The 1o ƘŜȄŀƎƻƴŀƭ ƎǊƛŘ ǳǎŜŘ ŦƻǊ ǘƘŜ ƳƻŘŜƭǎΩ ǎǇŀǘƛŀƭ ǊŀƴŘƻƳ ŦŀŎǘƻǊ ƛǎ ŀƭǎƻ ŘŜƴƻǘŜŘΦ 

 

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/life-stages presence/absence binary matrix, and the ACP model by applying 
linear regression on the log-transformed abundance matrix. For the covariates, depth, boT and 
ōƻǘ{ ǿŜǊŜ ŀŘŘŜŘ ŀǎ ǉǳŀŘǊŀǘƛŎ ǘŜǊƳǎΣ ƛƴ ƻǊŘŜǊ ǘƻ ōŜǘǘŜǊ ƳƻŘŜƭ ǘƘŜ ǎǇŜŎƛŜǎΩκƭƛŦŜ-ǎǘŀƎŜǎΩ ŘŜǇǘƘΣ 
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 1.35ϊмл6 
iterations, with the first 1/3 of the iterations being discarded as burn-in. Each 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 convergence was checked by examining the effective 
sizes and the potential scale reduction factors (PSRFs) of the beta, gamma and omega model 
ǇŀǊŀƳŜǘŜǊǎΦ ¢ƘŜ ƻǾŜǊŀƭƭ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǘƘŜ ƳƻŘŜƭǎ ǿŀǎ ƎŀǳƎŜŘ ōȅ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ ƳŜŀƴ ¢ƧǳǊΩǎ 
R2 and Area Under the Curve (AUC) (for the PA model) and the mean R2 (for the ACP model). 
The variance partitioning was calculated to check the variance explained by each covariate, 
overall and by species/life-stage, for both models. The posterior distributions were then used to 
predict the effect of the covariates on the overall juvenile species richness and abundance 
ŀƭƻƴƎ ŜŀŎƘ ŎƻǾŀǊƛŀǘŜΩǎ ƎǊŀŘƛŜƴǘΦ  

Afterwards, we aggregated annually the monthly modelled CMEMS environmental data 
for the covariates included in the models into a 0.1o 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/life-stages across the entire area and up to 1000 m in depth, for eve-
ry year. For a subset of species/life-stages 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-2 (which corresponds to <1 individual per grid cell) were set to zero. 

¢ƘŜ ŀƴƴǳŀƭ ƘǳǊŘƭŜ ƳƻŘŜƭ ǇǊŜŘƛŎǘƛƻƴǎ ǿŜǊŜ ǘƘŜƴ ǳǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ƧǳǾŜƴƛƭŜǎΩ {Ƙŀƴƴƻƴ 
5ƛǾŜǊǎƛǘȅΣ ǎǇŜŎƛŜǎ ǊƛŎƘƴŜǎǎ ŀƴŘ tƛŜƭƻǳΩǎ 9ǾŜƴƴŜǎǎ ƛƴŘƛŎŜǎΦ ¢ƻ ŎƘŜŎƪ ŦƻǊ ǎƛƎƴƛŦƛŎŀƴǘ ǘŜƳǇƻǊŀƭ 
trends, we performed a Mann-Kendall 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) (Baeza-González & Kamakura, 2025; Esri, 2026). 
In brief, EHSA is an analysis that uses the Getis-Ord Gi* statistic (Getis & Ord, 1992; Ord & Getis 
1995) and the Mann-Kendall trend test to identify significant clusters of high (hot spots) or low 
(cold spots) values, and then classify them under an easy-to-follow convention. First, the annual 
hurdle model predictions were normalised to unit variance, by dividing each value with the an-
ƴǳŀƭ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ŜŀŎƘ ǎǇŜŎƛŜǎΣ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ǎŎŀƭŜ ƻŦ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǎǇŜŎƛŜǎΩ 
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 abundance and richness is high. We then performed the EHSA using the 
ŀŦƻǊŜƳŜƴǘƛƻƴŜŘ ƛƴŘŜȄΣ vǳŜŜƴΩǎ ŎƻƴǘƛƎǳƛǘȅ ǎǇŀǘƛŀƭƭȅ ǿŜƛƎƘǘŜŘ ƴŜƛƎƘōƻǊǎΣ ŀ ǘƛƳŜ ƭŀƎ ƻŦ о ȅŜŀǊǎΣ ŀ 
significance threshold of 0.01, and run for 100 simulations. 

!ƭƭ ŀƴŀƭȅǎŜǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ w ǾŜǊΦ пΦпΦȄ ǘƻ пΦрΦȄΦ ¢ƘŜ Ia{/ ƳƻŘŜƭǎ ǿŜǊŜ Ŧƛǘ ǳǎƛƴƎ ǘƘŜ ΨIƳǎŎΩ 
R package (ver. 3.2 to 3.3-тύ ŀƴŘ ǘƘŜ ΨIƳǎŎ-It/Ω ǇȅǘƘƻƴ ƳƻŘǳƭŜ όwŀƘƳŀƴ Ŝǘ ŀƭΦΣ нлнпύΦ 5ƛǎπ
tance-ōŀǎŜŘ w5! ŀƴŘ ŀƭǇƘŀ ŘƛǾŜǊǎƛǘȅ ƛƴŘƛŎŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ΨǾŜƎŀƴΩ w ǇŀŎƪŀƎŜ όǾŜǊΦ 
2.7-2). The Mann-YŜƴŘŀƭƭ ǘǊŜƴŘ ǘŜǎǘǎ ǿŜǊŜ ŘƻƴŜ ǿƛǘƘ ǘƘŜ ΨYŜƴŘŀƭƭΩ w ǇŀŎƪŀƎŜ όǾŜǊΦ нΦнΦмύΦ ¢ƘŜ 
9I{! ǿŀǎ ŘƻƴŜ ǿƛǘƘ ǘƘŜ ΨǎŦŘŜǇΩ w ǇŀŎƪŀƎŜ όǾŜǊΦ лΦнΦрύΦ 

 

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 (Figure S5.мύΦ ¢ƘŜ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ t! ƳƻŘŜƭ ǿŀǎ ŦŀƛǊƭȅ ƎƻƻŘΣ ǿƛǘƘ ƳŜŀƴ ¢ƧǳǊΩǎ w2 = 
лΦомо ŀƴŘ ƳŜŀƴ !¦/ Ґ лΦфмпΦ ¢ƘŜ !/t ƳƻŘŜƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ǿŀǎΣ ŜȄǇŜŎǘŜŘƭȅΣ ǿƻǊǎŜ ōȅ ŎƻƳπ
parison, with mean R2 = 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%), chla 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 spatially-structured residual variance that was not covered by the co-
variates. The temporal random factor also hinted at the existence of temporally-structured 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).  

 

 

Figure 5.2. Variance explained per species for the 60 juvenile life-stages 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(chl): log-transformed sur-
face chla concentrations, FPI: fishing pressure index, grid.id: Spatial random factor, year: temporal random factor. 

 

¢ƘŜ ƻǾŜǊŀƭƭ ƛƴŦƭǳŜƴŎŜ ƻŦ ǘǊŀƛǘǎ ƻƴ ǘƘŜ ǎǇŜŎƛŜǎΩκƭƛŦŜ-ǎǘŀƎŜǎΩ ƻŎŎǳǊǊŜƴŎŜ ǿŀǎ моΦр҈Σ ǿƘƛƭŜ ƻƴ 
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 (Figure S5.2). By 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 life-stage. 

Regarding the influence of covariates on the juvenile richness and abundance, overall, 
both showed the same trends, albeit non-linear in the case of richness (Figure 5.3). Bottom 
temperature, chla concentrations and fishing pressure correlated positively with both richness 
and abundance, while depth and bottom salinity displayed a negative correlation.  
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Figure 5.3. Effect of the covariates on juvenile species richness (left) and abundance (right). The black line denotes 
ǘƘŜ ƳŜŀƴ ǘǊŜƴŘ ŀƭƻƴƎ ǘƘŜ ŎƻǾŀǊƛŀǘŜΩǎ ƎǊŀŘƛŜƴǘ ŀƴŘ ǘƘŜ ōƭǳŜ ǎƘŀŘŜ ǘƘŜ фр҈ ŎƻƴŦƛŘŜƴŎŜ ƛƴǘŜǊǾŀƭǎΦ ¢ƘŜ ƎǊŜȅ Ǉƻƛƴǘǎ 
represent the sampling points. N: number of individuals, botT: bottom temperature, log(chl): log-transformed sur-
face chla 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 (Figure 5.4). 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 Ionian Islands in the Ionian Sea. For species richness, the C Aegean Sea, the C Ionian Sea, 
the N Adriatic and the shelf area along the strait of Sicily showed the highest values. Regarding 
tƛŜƭƻǳΩǎ ŜǾŜƴƴŜǎǎΣ ǘƘŜ !ŜƎŜŀƴ {Ŝŀ ŀƴŘ ǘƘŜ Lƻƴƛŀƴ {Ŝŀ ƎŜƴŜǊŀƭƭȅ ŘƛǎǇƭŀȅŜŘ ƘƛƎƘ ŜǾŜƴƴŜǎǎ όŜȄŎŜǇǘ 
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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Figure 5.4. Juvenile ŦƛǎƘ ŀƭǇƘŀ ŘƛǾŜǊǎƛǘȅ ǇŀǘǘŜǊƴǎ όƳŜŀƴ {ƘŀƴƴƻƴΩǎ 5ƛǾŜǊǎƛǘȅΣ {ǇŜŎƛŜǎ wƛŎƘƴŜǎǎ ŀƴŘ tƛŜƭƻǳΩǎ 9ǾŜƴƴŜǎǎ 
indices between 1999 ς 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 significant Mann-Kendall 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 north-south 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 large-scale trend was 
ǘƘŜ ŘǊƻǇ ƻŦ {Ƙŀƴƴƻƴ ŘƛǾŜǊǎƛǘȅ ŀƴŘ tƛŜƭƻǳΩǎ ŜǾŜƴƴŜǎǎ ƛƴ ǘƘŜ ŘŜŜǇŜǊ ǿŀǘŜǊǎ ƻŦ ǘƘŜ !ŜƎŜŀƴΣ ǘƘŜ 
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 Ionian 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-
ǘŀ ǘƻ ǘƘŜ { ƻŦ {ƛŎƛƭȅ ŘƛǎǇƭŀȅŜŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎǊŜŀǎŜ ƛƴ {Ƙŀƴƴƻƴ ŘƛǾŜǊǎƛǘȅ ŀƴŘ tƛŜƭƻǳΩǎ ŜǾŜƴƴŜǎǎΦ 
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 Ionian 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 Ionian), along the strait of Corfu (N Ionian), 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 south-eastern coasts of Sicily and in 
the shelf waters east of Malta (Figure 5.5). Finally, the deeper waters in the Aegean Sea, in the 
seas around Crete, in the NW Ionian 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. 

 

 

Figure 5.5. Significant (a = 0.01) juvenile fish hot and cold spots in the Central-Eastern 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 state-of-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 life-stages, 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 (0-50 m depth range) and formed a smaller secondary peak between 250-350 m, 
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 shallow-most zones 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.g. Chimaera monstrosa, Centrophorus granulosus, Dalatias licha and 
Etmopterus spinax) experienced a loss in two of the three alpha diversity indices (Shannon di-
ǾŜǊǎƛǘȅ ŀƴŘ tƛŜƭƻǳΩǎ ŜǾŜƴƴŜǎǎύΦ {Ŝŀ ǿŀǊƳƛƴƎΣ ǘƘƻǳƎƘΣ ƳƛƎƘǘ ƘŀǾŜ ŦŀǾƻǳǊŜŘ Ƴŀƴȅ ƻǘƘŜǊ ƳƻǊŜ 
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 chla concentrations were the next most influential covariates (Figure 
2), with salinity correlating negatively and chla positively 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 salinity-chla gradient could also reflect a more general east-west 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 life-stages by lowering their mortality from preda-
tion. Although here we a priori considered 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; Matic-Skoko et al., 2020). 
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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 subbasin-wide patterns, with the only notable large-scale 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-
Ŏŀƴǘ όŀƴŘ ƛƴǘŜƴǎƛŦȅƛƴƎύ ƧǳǾŜƴƛƭŜ Ƙƻǘ ǎǇƻǘǎ ōȅ ǘƘŜ 9I{!Σ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǿŜ ǎƘƻǳƭŘƴΩǘ ōŜ ǇƛƎŜƻƴπ
holed into a single biodiversity index when prioritising conservation, but rather examine in a 
case-by-case basis which indices to consider. The Adriatic Sea displayed two very pronounced 
diversity patterns along the north-south and the east-west 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 
ǘƘŜ ǎǘǊŀƛǘ ƻŦ {ƛŎƛƭȅΣ ǘƘŜ ŀƭǇƘŀ ŘƛǾŜǊǎƛǘȅ ŦƻƭƭƻǿŜŘ ǘƘŜ ōƻǘǘƻƳΩǎ ǘƻǇƻƎǊŀǇƘƛŎŀƭ ŦŜŀǘǳǊŜǎΦ ¢ƘŜ ǎƘŜƭŦ 
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 Ionian Sea showed very high scores in all indices. The CE Ionian presented an inten-
sifying juvenile hot spot (Gulf of Patras) in an area where species richness trended significantly 
downwards. Perhaps the CE Ionian is an area where nursery habitat conservation measures 
should be prioritised. The N Ionian 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 single-index 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 chla 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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6.1. Introduction 

The Mediterranean Sea, a well-known 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 (Colloca et al.Σ нлмтΤ tƛǎŀƴƻ Ŝǘ ŀƭΦΣ нлнлΤ hΩIŀǊŀ Ŝǘ ŀƭΦΣ нлнпύΦ wŀǘƘŜǊ ǘƘŀƴ ŀŎǘƛƴƎ 
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 services ς particularly, 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 (Côte et 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-
vant dynamics  ό/ŀǘŦƻǊŘ Ŝǘ ŀƭΦΣ нлннύΦ LƎƴƻǊƛƴƎ ǇǊŜǎǎǳǊŜΩǎ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀƴŘκƻǊ ŀǇǇƭȅƛƴƎ ƛƴŀǇǇǊƻπ
priate spatial scales can lead to management actions that are ineffective, or even detrimental 
to marine ecosystems (i.e., mismanagement; Brown et al., 2013; Côté 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 interactions among pressures and characterise their direc-
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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 Mediterranean sub-basin, covering from the 
Strait of Gibraltar to the Strait of Sicily. Biodiversity was quantified using taxonomic and func-
tional indicators that relied on fishery-independent abundance data of demersal communities 
collected during the Mediterranean International Bottom Trawl surveys (MEDITS). The MEDITS 
surveys are carried out annually during late spring-early 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 (50ς200 m) as a first case study (Fig. 1). A follow-up of Deliverable 3.2 will extend the 
same analytical approach to other Mediterranean areas and to slope communities (200ς800 
m). 

Biological and trait data were compiled in the B-USEFUL 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 traits ς body length, life span, vertical biological zone, diet, and temperature 
preference ς 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 index as a measure of taxonomic diversity (Shannon and Weaver, 1949), Function-
al entities richness to represent the diversity of functional roles (i.e. sum of functional entities 
number; Mouillot et al., 2014), and Multidimensional functional evenness to 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 free-access repository (Nigam et al., 2021, Teruzzi et al., 2021), 
and were expressed as spring average (April-June), the concurrent MEDITS sampling season. 
Substrate type were characterised using the broad-scale European seabed habitat map (EU-
SeaMap; Vasquez et al., 2023), provided by the European Marine Observation Data Network 
(EMODnet), and subsequently simplified into five categories: Posidonia, 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 10-year 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 log-transformed 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 cross-scale patterns in interac-
tions between anthropogenic and environmental pressures. The regional scale was defined by 
Geographical Sub-Areas (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 (Figure 1).  

 

 

Figure 6.1. 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 
ƳƻŘŜƭ όΨǊŀƴŘƻƳCƻǊŜǎǘΩ ǇŀŎƪŀƎŜΤ [ƛŀǿ ŀƴŘ ²ƛŜƴŜǊΣ нллнύ ǿŀǎ ŎƻƴŘǳŎǘŜŘΣ ƛƴŎƭǳŘƛƴƎ ŀƭƭ ŜƴǾƛǊƻƴπ
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 (mg·m-3), sea surface temper-
ature (SST; °C), and demersal fishing effort index (days·yr-1) were 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 (ALE)-ōŀǎŜŘ ƳŜǘǊƛŎǎ όΨƛƳƭΩ ǇŀŎƪŀƎŜΤ aƻƭƴŀǊ Ŝǘ ŀƭΦΣ нлмуύΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ 
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 
ǳǎŜŘ DŜƴŜǊŀƭƛǎŜŘ [ƛƴŜŀǊ aƛȄŜŘ aƻŘŜƭǎ όD[aaǎύ ŦƛǘǘŜŘ ǿƛǘƘ ǘƘŜ ΨǎŘƳ¢a.Ω ǇŀŎƪŀƎŜ ό!ƴŘŜǊǎƻƴ 
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. 6.1) was compared to an interaction model (Eq. 6.2):  

 

Indicator ~ A+B  (1) 

Indicator ~ A x B  (2) 

 

¢ƘŜ ΨƛƴǘŜǊŀŎǘƛƻƴ ŜŦŦŜŎǘΩ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǇǊŜŘƛŎǘƛƻƴǎ ŦǊƻƳ ǘƘŜ ƛƴπ
teraction and additive models, providing information on the nature of their combined effects 
(Côte et 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 applying  thresholds based on 
the 10th and 90th 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 (<10th 
percentile), (ii) additive (10ς90th percentile), or (iii) synergistic (>90th percentile); hereafter re-
ŦŜǊǊŜŘ ǘƻ ŀǎ ΨƛƴǘŜǊŀŎǘƛƻƴ ǘȅǇŜΩ όCƛƎure 6.2). 

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 cross-scale 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 fishing-temperature 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 (GSA06) at the local scale. 
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Figure 6.2. Conceptual framework to characterise additive and interaction responses between pressures. 

 

6.3. Results 

Random Forest 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 fishing-temperature interaction (Balearic Islands [GSA05], Northern Spain 
[GSA06], Gulf of Lion [GSA07], Southern Italy [GSA10]), while the north-eastern Italian coast 
was dominated by fishing-productivity interaction  (GSA09). Conversely, in the central part of 
the sub-basin (Corsica [GSA08], Sardinia [GSA11]) and in the Northern Alboran Sea (GSA01), the 
interaction between productivity and temperature was the dominant (Figure 6.3). For function-
al diversity, patterns of dominant interactions changed across regions. In the case of Functional 
Entities Richness, fishing-productivity dominated in nearly all regions except the Gulf of Lion 
(GSA07), where the temperature-fishing interaction was again the main one. The Northern Al-
boran Sea (GSA01) and Corsica (GSA08) also maintained productivity-temperature 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 (GSA05) and southern Italy (GSA10) replacing productivity as the pressure interacting 
with temperature (Figure 6.3). For 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 (GSA01) and the Gulf of Lion (GSA07), 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 sub-basin (Balearic Islands [GSA05], Corsica 
[GSA08], Northern Italy [GSA09] and Sardinia [GSA11]) was mainly influenced  by productivity-
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 Evenness (c)  indicators.  

 

The direction, 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 Sea ς GSA01). 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).  

 

Figure 6.4. Type (additive, synergistic and antagonistic) and magnitude of interactions between fishing and tem-
perature for the Shannon index (left) and between fishing-productivity 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 fishing-productivity predominated across most of the sub-
basin for Functional Entities Richness, although cross-scale heterogeneity was also observed. 
Only the Northern Alboran Sea (GSA01), where fishing and productivity acted synergistically, 
and the Gulf of Lion (GSA07), where the interaction was antagonistic, differed from that pattern 
(Fig. 4). Local-scale analyses evidenced within-region variability in interaction type and magni-
tude. Along the Northern Spanish coast (GSA06), for instance, local hotspots of high-magnitude 
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 interactions  between fishing and tem-
perature for the Shannon index (left) in the Italian coast (GSA09 and GSA10), and between fishing-productivity for 
Functional entities richness (right) in the Spanish coast (GSA06) 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 context-
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 sub-basin 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 single- scale, 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; Colloca et al., 2017). 

Interactions among pressures were ecologically relevant across regions (large-scale), 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. Fishing-temperature interaction  reflects 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; 
Gristina et al., 2006; Lindegren et al. 2025; Chapters 3-5), including directly some of our study 
regions, e.g., Veloy et al. (2022) for cephalopods and crustaceans. 

Functional indicators, instead, displayed more complex patterns across the sub-basin. 
While fishing remained as a relevant driver, its interaction with productivity became more dom-
inant for Functional Entities Richness, whereas both fishing-temperature 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 interactions among 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 long-term 
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 pressures. At the regional scale, both the type and magnitude of interactions were spatially 
structured with clear, region-specific 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; Colloca et 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 responses. Scale 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, local-scale 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 status-pressure 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 context-aware conservation strategies in a system as environ-
mentally complex and heavily impacted as the Western Mediterranean. 
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 7 State-Pressure relationships across contrasting ecosystems. 
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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 
ŀƭΦΣ нлмрΤ {ƛƳŜƻƴƛ Ŝǘ ŀƭΦΣ нлннΤ hΩIŀǊŀ Ŝǘ ŀƭΦΣ нлнпύΦ ¢ƻƎŜǘƘŜǊΣ ǘƘŜǎŜ ǇǊŜǎǎǳǊŜǎ ŀǊŜ ƳƻŘƛŦȅƛƴƎ ǘƘŜ 
structure and functioning of marine ecosystems, with sound consequences for their stability, 
ǊŜǎƛƭƛŜƴŎŜΣ ŀƴŘ ǘƘŜ ǎŜǊǾƛŎŜǎ ǘƘŜȅ ǇǊƻǾƛŘŜ ό.ŀƭǾŀƴŜǊŀ Ŝǘ ŀƭΦΣ нлмтΤ IƻƴƎ Ŝǘ ŀƭΦΣ нлннΤ hΩIŀǊŀ Ŝǘ ŀƭΦΣ 
2024). The Western Mediterranean is particularly exposed to such changes, as it is simultane-
ously affected by high and long-lasting fishing pressure and, a rapid warming rate and increas-
ing heatwaves frequency and strength (Vargas-Yáñez et al., 2008; Soto-Navarro et al., 2020; 
Ouled-Cheikh 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 
ǿŀȅǎ ό/ǳƭƘŀƴŜ Ŝǘ ŀƭΦΣ нлмуΤ IŀƭǇŜǊƴ Ŝǘ ŀƭΦΣ нлмфΤ hΩIŀǊŀ Ŝǘ ŀƭΦΣ нлнпΣ /ƘŀǇǘŜǊ с ƛƴ ǘƘƛǎ ŘŜƭƛǾŜǊŀπ
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 and  thresholds 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 context-dependent 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 state-pressure relationships are not uniform, they rely on the ecological 
or biogeographic context in which they occur, and may result in different  sensitivities, resistant 
and resilience capacities of 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 state-pressure relationships are also 
scale-dependent, 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 state-pressure relationships and guide effec-
tive and context-aware conservation strategies to efficiently embrace national to international 
management measures. 
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In this study, we quantify how taxonomic and functional biodiversity state-pressure rela-
tionships of demersal communities of the Western Mediterranean vary across spatial scales 
under different scenarios of cumulative pressures, by (i) evaluating state-pressure relationships 
along a fishing gradient, under different environmental scenarios (productivity, temperature) 
and spatial scales (regional and subregional), (ii) identifying limiting thresholds of impact and 
(iii) 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 Mediterranean sub-basin, 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 follow-up work of the Deliverable 3.2 will extend the same 
analytical approach to other Mediterranean and Atlantic areas. 

 

 

Figure 7.2. Regional (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 Task  3.1 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 fishery-independent 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 spring-early summer following 
common protocols, with sampling carried out at depth-stratified 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 (April ς June; MEDITS sampling season) averages of 
chlorophyll concentration (mg·m-3) and sea surface temperature (SST; °C), were obtained from 
the Copernicus free-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 and  potential interactions with fishing activities in the region 
όCǳ Ŝǘ ŀƭΦΣ нлмуΤ hΩIŀǊŀ Ŝǘ ŀƭΦΣ нлнпύΦ Φ ! ŦƛǎƘƛƴƎ ŜŦŦƻǊǘ ƛƴŘŜȄ ǿŀǎ ŀƭǎƻ ǳǎŜŘ ŀǎ ŀ ƳŜŀǎǳǊŜ ƻŦ ŦƛǎƘπ
ing pressure, expressed as average fishing days per year through Automatic Identification Sys-
tem (AIS)-based 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 they  represent 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 10-year 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 SAI 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 (SAI), originally developed to assess vulnerability of 
deep-sea Vulnerable Marine Ecosystems (VMEs) (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 0 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:  

 (1) 

 

ǿƘŜǊŜ ΨȅΩ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŎǳƳǳƭŀǘƛǾŜ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ōƛƻŘƛǾŜǊǎƛǘȅ όƛƴǘŜǊǇǊŜǘŜŘ ŀǎ ǇǊƻƎǊŜǎǎƛǾŜ ōƛƻπ
ŘƛǾŜǊǎƛǘȅ ƭƻǎǎ ǎƛƴŎŜ ŦƛǎƘƛƴƎ ŀŎǘƛǾƛǘȅ ǿƛƭƭ ǊŜƳƻǾŜ ƛǘύΣ ΨȄΩ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ŦƛǎƘƛƴƎ ŜŦŦƻǊǘ όƭƻƎ-
transformed fishing days·yr-1), and y0, a, x0 and b are model parameters (Fig. 1). Models were 
fitted using repeated non-linear least squares with multiple starting parameter combinations 
ŀƴŘ ŎƻƴǎŜǊǾƛƴƎ ǘƘŜ ōŜǎǘ ǎƻƭǳǘƛƻƴΣ ƛƳǇƭŜƳŜƴǘŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ΨƴƭǎΦƳǳƭǘǎǘŀǊǘΩ ǇŀŎƪŀƎŜ ƛƴ w όtŀŘπ
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 biodiversity-fishing 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 biodiversity-impact state (Figure 7.2). These thresholds were calculated by applying 
±2 times the residual standard error (i.e., 95th confidence 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 state-pressure categories: (i) low 
impacted biodiversity, below the lower threshold, (ii) increasingly impacted biodiversity, be-
tween thresholds, and (iii) highly impacted biodiversity above the upper threshold. Fishing ef-
fort and cumulative biodiversity values associated with each threshold were obtained by solv-
ƛƴƎ ǘƘŜ ƭƻƎƛǎǘƛŎ Ŝǉǳŀǘƛƻƴ όмύ ŦƻǊ ΨȄΩ ŀƴŘ ΨȅΩ ǳǎƛƴƎ ǘƘŜ ŜǎǘƛƳŀǘŜŘ ǇŀǊŀƳŜǘŜǊǎ όCƛƎǳǊŜ тΦнύΦ 

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 log-transformed prior to analysis.  

Once thresholds were defined for each spatial unit (i.e., region and sub-region) 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 for cross-scale patterns 
in biodiversity responses to cumulative anthropogenic and environmental impacts. Biodiversity 
state-pressure relationships were analysed at  i) regional scale, considering the eight Geograph-
ical Sub-Areas (GSAs) 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) 
(Figure 7.1). 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 yearly-average 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 biodiversity-impact states under the different scenarios (Figure 7.2).  

 

7.3. Results 

Four-parameter 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 (Figure 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 scenarios. Increasing fishing pressure resulted in different cumulative biodiversi-
ty-state across regions, following similar yet displaced sigmoid-shaped response curves under 
contrasting environmental scenarios (Figure 7.3 and 7.4). In general, the environmental context 
modulated the initial state and rate of biodiversity loss  rather 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 cross-scale variability (Figure 7.3; Tables 7.1, 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 (GSA06), biodiversity showed marked high initial 
biodiversity values with no responses to small increases in fishing pressure. Biodiversity re-
mains low impacted until 52 days·yr-1 and 65 days·yr-1 under low and high productivity scenari-
os (Table 7.1), 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 days·yr-1 (Ta-
ble 7.1), respectively. Subregions broadly reproduced the regional response, yet with notable 
differences in thresholds among subregions (Figure 7.3, Table 7.2). The biodiversity state of the 
North Catalan Sea required nearly twice the fishing effort to move from  low to 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-1, re-
spectively) than the surrounding subregions (Figure 7.3, Table 7.2). 
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Figure 7.3. Relationship between proportional cumulative biodiversity and fishing effort. The grey line shows ob-
served proportional cumulative biodiversity; whereas green lines represent the fitted four-parameter 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 days·yr-1 for low and high productivity), 
showing a smaller baseline of response to fishing (Figure 7.2, Table 7.1). However, the  inter-
mediate phase was prolongated until a much higher fishing effort values than in other regions 
(703 and 680 days·yr-1, respectively) that marked the highly impacted state, probably related to 
the severe fishing impact of this area. At the subregional level, strong contrasted responses 
with higher subregional thresholds were found, especially under high productivity scenarios. 
Both the Ligurian Sea (21 days·yr-1) and the North Tyrrhenian (61 days·yr-1) may allow higher  
fishing effort without significant consequences for biodiversity than that suggested by the re-
gional curve (7 days·yr-1) (Figure 7.2, Table 7.2). Nevertheless, the Ligurian Sea reached an up-
per threshold at nearly four times lower fishing effort levels than those of the North Tyrrhenian 
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and the regional response, implying a likely long-lasting impact in this area (Figure 7.2, Table 
7.3). The southern Italian coast (GSA10) showed the strongest environmental scenario-
dependency. Under low productivity, biodiversity was lost rapidly, reaching the threshold of 
low impacted state at approximately 10 days·yr-1, whereas under high productivity this shift oc-
curs at 34 days·yr-1 (Figure 7.3, Table 7.1). Differences between productivity scenarios persisted 
across the fishing gradient, with biodiversity reaching highly impacted states  at much 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 days·yr-1) in low productivity scenario 
than at high (88 days·yr-1) one. While Sicily showed extreme lower threshold, shifting out of the 
low impacted state at only 3 ς 4 days·yr-1, its increasingly impacted state covers most of the re-
sponse curve  with a wide range of fishing pressure, particularly under high productivity (357 
days·yr-1 vs. 179 days·yr-1 for low productivity), although reaching the impacted state at lower 
values than both the South Tyrrhenian and the overall regional response (Figure 7.2, Table 7.3).  

 

Temperature-modified state-pressure relationships 

Biodiversity responses under contrasting temperature regimes were more similar between 
thermal scenarios than those observed under productivity ones, even for cross-scale analyses 
(Figure 7.4, Table 7.1), meaning that biodiversity sensitivity to fishing impact was more inde-
pendent of thermal conditions, with few exceptions. The Spanish coast (GSA06) showed again 
no changes as initial values of fishing pressure increase followed by rapid decline (Figure 7.4), 
with transitions to increasingly impacted states occurring at similar fishing effort under both 
temperature scenarios (58 days·yr-1), while highly impacted states were reached between 559 
(low temperature) and 581 (high temperature) days·yr-1. Central 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·yr-1 for low and high temperature), while upper thresholds 
remained very similar among subregions (Figure 7.4, Table 7.3). 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 at 11 ς 12 days·yr-1, and a strong 
resistance to further fishing pressure afterwards. Signals of  collapse occur at a high impacted 
states of 674 ς 719 days·yr-1 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 days·yr-1 for both scenarios) than the 
North Tyrrhenian (632 and 672 days·yr-1) and the overall regional curve (674 and 719 days·yr-1) 
(Figure 7.4, Table 7.3). In the southern Italian 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 occurring  at 12 ς 14 days·yr-1, and highly impacted states reached 
at 502 ς 506 days·yr-1. Subregional temperature responses differed from the regional response. 
The South Tyrrhenian lower threshold  increased by 11 and 33 days·yr-1 for 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 days·yr-1). Notably, Sicily benefited greatly from low 
temperature scenario, reaching the  highly impacted state threshold at 340 172 days·yr-1 com-
pared to high temperature scenarios (168 days·yr-1 ) (Figure 7.4, Table 7.3).  
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Figure 7.4. Relationship between proportional cumulative biodiversity and fishing effort. The grey line shows ob-
served proportional cumulative biodiversity; whereas orange lines represent the fitted four-parameter logistic 
model under low (light orange) and high (dark orange) temperature 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. 
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Table 7.1. Impact thresholds of the proportional cumulative species richness in relation to fishing effort (days·yr-1) 
under different environmental scenarios at region level. Values of  productivity scenarios are indicated as chloro-
phyll concentration (mg·m-3), while those for temperature are in ºC. n indicates the number of observations for 
each scenario. 

    Fishing effort thresholds Biodiversity thresholds 

Region Environmental scenario Scenario n Lower Upper Lower Upper 

GSA06 

Productivity 

Low 
[0.06 - 0.12] 

258 52.27 555.80 0.12 0.95 

High 
(0.12 - 0.31] 

258 64.59 578.90 0.15 0.95 

Temperature 

Low 
[15.1 - 18.46] 

258 57.90 559.19 0.13 0.95 

High 
(18.46 - 20.05] 

258 58.05 580.53 0.13 0.95 

GSA09 

Productivity 

Low 
[0.06 - 0.1] 

167 8.60 702.96 0.03 0.97 

High 
(0.1 - 0.42] 

166 15.51 679.60 0.09 0.96 

Temperature 

Low 
[17.3 - 18.45] 

167 10.87 673.81 0.05 0.96 

High 
(18.45 - 19.74] 

166 11.66 718.89 0.06 0.96 

GSA10  

Productivity 

Low 
[0.04 - 0.1] 

100 10.23 482.99 0.12 0.94 

High 
(0.1 - 0.25] 

100 33.91 554.66 0.22 0.96 

Temperature 

Low 
[18.11 - 19.16] 

100 14.02 502.17 0.13 0.96 

High 
(19.16 - 20.47] 

100 12.31 505.84 0.13 0.93 
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Table 7.2. Impact thresholds of the proportional cumulative species richness in relation to fishing effort 
(days·yr-1) under low and high productivity scenarios (chlorophyll concentration [mg·m-3]). n indicates 
the number of observations for each scenario. 

    Fishing effort thresholds Biodiversity thresholds 

Region Subregion Scenario n Lower Upper Lower Upper 

GSA06 

North Catalan Sea 

Low 
[0.08 - 0.14] 

54 118.33 556.95 0.13 0.92 

High 
(0.14 - 0.21] 

53 104.83 571.89 0.11 0.95 

Ebro Delta 

Low 
[0.06 - 0.11] 

144 48.37 477.97 0.18 0.91 

High 
(0.11 - 0.31] 

144 76.38 527.77 0.23 0.92 

Valencia Channel 

Low 
[0.06 - 0.1] 

61 66.51 412.35 0.11 0.87 

High 
(0.1 - 0.16] 

60 61.99 505.84 0.11 0.93 

GSA09 

Ligurian Sea 

Low 
[0.06 - 0.1] 

56 16.98 165.89 0.11 0.93 

High 
(0.1 - 0.42] 

55 21.41 183.06 0.17 0.93 

North Tyrrhenian 

Low 
[0.06 - 0.1] 

111 21.54 651.75 0.10 0.94 

High 
(0.1 - 0.19] 

111 61.84 642.21 0.21 0.93 

GSA10  

South Tyrrhenian 

Low 
[0.05 - 0.1] 

75 29.39 414.90 0.13 0.90 

High 
(0.1 - 0.25] 

75 87.88 519.19 0.29 0.93 

Sicilia 

Low 
[0.04 - 0.1] 

25 2.81 179.13 0.12 0.83 

High 
(0.1 - 0.08] 

25 3.50 356.45 0.15 0.93 
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Table 7.3. Impact thresholds of the proportional cumulative species richness in relation to fishing effort 
(days·yr-1) under low and high productivity scenarios (ºC). n indicates the number of observations for 
each scenario. 

    Fishing effort thresholds Biodiversity thresholds 

Region Subregion Scenario n Lower Upper Lower Upper 

GSA06 

North Catalan Sea 

Low 
[15.1 - 17.07] 

54 102.15 582.24 0.11 0.95 

High 
(17.07 - 19.19] 

53 119.38 545.73 0.12 0.92 

Ebro Delta 

Low 
[16.64 - 18.51] 

144 62.59 502.23 0.20 0.91 

High 
(18.51 - 20.05] 

144 68.97 503.72 0.22 0.91 

Valencia Channel 

Low 
[17.21 - 18.79] 

61 63.78 497.17 0.11 0.93 

High 
(18.79 - 19.89] 

60 64.85 418.67 0.11 0.88 

GSA09 

Ligurian Sea 

Low 
[17.3 - 18.35] 

56 17.76 176.37 0.12 0.93 

High 
(18.35 - 19.74] 

55 21.86 175.72 0.17 0.92 

North Tyrrhenian 

Low 
[17.51 - 18.47] 

111 41.63 631.78 0.16 0.93 

High 
(18.47 - 19.62] 

111 39.00 672.46 0.15 0.93 

GSA10  

South Tyrrhenian 

Low 
[18.11 - 19.1] 

75 25.27 495.63 0.09 0.94 

High 
(19.1 - 20.02] 

75 45.27 507.70 0.16 0.93 

Sicilia 

Low 
[18.41 - 19.42] 

25 4.15 339.45 0.15 0.93 

High 
(19.42 - 20.47] 

25 2.60 167.96 0.12 0.80 

 

SAI assessment 

The SAI assessment, based on subregion-specific 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 eventually localized hotspots of low and highly impacted bi-
odiversity (Figure 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 spatially steady, with persistent hotspots of both low 
and highly impacted states. Nevertheless, the Valencia Channel and southern Ebro Delta 
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showed the greatest changes between productivity scenarios, with more observations shifting 
to increasingly or highly impacted states under low productivity.  

 

 

Figure 7.5. Biodiversity states in the Spanish and Italian shelf coasts using subregion-specific thresholds. 
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Temperature-modified 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 state-pressure relationship (BPR) between richness 
and fishing pressure are region-specific, and, therefore, the pressure thresholds delimiting 
low/high impacted biodiversity are modulated by the environmental variability of the region. 
Our study shows that productivity is  highly modulating how biodiversity responds to fishing, 
while the indirect effect of temperature on BPRs was negligible. While decay (i.e., slope) values 
of  biodiversity-fishing relationship remained very similar  across subregions, main differences 
between sub-regions 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. 
Long-lasting historical impact of fishing also may affect the biodiversity-fishing 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 biodiversity  are detected 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 (Farriols et al., 2019; 
Lindegren et al. 2025). These patterns highlight the east-west 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 main  environmental 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 South Tyrrhenian. Conversely, low-productivity 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 measured by the BPRs was not 
clearly modulated by thermal conditions. While regional-scale 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. 2025). Notably, 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 context-dependent, with productivity largely  modulating 
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 large-scale 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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8.1. 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-
ence-Policy Platform on Biodiversity and Ecosystem Services (IPBES), namely the overexploita-
tion of marine resources, climate change, pollution, biological invasions and sea-use 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 
ŘƛǊŜŎǘ ŘǊƛǾŜǊǎ ŎŀƴΣ ƛƴ ǘǳǊƴΣ ƛƳǇŀŎǘ ŀƴ ŜŎƻǎȅǎǘŜƳΩǎ ǊŜǎƛƭƛŜƴŎŜΣ ŀ ŎƻƴŎŜǇǘ ǘƘŀǘ Ƙŀǎ ƛƴŎǊŜŀǎƛƴƎƭȅ ŀǇπ
peared in the scientific literature, often to indirectly describe ecosystem health and stability 
(Capdevila et al., 2021; Van Meerbeek et al., 2021). Resilience refers to a system's ability to 
άŀōǎƻǊō ŎƘŀƴƎŜ ŀƴŘ ǘƻ ŀƴǘƛŎƛǇŀǘŜ ŦǳǘǳǊŜ ǇŜǊǘǳǊōŀǘƛƻƴǎ ǘƘǊƻǳƎƘ ŀŘŀǇǘƛǾŜ ŎŀǇŀŎƛǘȅέ ό¦ǊǊǳǘȅ Ŝǘ ŀƭΦΣ 
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 and their 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 may become 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. Large-scale population and community reorgani-
zations as well as nonlinear discontinuous dynamics in ecosystems (i.e., regime shifts) can result 
from anthropogenic pressures such as overfishing and climate change (Jungblut et al., 2018; 
aǀƭƭƳŀƴƴ Ŝǘ ŀƭΦΣ нлнмύΦ !ƴƻǘƘŜǊ ŎƻƴŎŜǇǘ ǊŜŦŜǊǎ ǘƻ ǘƘŜ άǘƛǇǇƛƴƎ Ǉƻƛƴǘόǎύέ ƻŦ ŀ ŎƻƳƳǳƴƛǘȅ ŀƎŀƛƴǎǘ 
ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƻǊ ŀƴǘƘǊƻǇƻƎŜƴƛŎ ŦƻǊŎƛƴƎΦ ¢Ƙƛǎ ǘŜǊƳ ŘŜǎŎǊƛōŜǎ ŀ άƭŜǾŜƭ ƻŦ ŎƘŀƴƎŜ ƛƴ ǎȅǎǘŜƳ ǇǊƻǇπ
erties beyond which a system reorganizes, often in a non-linear 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 or regional climate changes from one stable state 
ǘƻ ŀƴƻǘƘŜǊ ǎǘŀōƭŜ ǎǘŀǘŜΦέ όLǇŎŎΣ нлннύΦ Lǘ Ƙŀǎ ōŜŜƴ ǳǎŜŘ ǘƻ ǎƛƎƴƛŦȅ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ŀŦǘŜǊ ǿƘƛŎƘ ŀ 
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 decrease in marine dis-
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solved O2, or a specific alteration in acid-base 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 and macro-invertebrate 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 climate-related 
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 fastest-warming 
ocean regions (Beca-Carretero et al., 2020; Soto-Navarro et al., 2020). Large-scale 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 (Soto-Navarro 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 climate-driven variables, including changes in prima-
ry production (Damalas et al., 2021). Environmentally-driven regime shifts in the Mediterrane-
an basin were identified 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 may also impact the biodiversity of a community 
and permanently change species composition, as was the case with the coastal hard-bottom 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 possible regime shifts across the entirety of Mediterranean 
fish and macro-invertebrate 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, multi-regional approach by assessing regime 
shifts and quantifying resilience across multiple Geographical Sub-Areas (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) 
ό{ŎƘŜŦŦŜǊ ŀƴŘ /ŀǊǇŜƴǘŜǊΣ нллоύΦ /ŀǘŀǎǘǊƻǇƘŜ ǘƘŜƻǊȅ Ŏŀƴ ōŜ ǊƻǳƎƘƭȅ ǳƴŘŜǊǎǘƻƻŘ ŀǎ ŀ άōƛŦǳǊŎŀǘƛƻƴ 
ǘƘŜƻǊȅ ŦǊƻƳ ŀ ǘƻǇƻƭƻƎƛŎŀƭ ǇŜǊǎǇŜŎǘƛǾŜέΦ Lƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ŜŎƻǎȅǎǘŜƳǎΣ ŎŀǘŀǎǘǊƻǇƘŜ ǘƘŜƻǊȅ Ŏŀƴ 
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 three-dimensional 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 
ƛƴǘŜǊŦŀŎŜ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ŀƴŘ ǾƛǎǳŀƭƛȊŜ άǎǳŘŘŜƴ ƧǳƳǇǎέ ƛƴ ǎȅǎǘŜƳǎΣ ǿƘƛŎƘ ǉǳƛŎƪƭȅ ƭŜŀŘ ǘƻ ŀ 
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 macro-invertebrate (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 macro-invertebrate 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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Figure 8.1. Map 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 
Sub-Areas (GSAs) with boundaries set by the General Fisheries Commission for the Mediterra-
nean Sea (as per resolution GFCM/33/2009/2, http://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 North-
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 20-mm cod-end 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.km²) was calculated as: 

 

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: 

 

Where swept area is the area spanned by the scientific trawler vessel, transformed from me-
ters² to km², the wing opening, transformed from decameters² to km² is the area spanned by 

http://www.gfcm.org/
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ǘƘŜ ǘǊŀǿƭ ƴŜǘΩǎ ŜƴǘǊŀƴŎŜ ǿƘƛƭŜ ƛƴ Ŧǳƭƭ ƳƻǘƛƻƴΦ CƻǊ ŜŀŎƘ Ƙŀǳƭ Ὥ, we computed the corresponding 
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 and 2020 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 the x-axis, 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 the x-axis. 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 (GT, in m3) were extracted from 
the EU Fleet Register database [https://webgate.ec.europa.eu/] from 1999-2021. This dataset 
encompasses vessels ranging from 3.36 to 45.24 m. Regarding environmental data, sea bottom 
temperature (SBT, in °C) was retrieved from the Copernicus open-access 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 GSA. Euclidean 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 number 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-
ŘǳŎǘŜŘ ǿƛǘƘ ǘƘŜ ϥōŎǇΩ w ǇŀŎƪŀƎŜ ό9ǊŘƳŀƴ ŀƴŘ 9ƳŜǊǎƻƴΣ нллтύΦ 

 

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 equilibrium state of a state variable Y using two control varia-
ōƭŜǎΣ ʰ ŀƴŘ ʲΦ ¢ƘŜ ǇƻǘŜƴǘƛŀƭ ŦǳƴŎǘƛƻƴ ǘŀƪŜǎ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŎŀƴƻƴƛŎŀƭ ŦƻǊƳΥ  

 

  

 

This equation creates a cusp equilibrium surface, which acts as a response surface in regression,  
ŀƴŘ ǇǊŜŘƛŎǘǎ ǘƘŜ ŘŜǇŜƴŘŜƴǘ ǾŀǊƛŀōƭŜ ȅ ōŀǎŜŘ ƻƴ ŎŀƴƻƴƛŎŀƭ ŎƻƻǊŘƛƴŀǘŜǎ όʰΣ ʲύΦ bƻǘŀōƭȅΣ ŦƻǊ ŎŜǊπ
tain combinations of these variables, it can predict two possible values for y and "antipredict" 
an intermediate value, indicating non-occurrence of specific states (Cobb, 1981). 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 proceǎǎ ǿƛǘƘ ǾŀǊƛŀƴŎŜ ˋ2 was added to the equation to 
transform it as a stochastic differential equation (SDE) (Cobb and Watson, 1980): 

 

 

 

In this equation, the initial segment signifies the drift term, which accounts for the determinis-
ǘƛŎ ǘǊŜƴŘ ƛƴ ǘƘŜ ǇǊƻŎŜǎǎΦ ¢ƘŜ ǎŜƎƳŜƴǘ ˋ ŘŜƴƻǘŜǎ ǘƘŜ ŘƛŦŦǳǎƛƻƴ ǇŀǊŀƳŜǘŜǊΣ ƛǘ ŘŜǘŜǊƳƛƴŜǎ ǘƘŜ Ǿƻƭπ
atility or the degree of randomness in the process. ὡὸ represents the Wiener process. The vari-
ŀōƭŜ ʰΣ ƪƴƻǿƴ ŀǎ ǘƘŜ ŀǎȅƳƳŜǘǊȅ ǾŀǊƛŀōƭŜΣ ŘƛǊŜŎǘƭȅ ƛƳǇŀŎǘǎ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ǎǘŀǘŜ ǾŀǊƛŀōƭŜ ŀƴŘ ƛǎ 
linked to fishing capacity in this work, reflecting how fishing effort affects the community's 
ǎǘŀǘŜΦ aŜŀƴǿƘƛƭŜΣ ʲΣ ǘƘŜ ōƛŦǳǊŎŀǘƛƻƴ ǾŀǊƛŀōƭŜΣ Ŏŀƴ ǘǊŀƴǎŦƻǊƳ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ʰ ŀƴŘ ǘƘŜ 
state variable from a smooth, linear one to a nonlinear, discontinuous one, potentially leading 
ǘƻ ǊŜƎƛƳŜ ǎƘƛŦǘǎΦ ¢Ƙƛǎ ǎǘǳŘȅ ǳǘƛƭƛȊŜŘ ŀ ƭƛƴŜŀǊ ƳƻŘŜƭ ƻŦ ʲ ƛƴ ǊŜƭŀǘƛƻƴ ǘƻ {Ŝŀ {ǳǊŦŀŎŜ ¢ŜƳǇŜǊŀǘǳǊŜ 
(SBT), indicating that variations in SBT may impact the way fishing pressure influences commu-
nity composition, potentially resulting in regime shifts and events such as hysteresis. Changes in 
ǘŜƳǇŜǊŀǘǳǊŜ ƘŀǾŜ ōŜŜƴ ƪƴƻǿƴ ǘƻ ƛƳǇŀŎǘ ŀƴ ŜŎƻǎȅǎǘŜƳΩǎ ǇǊƻŘǳŎǘƛǾƛǘȅ ό.ǊƛŜǊƭŜȅ ŀƴŘ YƛƴƎǎŦƻǊŘΣ 
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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 
ǘƘŜ ǇŀǊŀƳŜǘŜǊǎ ʰ ŀƴŘ ʲ ŀǊŜ ŜǎǘƛƳŀǘŜŘ ŀǎ ƭƛƴŜŀǊ ŦǳƴŎǘƛƻƴǎ ƻŦ ƻōǎŜǊǾŀōƭŜ ό9ǉǎ рŀύ ƻǊ ƛƴŘŜǇŜƴŘŜƴǘ 
(Eqs. 5b and 5c) variables using a likelihood approach (Diks and Wang, 2016; Grasman et al., 
2009):  

 

 

  

 

ǿƘŜǊŜ ǿлΣ ʰл ŀƴŘ ʲл ŀǊŜ ǘƘŜ ƛƴǘŜǊŎŜǇǘǎ ŀƴŘ ǿмΣ ʰм ŀƴŘ ʲм ŀǊŜ ǘƘŜ ǎƭƻǇŜǎ ƻŦ ǘƘŜ ƳƻŘŜƭǎΦ ¢ƘŜǎŜ 
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 (Eqs 4), which is used to 
ŘŜǊƛǾŜ ǘƘŜ /ŀǊŘŀƴϥǎ ŘƛǎŎǊƛƳƛƴŀƴǘ όʵύΣ ŘŜǘŜǊƳƛƴŜǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ŜǉǳƛƭƛōǊƛŀ ƛƴ ǘƘŜ ǎȅǎǘŜƳΥ 

  

²ƘƛŎƘ ǇǊƻŘǳŎŜǎ ƻƴŜ ǎƻƭǳǘƛƻƴ ǿƘŜƴ ʵ Ҕ л ŀƴŘ ǘƘǊŜŜ ǎƻƭǳǘƛƻƴǎ ǿƘŜƴ ʵ ғ лΦ ¢ƘŜ ōƛŦǳǊŎŀǘƛƻƴ ǎŜǘΣ 
ǿƘŜǊŜ ʵ Ґ лΣ ƛǎ ŀ ŎǳǎǇ-shaped area on the plane (Fig. 8.2). By default, the summary of the basic 
ŎǳǎǇ ƳƻŘŜƭ ŦǳƴŎǘƛƻƴ ŎƻƳǇŀǊŜǎ ǘƘŜ ŎǳǎǇ ƳƻŘŜƭΩǎ ǊŜǎǳƭǘǎ ǘƻ ǘƘŀǘ ƻŦ ŀ ƭƛƴŜŀǊ ǊŜƎǊŜǎǎƛƻƴ ƳƻŘŜƭ by 
computing a pseudo-R2 statistic measure, AIC and BIC. The pseudo-R2 measure 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 pseudo-R2 measure 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 (AICc; 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 ecosystem-based management settings. 
In CUSPRA, the resilience indicator (RA) is derived from two 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 



121 

 

 

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 pseudo-R² of 
the cusp model must be no less than 0,3, ii) the Delta AICc, 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 AICc than the linear model, iii) the percentage of points inside the bifurca-
tion set must be no less than 10% and iv) the p-value of the state variable Y must not exceed 
0.05. 

 

Figure 8.2. The stochastic cusp model provides a way to visualize species abundance dynamics influenced by two 
ǾŀǊƛŀōƭŜǎΥ ŦƛǎƘƛƴƎ ǇǊŜǎǎǳǊŜ όʰύ ŀƴŘ ǎŜŀ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ όʲύΦ Lƴ ǘƘŜ ǘȅǇƛŎŀƭ ǘƘǊŜŜ-dimensional representation (a), 
species abundance can follow either a continuous or discontinuous path depending on these variables. This can be 
simplified into a two-dimensional 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 y-axis is reversed, with temperature increasing downward. Adapted from Sguotti et al. (2019). 

 

8.3. Results 

Spatio-temporal 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 larger-bodied predators. GSA 7, and 8 also started with a mix of spe-
cies but transitioned to crustacean-dominated communities after key years such as 2006, 2012, 
and 2015. GSA 9 showed fish-dominated communities initially, and significant shifts around the 
years 2002 and 2005. GSA 11 initially experienced high diversity with medium to large-sized 
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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 like Sepia orbignyana, Loligo forbesii, and small gen-
eralist predators such as Serranus hepatus. PC2 is driven by active predatory crustaceans like 
Processa nouveli, Geryon longipes, and Squilla mantis. Initially, 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 2013-2014, the community was driven by a limited number of 
species, notably Dardanus arrosor and Squilla mantis. Subsequently, the community composi-
tion underwent another change, associated with a different diverse set of species (Fig. 8.3).  

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 notata and Scorpaena scrofaΦ t/нΩǎ ǾŀƭǳŜǎ ŀǊŜ ŘǊƛǾŜƴ ōȅ ǘƘŜ ŀōǳƴŘŀƴŎŜ ƻŦ ōŜƴπ
thopelagic species such as the crustaceans Plesionika edwardsii and Parapenaeus longirostris as 
well as bony fish and elasmobranchs. Initially, the community is associated with a few species, 
such as the crustaceans Solenocera membranacea and Calocaris macandreae. After 2006, a 
more diverse set of mostly larger-bodied species, comprising all taxa, became prominent. The 
year 2017 stands out as only being driven by a few species such as Hymenocephalus italicus and 
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 such as Symphurus ni-
grescens as well as more shallow-living species such as Lesuerigobius friesii. PC2 is associated 
with the abundance of small crab species such as Ethusa mascarone and D. arrosor. At the start 
of the time series, the community was driven by the abundance of a few species like Ophisurus 
serpens. However, the years 2000-2002 and 2005 were more related with the abundance of fish 
like Cepola macrophtalma and crustaceans such as Bathynectes maravigna in PC2.The year 
2006 was related to the abundance of the generalist fish S. hepatus and crustacean Munida in-
termedia. After 2006, the community is mostly associated with the abundance of a few general-
ist fish species like Pagrus sp., Capros aper and 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 such as Pagurus excavatus 
and Macropodia tenuirostris. Contrarily, PC2 is driven by active predator and generalist fish 
species such as the small spotted catshark (Scyliorhinus canicula), Thor's scaldfish Arnoglossus 
thori and S. hepatus. In the start of the time series and until 2006, the community is mostly re-
lated to changes in the abundance of species like Dicentrarchus labrax and M. merluccius until 
2011. After 2012, the community is solely driven by the fluctuations in abundance of inverte-
brates, mostly crustaceans like P. longirostris and Liocarcinus depurator. The year 2013 also 
seems to be associated with different invertebrate species such as Inachus 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 deep-water crustaceans such as Polycheles typhlops as 
well as demersal fish predators like Spondyliosoma cantharus and M. merluccius. PC2 is solely 
driven by small bony fish like Blennius ocellaris and S. hepatus. At the start of the time series 
and until 2011, the community is mostly driven by changes in fish and cephalopod species like 
Chelidonicthys cuculus, and S. orbignyana. After 2012, the community is solely driven by the 
abundance of crustaceans like Pagurus alatus and P. longirostris, with the exception of 2015, 
driven by fish species like Carapus acus.  
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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 crustacean P. longirostris, the minute cephalopod Rondeletia minor and bony 
fish predators such as Capros aper. PC2 is instead only driven by larger predatory fish species, 
such as the elasmobranchs Scyliorhinus.canicula, Etmopterus spinax and the bony fish S. 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 cephalopod Sepia elegans seem to drive 
PC1, while an assortment of fish and crustacean species like Arnoglossus laterna and Plesionika 
acanthonotus (respectively) also contributed to the axis. PC2 is principally driven by the crusta-
cean predators G.longipes and Spinolambrus macrochelos, and to a smaller degree by the 
cephalopod Sepietta neglecta and small to medium sized bony fish and elasmobranch preda-
tors. At the start of the time series and for the years 2001-2003, the community is related to 
the abundance of fish and cephalopods like A. laterna and S. neglecta respectively. 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 like Lepidopus caudatus and Todarodes sagittatus, respectively. In 2021, the dominant 
species changes to the cephalopod Todaropsis 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 large-sized bony fish and elasmo-
branch predators like the blackmouth catshark (Galeus melastomus), the speckled ray (Raja 
polystigma) and the Greater weever (Trachinus draco). PC2 again driven by medium to large-
sized predators, this time bony fish like S. cantharus and Epigonus telescopus. The community 
seems to be associated with the abundance of a diverse set of fish species like M. merluccius 
and T. draco until the year 2009. An exception is 2007, which is related with different fish spe-
cies like Chelidonichthys lucerna. After 2009, the community is only associated with fluctuations 
in abundance of a few fish and cephalopod species like Macroramphosus scolopax and L. 
forbesii respectively.  

 

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 2015-2017 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, 2014-2015. 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, 2006-2007 were detected as 
years of significant change in the species composition of the area (Fig 8.3). 
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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 2010-2021 (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 (Fig. 8.3). 

  

  

Figure 8.3. 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 colored light-blue and axis 2 values 
are colored gray. The red-dotted lines represent the years where a significant change in the communities was de-
tected by Bayesian Change Point (BCP) analysis. 










































































































































































































