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Abstract

Multiple activities are taking place across marine and coastal ecosystems without a full
understanding of the composite interactions between natural and human-induced changes. The
cumulative and synergistic impacts of these multiple threats (including climate change) are
triggering complex and severe alterations of marine and coastal ecosystems' biodiversity and their
capacity to supply services for human well-being. There is a need to reinforce the ecosystem risk
concept to efficiently implement ecosystem-based assessment and management measures allowing
us to better face multiple risks arising from the dynamic interplay between climate change and
human-induced pressures.

Drawing on this need, this Deliverable aims to present the designed multi-risk assessment
framework (MRAF) supporting the identification and prioritisation of cumulative impact pathways
induced by interactive natural and anthropogenic pressures. Moreover, details on the iterative
analytical process that serves as the cornerstone for the operational implementation of the MRAF
across two MaCoBioS eco-regions (i.e., Mediterranean and Northern Europe) are also provided.
This includes data pre-processing aimed at homogenising all input data for the subsequent model
implementation through training, validation and testing phases. In particular, the potential of a
Random Forest (RF) algorithm is exploited to better understand multi-risk underpinning marine
coastal ecosystems' response to climate change impacts under both reference (2017) and future
climate change scenarios for the 2050- and 2100-time windows and for the RCP4.5 and RCP8.5.
The resulting GIS-based multi-risk scenarios from this task will be used as input data for the Nature-
based solutions (NBSs) suitability modelling as envisaged in Task 3.3, identifying hot-spot risk
habitats (e.g., seagrass meadows, kelp forests) where management actions and adaptation strategies
would be best targeted.

Keywords: Multi-risk assessment, cumulative impacts, marine coastal ecosystems, ecosystem
services and state, climate change, machine learning, Random Forest, scenario analysis, GIS maps,
Mediterranean Sea eco-region, Northern Europe eco-region
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Introduction

Multiple activities are taking place across marine coastal ecosystems (MCEs) without a

full understanding of the composite interactions between natural and human-induced

changes. The cumulative and synergistic impacts of these activities and climate change
are triggering complex and severe alterations of MCEs biodiversity and their capacity to supply
services for human well-being. Drawing on this issue, Work Package 2 aims at reinforcing the
ecosystem risk concept to efficiently implement ecosystem-based assessment and management
measures allowing to better face multiple risks arising from the dynamic interplay between climate
change and human-induced pressures.

In particular, Task 2.1 aims to develop and operationalise across two MaCoBioS eco-regions (i.e.,
Mediterranean and Northern Europe) a multi-risk assessment framework (MRAF) supporting a first-
pass screening of cumulative impacts arising from the complex interplay between natural and
anthropogenic pressures, affecting MCEs and their services provision. This framework allows the
integration of heterogeneous indicators representing hazard (i.e., the potential occurrence of natural
or human-induced physical events), exposure (i.e., the presence of ecosystems, environmental
functions, services, and resources that could be adversely affected under the considered hazards), and
vulnerability of the exposed MCEs to considered pressures (i.e., sensitivity and adaptive capacity).
The expected outcome is a set of GIS-based multi-risk screening scenarios and indicators
summarising key risk metrics and simplifying understanding and communication of risks induced by
changing climate conditions and uses of MCEs.

To achieve this bold objective, as a first step, a conceptual MRAF is required to formalise the issue
at hand, showing, in a systematic way, the relationships between the natural and anthropogenic
sources of risk, the exposed coastal and marine targets (e.g., seagrass beds, coral reefs, kelp forests,
mangroves, saltmarshes, and maérl beds), together with their vulnerability factors and the resulting
environmental, physical, biological, and socio-economic impacts.

In this setting, this deliverable (D2.1) describes the progress throughout the development of the
general MRAF, starting from the literature review to the organisation of the expert engagement
workshop for the co-design of the framework, as well as its final implementation through the design
and implementation of a Machine Learning (ML) model across two MaCoBioS eco-regions.

This report starts with an overview of the methodological approach applied to frame the conceptual
framework under Task 2.1, including the review process of the state-of-the-art publications dealing
with multi-risk and cumulative impact appraisal in MCEs (SECTION A — THEORETICAL
BACKGROUND). Following a detailed description of the eco-region under investigation (including
data available to describe key pressures and the selected ecosystems), SECTION B -
METHODOLOGICAL DEVELOPMENT presents the workflow designed for co-design and
operationalisation. Finally, SECTION C — APPLICATION describes all the operational steps applied
to implement the designed model, and critically analyses the results of the RF model applied across
the MaCoBioS eco-regions, highlights some pros and cons of this approach and provides some
orientations for the next steps of the project.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 869710



Section A — Theoretical background

1. Assessment approached and applications for cumulative impacts and multi-risk
appraisal in marine coastal ecosystems

Over the last decades, numerous and diverse issues leading to ecological implications have challenged
both environmental scientists and decision-makers in the understanding of the relationships between
social/economic interests and the associated environmental issues, requiring practical evaluation
techniques building on interdisciplinary approaches. Risk assessment is a rather complex procedure
that can help to analyse and manage a wide range of environmental issues, including those related to
climate change. Different risk assessment methodologies have been developed to understand
processes underpinning MCEs deterioration. When we embark on a multidisciplinary approach,
dealing with multi-risk and cumulative impact appraisal in MCEs, these discipline-oriented theories
become the empirical data of the conceptual framework analysis (Jabareen, 2009). Therefore, the first
step of methodological development concerns the extensive systematic screening of the wide
spectrum of multidisciplinary literature regarding the investigating question. Specifically, to explore
the state-of-the-art CIA and multi-risk related studies and applications in MCEs, a multi-phase review
process blending Scientometric and Systematic analysis of extant literature was performed. As shown
in Figure 1. This analytical process comprises three main steps, including i) data collection based on
a set of pertinent keywords for query; ii) Scientometric analyses to explore, evaluate and monitor the
state of a particular research field (Geissdoerfer et al., 2017); and iii) Systematic review (based on the
PRISMA - Preferred Reporting Items for Systematic Reviews and Meta-Analyses - approach) for
screening publications (details on the applied multi-phase review process are reported in Annex 2),
and discuss them based on a set of comparison criteria. 692 publications were identified at the first
stage (value obtained at the end of October 2020) of the publications collection, through the query
search as detailed in Supplementary material Annex 1. By applying the PRISMA approach, this wide
list was reduced to a limited set of 30 ‘key papers’ (reported in Annex 4) selected based on their
pertinence and relevance for the aim of this study.

Following a brief description of key results from the bibliometric review (Section 1.1), the following
sections (Sections 1.2-1.6) present and discuss these publications (and related studies) exploring the
type of methodological approaches and tools applied, as well as their relevance in terms of policy
support under key EU and international regulatory frameworks, agreements, and strategies dealing
with MCEs management and climate adaptation.

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 869710
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Figure 1. Methodological approach for the evaluation of existing studies and applications dealing
with cumulative impact appraisal in marine coastal ecosystems.

The Scientometric analysis explores, evaluates, and monitors the state of a particular field of research,
meta-analytically evaluating the development of a predefined research area to identify their key
components and underlying theoretical frameworks (Geissdoerfer et al., 2017). This quantitative
analysis takes advantage of the main metadata related to each paper: citation information (such as the
author’s name, document title, year, and citation count), bibliographical information (e.g., affiliations,
publisher, and editor), abstract and keywords (e.g., the authors’ keywords and the index keywords).
This information exported from Scopus was processed by applying the open-source Bibliometrix
Package, designed for the statistic R software (Aria & Cuccurullo, 2017). Bibliometrix is a web-based
application for bibliometric and co-citation analysis able to achieve comprehensive science mapping
analysis of scientific literature (Aria & Cuccurullo, 2017) (http://bibliometrix.org/biblioshiny), thus
supporting an overarching understanding and interpretation of network patterns, as well as recognize
gaps across research fields.

Building on the workflow shown in Figure 1, a preliminary screening of papers, based on the title’s
pertinence to the review topic of concern, allowed to better focus the bibliometric analysis on a
restricted list of relevant papers, then analytically processed through this R-based tool. In particular,
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http://bibliometrix.org/biblioshiny

this kind of review allows the identification of major focal topics, trends and gaps, while
discovering and visualizing the evolution of the topic through the 2000 — 2022 period. All
the analysis and graphs (i.e., annual scientific production, top authors’ production over
time, word-cloud, co-occurrence network, country collaboration map) are presented and
discussed within Supplementary material Annex 3.

Scientometric review

A bibliometric review was performed by firstly applying a literature search in Scopus. This selection
method led to the identification of 692 publications (value obtained at the end of March 2022) dealing
with CIA in marine coastal ecosystems, for the 2000-2022 period. This process allowed the
development of the Scientometric review (and related graphs) by processing the extracted
bibliometric data (i.e., a BibTeX file of the 741 papers selected as input data) through the open-source
bibliometrix R Package.

Afterward, the same Scientometric analysis was repeated by considering only the 254 papers obtained
against the title-screening phase. This further evaluation allowed performing a more robust review,
focusing only on a restricted number of preselected papers, thus avoiding non-significant documents
(e.g., review papers or publications not focusing on the topic of concern of this review) for the scope
of this study (a detailed description of the Scientometric analysis is available within Supplementary
material Annex 3).

The analysis of the annual scientific production (number of papers per year) allowed the recognition
of 2008 as a turning point in this particular research field (Figure 2), mostly due to the global-scale
assessment carried out by Halpern et al., (2008). Up until then the number of publications was almost
irrelevant (1-2 papers per year) but after this relevant CIA application, the yearly productions display
a positive rising trend. The outputs provided by this analysis showed a further abrupt variation in
2014, which can be associated with the first period of the initial assessment of the MSFD concerning
the current environmental status of EU marine waters, as well as the identification of environmental
impacts induced by human activities on EU marine areas.

Overall, the number of CIA studies applied in MCEs increased continuously during the last decade,
with an average number of publications of around 60 articles per year during the last 3 years. Focusing
on the most influential authors (Annex 3 Figure S2), through the analysis of the author’s production
overtime, the pioneer of these applications, Halpern B.S., emerged also as the most productive author
(with an overall number of 23 publications under 2000-2022 timeframe).
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Figure 2. Number of publications, across the 692 papers obtained against the title-screening phase,
applying CIA in marine coastal ecosystems during the 2000—2022 timeframe.

Further, on the account of the analysis of the most frequent 50 author’s keywords, besides those
contained in the query string, the word cloud graph reveals as the main frequent author’s keywords
ecosystem-based management, marine spatial planning and climate change (Annex 3 Figure S3). In
fact, not surprisingly, many CIA methods have been developed to support decision-makers and
planners in the design of spatial plans for marine coastal ecosystems management and
conservation/restoration under the ecosystem-based management approach (Menegon, et al., 2018),
as promoted by the MSP, MSFD and CBD regulatory frameworks (Andersen et al., 2015;
Dominguez-Tejo et al., 2016; Manea et al., 2020). Recently, also climate change threats have started
to be considered across many regulatory frameworks (e.g., MSP), and methodological approaches
which started integrating this concept to assess and model future environmental conditions of marine
coastal ecosystems and foresee potential alteration of biological, chemical, and physical processes
(Furlan et al., 2020; Gissi et al., 2019) leading together to changes in ecosystem services flow.

Finally, another interesting graphical representation useful to detect scientific collaborations among
countries applying CIA methods in marine coastal ecosystems was carried out through the analysis
of the authors’ affiliations related to the same publication. Analysing the extracted publications, the
USA, Canada, UK and China emerged as the first countries approaching this specific topic. Then,
over the 2000-2022 timeframe, collaborations among countries gradually increased according to the
related rise in publications. Focusing on the last 5-year period (2015-2020, Figure S5), the resulting
country scientific collaborations map appears in a dense network of interconnections among states,
as a result of the increased international relevance of this specific research field.
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Figure 3. Word co-occurrence network graphs under four time slices: A) 2000-2005, B) 2000-
2010, C) 2000-2015, D) 2000-2020.

The multiplicity of risk-based and CIA approaches applied by the research community to evaluate
the effects of human activities (such as fishing, seabed extraction, transport, etc.) and climate change
on marine coastal ecosystems, is remarkable. GIS-based mapping, indicator/index (through the
integration of several indicators representing the involved pressures and the presence and state of
marine coastal ecosystems), numerical and ecological models, ML, or expert-based ranking are some
of the most applied methods to analyse and modelling environmental impacts from local to global
stressors while providing support for sustainable management and adaptation pathways.

As summarised by the bar chart Figure 4, most of the analysed approaches build on the
methodological framework developed by Halpern et al., (2008), mapping the spatial distribution and
intensity of human activities, at the global scale, over several ecological components and ecosystems
(e.g., coral reefs, seagrass beds, mangroves, rocky reefs). Specifically, in this reference approach,
final predicted cumulative impact scores are calculated by multiplying the normalised value of
pressures’ intensity with expert-based weights, representing each ecosystem type’s sensitivity to these
pressures. Similarly, always drawing on the Halpern et al., (2008) study, most of the reviewed
applications (55 out of 101 relevant papers) build on an indicator/index-based approach (Bonnevie et
al., 2020; Halpern et al., 2019), sometimes integrated into ML-based methods (Furlan et al., 2020; A.
Stock et al., 2018; Teichert et al., 2016; Turschwell et al., 2020). The wide application of both
mapping and indicator/index-based methodologies is also due to the requirements posed by both the
EU and international regulatory frameworks (e.g., MSFD and MSP directives, UNCLOS), which
require analysing and locating human activities and their drivers to reduce spatial conflicts and trade-
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off among multiple uses, while supporting the sustainable use and conservation of marine
coastal resources. Expert-based ranking (28 publications out of the selected 101 relevant
papers) is also frequently applied for several purposes, including i) to consider experts’
perception in the evaluation of the risk linked to human and climate-induced impacts
(Armstrong et al., 2019; Brodersen et al., 2018); ii) to estimate ecological vulnerabilities
to pressures (Clark et al., 2016; Jones et al., 2018; Mach et al., 2017; Singh et al., 2017; Uusitalo et
al., 2016); and iii) to analyse interactions among multiple pressures (Cook et al., 2014; Furlan et al.,
2019a). On the other hand, differently from these studies mainly based on expert judgments, a step-
wise risk-based approach is proposed by Piet et al. (2021) for a fully quantitative CIA integrating
information for different sectoral human activities, pressures and ecosystem components.

Within CIA approaches, quite a large set of applications are also carried out using ecological
(Cormwall & Eddy, 2015; Ihde & Townsend, 2017) and conceptual models (Cook et al., 2014) to
evaluate cumulative impacts of human activity at the ecosystem level. Among these, Cornwall &
Eddy (2015) applied Ecopath with Ecosim (EwE) ecological/ecosystem model, a food web model
that considers energy flows between functional groups of species. Similarly, Fu et al. (2020) evaluated
how stressors cumulatively affect modelled species using the Object-oriented Simulator of Marine
Ecosystems (OSMOSE) model. Finally, ML-based methods emerging among methodologies being
applied across marine coastal realms, thanks to the recent increase in data availability for
environmental monitoring and management (i.e., ‘Big data’!). In this context, Stock et al. (2018)
compared the predictive performance of ten statistical and ML algorithms (e.g., Classification and
Regression Trees, Random Forests and Boosted regression trees) to understand whether these models
could make accurate predictions of ecological indicators representing MCEs’ condition (i.e., kelp
biodiversity, fish biomass, and rocky intertidal biodiversity) of California coast. Similarly, Teichert
et al. (2016) operationalised a RF model to explore the complex structure of non-linear inter-relations
between multiple stressors (both anthropogenic and climate change), and the ecological response of
biological systems to these stressors. In particular, this model has been used to investigate the effect
of stressors interactions on fish ecological status in European estuaries, as well as to evaluate the
ecological benefits arising from the implementation of restoration actions.

! Big data, defined as ‘high volume, high velocity, and/or high variety data that require new processing paradigms to
enable insight discovery, improved decision making, and process optimisation’ (Beyer and Laney, 2012)
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Figure 4. Bar chart summarising risk-based and CIA approaches and tools applied within the
selected 101 relevant papers.

Another ML-based application was developed by Furlan et al. (2020), coupling Bayesian Network
approaches (BN?) with a GIS tool, to evaluate cumulative impacts under different idealised scenarios.
In this study, BNs allowed the consideration of multiple variables (e.g., stressors, assessment end-
points) and types of data (e.g., quantitative and qualitative) from heterogeneous data sources and
disciplines (e.g., probabilistic quantities elicited from expert knowledge, empirical data,
mathematical representations) within the same analytical framework.

Across these studies, some authors also integrate statistics and mathematical techniques to better
detect uncertainties associated with several factors (e.g., incomplete and inaccurate data availability,
linearity, aggregation of different factors, etc.), providing more robust analysis and, in turn, reducing
the possibility of unsustainable management decisions. For instance, Piet et al. (2021) carried out a
confidence assessment, providing an overview of the quality and adequacy of the available data and
information underpinning CIA application. In particular, this assessment was based on a hierarchy
confidence classification, structured with different levels and criteria applied to different
methodological aspects (e.g., data processing, spatio-temporal resolution and coverage, etc.), and
elements integrated in each phase i.e., activities, pressure and ecosystem component, including their
relations. Whereas, Stock et al. (2018) implemented uncertainty analysis, using Monte Carlo
simulations, to identify robust high- and low-impact areas on the global oceans (considering the
effects of 7 factors of uncertainties simultaneously, including their interactions). Similarly, using
Monte Carlo simulations with 1000 runs, Andersen et al. (2020) evaluated the robustness of the
impact index and stressor ranking for Danish marine waters, considering the possible weaknesses in
data quality and the effects of model assumptions. More precisely, they ranked 35 stressors according
to their contribution to the cumulative impact score, aggregated for the North Sea-Baltic Sea transition
zone. This methodology, i.e., identifying and ranking the most influential stressors contributing to the

2 Bayesian Network: a family of ML-based algorithms providing an intuitive graphical structure by combining
principles of Graph theory and Probability theory; (Pearl & Russell, 2011; Pollino et al., 2007)
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overall cumulative impacts, provides useful information to support the identification of
conservation priorities, as required by marine coastal laws.

Regardless of the applied methodological approach, the operationalisation of risk-based

and CIA methodologies requires a strong linkage between all components and processes

underpinning impacts and changes in MCEs’ state and ecosystem services flow.
Specifically, looking at the key elements integrated into CIA methodologies, the review has identified
different and fragmented components across the publications (as illustrated in Figure 5). This is due
to the specific terminologies applied by different research communities (e.g., risk, ecology,
chemistry-related communities), making it difficult to identify mainstream components. Still, most
of the key components considered overall are in line with those integrated by Halpern et al. (2008) in
his index, as a direct consequence of the methodological framework applied, i.e., the predicted
cumulative impact scores are calculated as a function of the intensity of the selected “drivers”, the
presence/absence of marine ecosystems (“exposure”) and their “vulnerability” to pressures. Exposure
and vulnerability are among the most cited concepts being integrated across different methodological
approaches for CIA applying risk-based frameworks (IPCC, 2014). Among the risk-based studies,
Piet et al. (2021) introduced the concept of “risk of impact” as assessment endpoint of their step-wise
approach. Finally, another set of terminologies, such as “state” and “response”, is linked to the other
conceptual framework of greatest interest for CIA and risk assessment works, i.e., the DPSIR (Driver-
Pressures-State-Impact-Response) framework (EEA, 1999), together with its more recent
modifications (e.g., DPSWIR, Driving Force-Pressure-State-Impact-Well-being-Response; Cooper,
2013). In general, these terminologies, and especially those representing triggering factors (i.e.,
variables that explain the occurrence of the analysed phenomena/effect), are often applied by authors
for explaining the same (or similar) concepts (e.g., pressure, driver, stressor, and threat). This
amplifies the redundancy of components integrated into the same analytical method, and creates
general confusion and misunderstandings due to the different use of the same terminologies.
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Figure 5. Bar chart summarising key components applied within CIA and risk-based
methodological frameworks in the 101 selected papers.
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Exploring in advance changes in cumulative impacts against different climate conditions

or management goals can be a crucial task to provide support to policymakers and

planners involved in the design of sustainable marine spatial plans and climate adaptation
strategies (Corrales et al., 2018; Furlan et al., 2019a; Jonsson et al., 2021; Magris et al., 2021).
Consequently, researchers have begun applying different tools (e.g., Bayesian network models)
integrating scenario analysis into CIA-related studies to understand ecosystems’ responses to a
changing future. The majority of CIA methodologies applied across the 101 selected papers focus on
a snapshot in time based on recent/current conditions. Only 23 papers evaluated changes in
cumulative impacts against different climate or management scenarios.

Within these 23 papers, it is possible to identify two main research streams: 1) studies exploring
variations in cumulative impacts against different climate scenarios (e.g. temperature variation)
usually based on projections from numerical models (IPCC, 2014); ii) applications integrating “what
if” scenarios (i.e. idealized scenarios based on narratives) to evaluate cumulative impacts changes
under the effects of different environmental patterns and socio-economic pathways (e.g., simulating
the potential consequences of different management measures).

Focusing on the first research stream, only 4 studies referred to the IPCC? Representative
Concentration Pathways (RCP) describing four different 21st-century GHG emissions trajectories
(i.e., RCP2.6, RCP4.5, RCP6, and RCP8.5), based on a possible range of raising radiative forcing
pathways (IPCC, 2014). Among these, Otto et al. (2020) focused on the intermediate GHG emission
scenarios (i.e., RCP4.5 and RCP6), whereas Furlan et al., (2019); Weijerman et al., (2018) on the
worst one (i.e., RCP8.5). Corrales et al., (2018) tested the impact of a continued increase in sea
temperatures on the Israeli Mediterranean continental shelf over the next 50 years (2010 - 2060),
taking into account three GHG emission scenarios (i.e., RCP 2.6, 4.5, and 8.5). Moreover, future
scenarios accounting for a new set of fishing regulations currently being implemented, and a
continued increase in alien species biomass were tested to assess the potential futures of marine
resources and ecosystems conditions within the analysed case study area. The resulting output of this
analysis showed collapsed conditions for different species (a sign of potential tipping points)
according to the investigated scenarios.

Of those publications exploring “what-if” scenario, most authors evaluated potential changes in
cumulative impacts under the implementation of several management measures (as already tested in
Corrales et al., 2018), allowing to compare the expected environmental effects of different plan
alternatives. For instance, Stelzenmiiller et al., (2010) operationalized a Bayesian Belief Network—
GIS framework to evaluate cumulative impacts under three different planning objectives and related
management measures (e.g., relocation of fishing pressure). Similarly, Hammar et al., (2020)
evaluated the environmental effects of two different sets of idealized MSP scenarios for 2030, namely
(1) negotiated plans (i.e., MSP proposals developed after extensive stakeholder dialogue) and (ii) eco-
alternative plans (i.e., scenarios more in accordance with the target posed by MSFD 2008/56/EC).
The comparison between the Business As Usual (BAU) scenario and different planning options (and
scenarios) detected some alterations in the final cumulative impact score, making it possible to
evaluate how these impacts could be amplified or reduced under different management measures.
With a focus on the Hawaiian Islands of Maui, Molokai, and Lana‘i, Weijerman et al., (2018)
developed fifteen scenarios, combining different settings in land and marine-based management and
climate-related stressors (under the RCP8.5), to better understand future variation in the coral reef
ecosystem goods and services capacity. With a similar perspective, Furlan et al., (2020) applied a
GIS-based Bayesian network approach to evaluate the probability of cumulative impacts under four

® Intergovernmental Panel on Climate Change
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“what-if” scenarios representing different marine management options (i.e., how impacts

change due to the establishment of new MPAs) and climate conditions (i.e., potential

rising sea temperature) envisioned for the Adriatic Sea. The results of the simulated

scenarios provided some insights on the management programs/measures required to

achieve good environmental status targets, as required under relevant EU legislation (e.g.,
an integrated approach in MSP emerged as the most effective way to substantially reduce cumulative
impacts on the Adriatic Sea).

Finally, looking at the overall picture of papers applying scenario analysis, a wide range of both
endogenic (i.e., managed pressures or those emanating within the system) and exogenic pressures
(i.e., unmanaged pressures are those emanating from outside the system) have been investigated by
authors under the simulation of future changes. On the one hand, sea surface temperature emerged
as the most considered among the exogenic variables (Furlan et al., 2019a; IThde & Townsend, 2017;
Singh et al., 2020), followed by precipitation (Uusitalo et al., 2016), ocean acidification (Ainsworth
et al., 2011; Fulton et al., 2009; Singh et al., 2020), and salinity (Otto et al., 2020). A wide range of
endogenic variables representing biological disturbance (e.g., shipping traffic as the main vector of
non-indigenous species introduction) (Fu et al., 2020; Weijerman et al., 2018) and chemical pollution
(e.g., oil-spill, eutrophication) (Fulton et al., 2009; Furlan et al., 2020; Singh et al., 2020) have been
integrated into CIA-related scenario analysis to simulate how changes in their range can contribute
to increasing the vulnerability of MCEs.

Ecosystem services are the benefits people obtain from ecosystems and are essential to people’s well-
being (MA, 2005). The magnitude and sustainability of the use of these services depend on the
functioning of the ecosystem. Changes to ecosystem conditions or ecosystem processes such as the
ones that generally result from cumulative impacts will naturally lead to changes in the capacity to
deliver ecosystem services, although human culture and ingenuity may buffer for a limited amount
of time against adverse effects. Therefore, CIA of various human activities and stressors on ecosystem
services is crucial to understand supply (i.e., biophysical means) and service (i.e., delivery to people)
provision.

CIA methodological approaches generally evaluate how human activities affect species and habitats,
neglecting how multiple activities affect the capacity of the whole ecosystem to provide direct and
indirect benefits to human well-being (Depellegrin et al., 2017; Singh et al., 2020). This is even more
true in the marine environment. Indeed, less than a quarter of the reviewed articles (n=21) incorporate
the ecosystem services perspective. Since the term ‘ecosystem services’ is relatively new, increasing
in popularity since the Millennium Ecosystem Assessment (MA, 2005), the integration of ecosystem
service into the CIA framework only started with one of the most straightforward marine ecosystem
services, i.e., fisheries yield, in 2007 (e.g., Sutherland et al., 2007). It was only in 2014 that a bundle
of ecosystem services (provisioning, regulating and maintenance, and cultural — considering the
Common International Classification of Ecosystem Services classification or ‘CICES’ v5.1; Haines-
Young & Potschin-Young, 2018) were included in a CIA framework by Cook et al., (2014). However,
the trend has changed over the past few years. Based on the frequency of marine ecosystem services
considered in the investigated studies under the three above-mentioned ecosystem services categories,
‘regulating and maintenance’ resulted as the most analysed marine ecosystem services category (i.e.,
50%), followed by provisioning and cultural services, respectively (Figure 6).
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Figure 6. Radial chart summarising key marine ecosystem services frequency applied for
integrating and modelling ecosystem services within CIA methodologies in the marine environment.
The nineteen marine ecosystem services extracted from the reviewed publications were divided
according to the CICES v5.1 (Haines-Young & Potschin-Young, 2018).

The assessment method of ecosystem functions and services, varies greatly from subjective
evaluation to expert judgement to quantitative assessments; however, most are qualitative or semi-
quantitative at best, considering that data availability is often a problem. Therefore, most recent
methods based their appraisal on expert judgement, considering that areas covered by determined
EUNIS habitat may contribute to enrich the ecosystem services capacity of MCEs (Depellegrin et al.,
2017; Farella et al., 2020; Menegon et al., 2018b). The spatial coverage of data available for relevant
stressors may also limit the inclusion of stressors that are likely to have a significant impact on a
studied MCE. For example, Allan et al. (2013) were able to include 34 of 50 anthropogenic stressors
identified. Although including 34 anthropogenic stressors is already a great achievement, having to
put aside 16 of them is concerning. They also focused on the spatial distribution of the stressors and
not on the distribution of their impacts because assessment of impacts of stressors at the ecosystem
level was not feasible. Another challenge for CIA is the type of relationship between stressors and
impacts. Generally, only linear responses are considered, probably due to a lack of data. Thus, twice
as much stressor is assumed to double the impact. Additionally, interactions between stressors are
mostly not assessed or, at best, assumed to be additive. To summarise, there appears to be a significant
lack of knowledge with respect to the impacts of and interactions between multiple stressors acting
simultaneously within an ecosystem.

In addition, stressor and condition maps usually consider only one snapshot in time. However, the
policy question is not only about the presence or absence of a stressor or habitat, but about the changes
in the pressure, state, and, more importantly, the benefits to people such as fishing, recreation, or
coastal protection that may be more meaningful to decision-makers and the public (Bockstael et al.,
2000; Yee et al., 2014). This is where scenario analysis is useful to identify the best actions that will
reverse, mitigate, or prevent ecosystem degradation and sustain benefit to society. Few studies applied
scenario analysis whilst accounting for ecosystem services into a CIA framework. Weijerman et al.
(2018) used a spatially-explicit biophysical ecosystem model — the Hawai’i Reef dynamics Simulator
(HIReefSim) based on the Coral Reef Scenario Evaluation Tool (CORSET) — to evaluate socio-
ecological trade-offs of land-based vs. marine-based management scenarios, and local- vs. global-
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scale stressors and their cumulative impacts on coral reefs. Fu et al. (2020) used an

individual-based spatially explicit ecosystem modelling platform OSMOSE (Object-

oriented Simulator of Marine Ecosystems) to investigate the cumulative effects of fishing,

plankton biomass change, and marine mammal consumption on the dynamics of some

commercially important fish species and the whole British Columbia marine ecosystem.
The authors calibrated the model based on data acquired from 1940 to 2018 and applied scenario
simulations for the past 20 years (1998-2018). Recently, Corrales et al., (2018) then used the Ecosim
foodweb model and analysed future scenarios (2010-2060) considering multiple pressures. The
authors provided robust modelling that really takes interactions between pressures into account.
While Ecopath with Ecosim (EwE) has been widely used since its first use in 1984 (Polovina, 1984),
it requires the collection, compilation and harmonisation of various types of information (Colléter et
al., 2015), which might be difficult in data-poor regions. Where data are lacking then, the
Comprehensive Assessment of Risk to Ecosystems (CARE) model, developed by (Battista et al.,
2017), allows considering the cumulative impact of multiple threats, considering their interactions
that may result in synergistic or antagonistic impacts, on whole-ecosystem productivity, functioning,
and ecosystem services.

From all the above results, the incorporation of marine ecosystem services into a CIA approach has
been increasing and allows not only to analyse conflicts between cumulative pressures of human
activities and marine habitats but also to reveal conflicts and synergies among uses and services,
providing meaningful support to decision- and policymakers for MSP (Hansen & Bonnevie, 2020;
Muiioz et al., 2018). As such, many softwares (e.g., IN'VEST, CORSET, HIReefSim, and Ecosim,
EwE) and models (e.g., CARE, MES-Threat, and MES-Capacity) have been developed as Decision-
Supporting Tools. However, methodological approaches, published within the investigated timeframe
(2000-2022), rarely considered all three marine ecosystem services categories, but often single
ecosystem services such as carbon sequestration provided by the seagrass species Posidonia oceanica
(Gkadolou et al., 2018) or the potential provisioning of fish according to the condition of coral reefs
(Weijerman et al., 2018). Yet, looking at a single ecosystem service in a CIA framework could
misguide decision-makers. Moreover, across the analysed papers, the ecosystem services component
has been integrated into the different CIA frameworks as an additional assessment endpoint, without
considering the potential influence of specific ecosystem services in reducing/mitigating the effect of
both endogenic and exogenic pressures while increasing the resilience of MCEs to further
perturbations. Much research is still needed to understand the positive/negative feedback between
anthropogenic and climate-related pressures, the ecological condition of marine habitats, and
ecosystem services.

Resilience represents an insurance against potentially adverse changes in the performance of
ecosystem functions — and ultimately on the delivery of ecosystem services. Thus, the concepts of
ecological resilience in relations to ecosystems services should be intertwined into CIA & risk
assessment frameworks, offering insurance against the loss of valued functions (Folke et al., 2004;
Thrush et al., 2009). The assessment of resilience, or loss of resilience, of a system subjected to
cumulative pressures and risk scenarios requires metrics that forewarn approaching thresholds of
change well in advance so that actions can be implemented (de Juan et al., 2018). However, key
knowledge gaps remain in terms of defining exactly how close a system is to a threshold of change
and what the research community can actually measure in natural ecosystems to better understand
resilience and advert of drastic change (de Juan et al., 2013). Van Nes et al. (2016) proposed that the
term ‘tipping point’ should simply be used for any situation where accelerating change caused by
positive feedback (although they propose no value is assigned, only a sign) drives the system to a
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new state. Then, the management of cumulative impacts needs to uptake the information
on how close a system is to a tipping point (Thrush et al., 2021), and incorporate this
concept into MRA frameworks.

The systematic literature review exposed the slow uptake of ecosystem metrics informing

the risk of approaching a tipping point under a MRA framework. Six publications
mentioned the topic (i.e., tipping point, threshold, shifting baseline concepts); however, none of these
actually implemented or proposed an approach that encompassed the tipping points assessment.
Among these, as already mentioned in Section 1.2, Fu et al. (2020) applied an ecosystem model
(OSMOSE) focused on a set of commercial fish species and their (predatory-prey) interaction with
other species. They assessed two temporal scenarios (a favourable and un-favourable one)
considering fishing drivers (fishing, change in plankton biomass and change in mammal biomass) in
a cumulative fashion (synergistic, antagonistic, etc.), and then evaluated consequences on the
commercial species biomass.

Therefore, this study takes an ecosystem approach by considering the cumulative effects of three
drivers (i.e., fishing, change in plankton and mammal biomasses) and assesses temporal changes in
commercial fish biomass (ecosystem service provision) against each scenario; nevertheless, the
OSMOSE model is basically focused on fishery activities, so it fails to adopt an integrative
cumulative impact perspective inherent to a CIA. On the other hand, due to the huge amount of data
required to represent the trophic interactions and life-history dynamics of the species of interest, this
approach does not specifically address tipping points. Similarly, Stock et al. (2018) explored impact
maps taking into account cumulative (non-linear) effects, highlighting the need to incorporate
uncertainty appraisal into MRA frameworks (considering as baseline Halpern et al., 2008), as there
is high uncertainty in evaluating interactive behaviours of multiple stressors over ecosystems. In this
work, the authors run 3000 simulations for cumulative human impact maps to identify the frequency
of selection of different cells in the “vulnerability” categories. The resulting outputs showed a
relatively high standard error in the assignations. They discussed “thresholds” but only related to the
robustness of the model vulnerability level assignation. Finally, among the selected papers, Corrales
et al., (2018) investigated future changes in marine resources by applying an ECOSIM model. They
tested the effects of new fishing regulations with predictions on invasive species under IPCC
scenarios (RCPs 2.6, 4.5 and 8.5), addressing the effects of stressors both separately and in a
cumulative fashion. They addressed the effects of stressors separately but also in a cumulative way,
exploring temporal changes in the predicted biomass of fish species. Even though they did not
specifically explore thresholds of change, these thresholds could be approximated from the predicted
biomass curves.

Other studies, selected in the Scopus search but discarded after applying the selection criteria
(basically because these papers address an ecological problem — regime shifts — but do not incorporate
the problem into management) were successful in identifying environmental limits or ecosystem
tipping points. However, these studies have in common the availability of long temporal series (some
starting in the 1950s) of very large gradient experiments. Both scenarios are not feasible for an
operational assessment protocol as they are limited to highly rich data case studies. Among these,
Oguz & Gilbert (2007) analysed long-term data (1960-2007) of the pelagic system in the Black Sea
to detect regime shifts under fishery exploitation and nutrient enrichment scenarios. Similarly, other
long temporal series (starting in the 1950s) have been detected by Miller et al. (2016) to explore the
causes of anguillid eel populations’ decline under cumulative stressors (damp construction,
overfishing, pollution, etc) and by Wang et al., (2015) to address threshold of change in estuary
systems. Other studies detected regime shifts of marine rockpool communities in a mesocosm
experiment (White et al., 2018), changes in Cystoseira populations linked to increased anthropogenic
pressures in the northwest Mediterranean (Blanfuné et al., 2019) and environmental limits for the
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communities (regarding sedimentation and nutrient input) through a large-scale
experiment (experimental impact conditions in 15 estuaries) (Thrush et al., 2021).

To our knowledge, there is no published study that effectively incorporates the assessment

of ecosystem thresholds of change or tipping points into CIA-MRA frameworks. Despite

the importance of identifying approaching thresholds in ecological science, the
complexity of empirically defining threshold levels for multiple interacting stressors (Thrush et al.,
2014) hampers the selection of metrics that can be systematically incorporated into regular ecosystem
assessments. In order to manage ecosystems to avoid the loss of functions (and therefore services),
CIA and MRA frameworks need to understand (and embrace) the mechanism linking stressors to
ecosystem consequences — with special attention on tipping points (Hodgson & Halpern, 2019;
Stelzenmiiller et al., 2020). After all, one of the main objectives is to avoid reaching regime shifts, or
thresholds of change, where ecological and societal values are gradually degraded until the properties
of ecosystems are no longer recognised.

There is increasing recognition of CIA methods’ relevance in supporting policy and management of
MCE:s. CIA can theoretically support policy and management in several ways. First, by providing a
spatial perspective on the major pressures and threats which impact a specific area over time, CIA
may improve the capacity of decision-makers to prioritise appropriate management strategies, such
as marine spatial planning, protected area establishment, restoration, etc. (e.g., Jones et al., 2018;
Tulloch et al., 2020). Second, by evaluating overtime how CIA changes according to variations of
data on multiple pressures (e.g., temperature, nutrient input, etc.) (Furlan et al., 2020), CIA may
support the assessment of the effectiveness of different strategies and drive future research and
effective ecosystem-based management (Marzloff et al., 2016). By incorporating scenario
methodologies, CIA could support long term planning by showing how different strategies could
improve the provision of marine ecosystem services (e.g., using scenario methodologies) (Farella et
al., 2020; Weijerman et al., 2018). Lastly, CIA may increase transparency in planning decisions. CIA
also enables policy makers to better balance the benefits and consequences of marine coastal plans
and policies prior to implementation (Hammar et al., 2020).

Moreover, it can be used as a tool to support policy makers to communicate scientific evidence (for
instance through maps) on which management strategies and decisions are based, thus providing a
larger degree of transparency before and during stakeholder consultations (McQuatters-Gollop et al.,
2019).

Despite the potential holistic application of CIA methods in policy and management, the current
review reveals that most of the literature concerning CIA in coastal and marine ecosystems do not
consider policy or management actions. Of the 101 papers reviewed, the majority (about 70%) do not
consider policy or management actions, while only 30% mention this.

Out of the 30% of studies that consider policy and management actions, most of those evaluating the
environmental status of the European seas refer to the MSFD (2008/56/EC) as a relevant policy and
MSP as a process of analysing and allocating the spatial and temporal distribution of anthropogenic
activities (Brodersen et al., 2018; Fernandes et al., 2017; Gkadolou et al., 2018; Hammar et al., 2020;
Hansen & Bonnevie, 2020; Jonsson et al., 2021; Korpinen et al., 2021; Manea et al., 2020; Willsteed
et al., 2018). Similarly, authors that operationalised these assessment frameworks in other marine
coastal areas worldwide (e.g., Xiamen and British Columbia, respectively in China and Canada),
referred to other national/local policies. For instance, Thde & Townsend, (2017) developed scenarios
considering both reductions in Nitrogen and sediments inputs to reflect the nutrient and sediment
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goals required under the US EPA specifications for the Total Maximum Daily Load
Regulations (USA EPA, 2010).

On the other hand, Xue et al. (2004) presented the assessment of cumulative

environmental impacts and the implementation of integrated coastal management

(implemented as part of the Regional Programme for the Prevention and Management of
Marine Pollution in the East Asian Seas) within the harbour of Xiamen, China. In this study, authors
combined policy and planning, including legislative and enforcement mechanisms, with scientific
knowledge support.

The literature review also reveals a lack of empirical evidence on how or if CIA methodologies or
approaches have influenced management processes of MCEs. The reviewed papers mainly highlight
the theoretical contributions of CIAs to guide policies and decision making for the management of
MCE:s, while a few engaged with providing nuance on interventions based on the CIA application.
For example, Hammar et al. (2020) mention one clear example where CIA has been integrated into
marine spatial planning in practice. In this case, a national marine spatial planning strategy in Sweden
has been developed using a CIA-based GIS application to evaluate the expected effectiveness of
precautionary measures in marine planning and for comparing different locations of new activities.
Some other papers assessed alternative interventions (such as marine protected areas or fishing
management alternatives) within their CIA methodology to understand what kind of strategies are
necessary to effectively manage impacts within their study scope (Fu et al., 2020; Jones et al., 2018;
Marzloff et al., 2016). MCEs are complex adaptive systems that translate into management and policy
challenges (Willsteed et al., 2018). CIA in marine spatial planning may improve the capacity of
planners to address environmental impacts. However, integrating CIA into ecosystem-based
management requires a structured and transparent approach with common terminology, methods and
the setting of baselines (Andersen et al., 2020). This review found that, at present, there are a variety
of principles and definitions underpinning CIAs which have inconsistent language, interpretation and
parametrisation which limits the effective use of CIA to effectively support management and policy
making (Judd et al., 2015; J. Lonsdale et al., 2017; Willsteed et al., 2018). To enable more effective
decision making, there is a need for comprehensive CIA methodologies that not only focus on the
impacts of human activities on ecosystems, but that assess how different human impacts interact with
each other and contribute to environmental change. The latter can provide a more realistic base line
to enable management decisions (Hansen & Bonnevie, 2020).
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Section B — Methodological development
1. Case studies description

The main objective of this study is to develop and analyse multi-risk scenarios, induced
by the interplay among anthropogenic and climate-related pressures, affecting MCEs and their
services capacity within the MaCoBioS eco-regions. To achieve this bold objective, a huge amount
of data able to spatially resolve all MRAF components and feed the model development is needed.
Following a detailed description of key environmental and ecological features of the Mediterranean
and Northern Europe, the following paragraphs will introduce and describe all data and information
(both data representing endogenic and exogenic pressures, as well as detailed information on
conditions/health of the analysed ecosystems) collected across two MaCoBioS eco-regions.

The Mediterranean Sea (Figure 7) is a semi-enclosed basin surrounded by 22 countries belonging to
3 different continents (Europe, Asia and Africa). Its basin extends from 30° to 45°N and from 6° W
to 36° and covers almost 2.6 million km2, with a coastal length of about 46,000 km (Piroddi et al.,
2015). It is linked to the Atlantic Ocean in the west by the Strait of Gibraltar, to the Black Sea in the
north by the Bosporus and the Dardanelles, and to the Red Sea in the south by the Suez Canal. Among
the enclosed seas, it is the deepest, due to its narrow continental shelves and a large area of open sea,
where much of the basin can be classified as deep-sea (maximum depth of 5,200 m and average depth
of 1,430 m) (Cramer et al., 2020).

The Mediterranean Sea is generally oligotrophic except for some areas where strong river flows,
vertical mixing, and upwelling phenomena occur, such as the Gulf of Lions, Strait of Sicily, Algerian
coastlines, southern Adriatic, Ionian Sea, Aegean Sea, and Rhodes Gyre. A gradient of biological
production increasing from south to north and from east to west can be observed, with phosphorus,
rather than nitrogen, being the limiting nutrient, especially towards the eastern basin (Piroddi et al.,
2015), and showing an inverse correlation with temperature and salinity (UNEP, 2014). Indeed,
salinity averages 37.5-39.5 PSU (Coll et al., 2010) and shows a gradient from west to east, following
the increase in temperature from 12,8°C-13,5°C in the western part of the basin, to 13,5°C-15,5°C in
the eastern ones (Cramer et al., 2020), and the resulting rise in evaporation and related decrease in
water level. Overall, the Mediterranean is described as a temperate sea, with a considerable portion
that can be categorised as deep-sea, and characteristic homeotherms from 300-500 m to the bottom
where, unlike the Atlantic Ocean, there are no thermal boundaries (Coll et al., 2010).

In terms of climate, the Mediterranean region is characterised by hot, dry summers and mild winters,
with increasing gradients of temperature from north to south and from west to east (UNEP, 2014).
On the other side, annual precipitation ranges from 100 mm in some southern Mediterranean countries
to 1,500 - 2,000 mm in the northern Mediterranean (Brondizio et al., 2019; Coll et al., 2010). The
most outstanding climatic processes that influence the Mediterranean region are the North Atlantic
Oscillation (NAO), East Atlantic (EA) pattern, East Atlantic—West Russia (EA—WR) pattern and the
Mediterranean oscillation (MO) (IPCC, 2021).
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Figure 7. The Mediterranean eco-region, focus A: Monaco and South-East France coast; Focus B:
South Italy; Focus C: Valencia Sea area and the Balearic Islands.

From a biodiversity point of view, although the Mediterranean represents only a small fraction of the
global ocean surface (0,82%), it hosts about 25% of the global marine primary production and 7% of
global marine biodiversity (Coll et al., 2010; Moullec et al., 2019). Indeed, the Mediterranean basin
is described as a biodiversity hotspot due to the presence of a high number of different ecosystems
(e.g., seagrasses, coralligenous outcrops, maerl beds, submarine canyons and deep-sea structures)
hosting more than 17,000 species (Brondizio et al., 2019; Coll et al., 2010), including about 18% of
the global macroscopic biodiversity. The marine biodiversity of the Mediterranean Sea is primarily
derived from the Atlantic Ocean, but more recent pressures, such as the increment of shipping
activities, the opening of the Suez canal and the rising of temperature, have caused the introduction,
adaptation and survival of both temperate and subtropical indigenous species coming from the Red
Sea and the Atlantic Ocean, which are consistently growing in the presence (Coll et al., 2010; Cramer
et al., 2020; Martin et al., 2015). However, these high biodiversity results to be strongly threatened
by both managed endogenous and unmanaged exogenous pressures. The former ones come from
within a system and require local, regional, and/or international management to act on their causes
and consequences. In contrast, the second ones are raised from outside the system, and we cannot
address the causes of change but only address the consequences (e.g., climate change, geomorphic
isostatic activity) (Michael Elliott et al., 2015). These pressures contribute together to shape severe
cumulative impacts (J. A. Lonsdale et al., 2020), especially on marine and coastal ecosystems located
at the land-sea interface, where the complex interaction between terrestrial and marine systems makes
these ecosystems particularly prone to multi-risk scenarios.

1.1.1 Key pressures

Multiple interactive drivers significantly affect the Mediterranean Sea (Micheli et al., 2013), both
directly, i.e., unequivocal influences on ecosystems processes (e.g. degradation of aquatic habitats,
climate change, pollution, Invasive Alien Species (IAS), resources extraction), and indirectly (e.g.
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demographic, economic, socio-political, cultural, religious, technological, legislative and
financial drivers) (Bazairi, H. et al., 2010; Cramer et al., 2020).

According to the classification provided by the Mediterranean Experts on Climate and

Environmental Change network (MedECC), direct drivers can be divided into the

following four macro-categories: i) climate change, ii) pollution, iii) land and sea use
changes, and iv) non-native species. Table 1 reports the most influential pressures related to each of
these four macro-categories, also providing a short description of how these affect coastal marine
ecosystems.

As far as climate drivers are concerned, according to the 6th IPCC Report, scientists are observing
changes in the climate in every region on Earth and across the whole climate system (IPCC, 2021).
Many of the changes observed in the climate are unprecedented in thousands of years, and some of
the alterations that already occurred (e.g., Sea Level Rise - SLR) have been irreversible over hundreds
to thousands of years (IPCC, 2021). The climate change we are already experiencing will increase
with additional warming, affecting every region on Earth in multiple ways and increasingly
exacerbating the impact of other drivers on nature and human well-being (IPCC, 2021). According
to a synthesis of various studies, the fraction of species at risk of extinction due to climate change is
5% at 2°C warming and climbs to 16% at 4.3°C warming (IPBES, 2019; IPBES & IPCC, 2021). In
this context, the Mediterranean region has been described as a major climate change hotspot (Coll et
al., 2010; Tuel & Eltahir, 2020). For all its characteristics, such as the small size, the geographical
location and the residence of water in the basin of approximately 100 years, the Mediterranean Sea is
very sensitive and quickly responding to climate change, ocean acidification, and other direct and
indirect human-induced perturbations and/or anthropogenic influences (e.g., fishing, sea use change,
demographic development) (Giorgi, 2006), which are proportionally stronger in the Mediterranean
than in any other sea in the world (Criado-Aldeanueva & Soto-Navarro, 2020). The most impactful
climate drivers in the Mediterranean are represented by sea surface temperature and sea level rise,
precipitation and extreme events, including marine heatwaves, storm surges and flood events, ocean
water acidification and changes in salinity (Table 1).

When focusing on ‘pollution’, we can observe that the Mediterranean eco-region results to be mainly
threatened by oxygen-depleting substances, heavy metals, persistent organic pollutants (POPs),
hydrocarbons, microorganisms, nutrients introduced by human activities, and marine litter
(UNEP/MAP, 2012). These pollutants flow into the basin/sea via a variety of sources such as
discharge sites and landfills on land, surface river runoff, atmospheric deposition, and maritime
activities like shipping, mining, and oil and gas development (UNEP/MAP and Plan Bleu, 2020). The
leading causes are unsustainable land and sea uses, which include rising coastal and terrestrial
development, fishing, aquaculture, and agriculture (with fertiliser and pesticide use), livestock
management, forestry, mining and energy production (IPBES, 2019), further contributing to the
overexploitation of natural resources of the Mediterranean Sea (Piroddi et al., 2017). Basin’s
landscapes and uses have changed throughout millennia, with the rate of change accelerating
significantly since the second half of the twentieth century, particularly around the coasts, having
consequences in terms of habitat fragmentation and damages, leading to biodiversity loss and
biological homogenisation (Cramer et al., 2020).

Finally, many non-indigenous species (NIS), including vertebrates, invertebrates, and primary
producers, have been established in the Mediterranean Sea, especially in the eastern side of the basin
(Martin et al., 2015), causing drastic and rapid changes in its biota. The main drivers of NIS invasions
are expanding trade networks, increased human mobility, continued habitat degradation, and climate
change, which is linked to phenomena such as tropicalisation and meridionalisation (Brondizio et al.,
2019; IPBES, 2019; IPBES & IPCC, 2021). The eastern Mediterranean is the most heavily affected
and shows the most severe environmental effects, with more than 50% of NIS in the Mediterranean
arriving through the corridor of the Suez Canal, as well as from the ballast water of ships due to
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expanding trade networks (UNEP/MAP and Plan Bleu, 2020). However, these Indo-
Pacific species do not stop in the eastern part of the basin, and it is possible to observe
meridionalisation phenomena, i.e., the northward expansion of species that usually thrive
in the southern part of the basin, due to the warming of sea waters (Tsiamis et al., 2018).

All these pressures tend to interact with each other through synergistic or antagonistic
pathways (Battista et al., 2017). Together, they contribute to generating cumulative impacts on
ecosystems, threatening their functioning, capacity, and productivity, and thus resulting in a reduction
in ecosystem services flow and capacity for human well-being.

Mediterranean key pressures are listed and described in Supplementary material Annex 5.

1.1.2 Seagrasses ecosystems: key environmental features and vulnerabilities to climate risks

The EU Habitats Directive (92/43/EEC) defines habitat as “the terrestrial or aquatic area
differentiated by its geographical, abiotic and biotic characteristics, in which species live in any state
of their life cycle.” Drawing on this definition, various methods have been developed over time to
classify European and Mediterranean Sea habitats and two main classification systems have been
adopted: the EUNIS and the Barcelona Convention (UNEP/MAP, 2012) approaches. Both combine
physical and biological information to define different habitats based on specific bionomic areas and
substrate types (Montefalcone et al., 2021).

As previously brought up, thanks to its peculiar features and the presence of numerous habitats with
different characteristics, the Mediterranean represents a hotspot of marine biodiversity. Indeed,
despite its oligotrophic feature, it presents a high marine species richness, counting about 17,000
species, with a high presence rate of endemics (Coll et al., 2010; Costello et al., 2010). Particularly,
coastal areas and continental shelves, usually above 200m depth, host the greatest diversity. The
highest richness is represented by the Animalia group with approximately 11,500 species, with the
most significant contribution coming from the subphylum Crustacea (13.2%), phyla Mollusca
(12.4%) and Annelida (6.6%) (Piroddi et al., 2015). Among endemic species, the highest percentages
are represented by Porifera (48%), followed by Mysidacea (36%). Among the vertebrates inhabiting
the Mediterranean then, there are 650 marine species of fish (mainly actinopterygians - 86%), nine
species of marine mammals and three species of sea turtles (Coll et al., 2010; Piroddi et al., 2020).
Important for structuring especially hard-bottom benthic communities, shallow sandy and muddy
environments are usually too turbid for light to penetrate the sediment.

Belonging to photosynthetic organisms, we find as more present endemism seaweeds and seagrasses
(22%) (Coll et al., 2010). Seagrasses are flowering plants that produce seeds and grow by the
production of new leaves and extension of their underground rhizomes through the substrate, creating
complex, rich and highly productive habitats. Although in the Mediterranean basin the photic zone
reaches a maximum depth of 150 m (Maes et al., 2020), seagrasses are mainly located in shallow
water (up to 40-50 meters depth) (UNEP, 2020; Weatherdon et al., 2017), where there is the right
amount of light to allow their photosynthetic pigments to perform photosynthesis (Boon et al., 2017).
The collective term “seagrasses” encompasses more than 70 species around the world. Nevertheless,
in the Mediterranean Sea, only seven species can be found that are Posidonia oceanica (representing
23% of all shallow bottoms) (Castejon-Silvo & Terrados, 2012), Cymodocea nodosa, Zostera marina,
Zostera noltii, Ruppia cirrhosa, Ruppia maritima, and Halophila stipulacea (Belluscio et al., 2013;
Ruiz et al., 2015). In the map in Figure 7, the distribution of seagrasses beds in the Mediterranean is
reported, based on Emodnet and UNEP data for 2016, 2017 and 2018*. Seagrasses demographic

4 https://data.unep-wemec.org/datasets/7; http:/gis.ices.dk/geonetwork/emodnet-
seabedhabitats/eng/catalog.search#/metadata/39746d9c-4220-425¢c-bc26-7cb3056¢36a5
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dynamics are mainly driven by the interactions between several biophysical parameters
such as temperature, salinity, hydrodynamics, depth, substrate and light availability
(O’Brien et al., 2018). Based on the UNEP (2020) definitions, key requirements for
seagrass growth can be summarised into three main classes: i) habitat suitability: depth,
sediment substrate, temperature and water movement; ii) water quality: adequate light for
photosynthesis (high minimum light requirements, 4.4 — 29% of surface irradiance), salinity and
absence of toxicants; iii) grazing and recruitment processes: suitable assemblages of grazing animals,
water movement to transport seeds and vegetation fragments (UNEP, 2020). Seagrass habitats play a
key ecological role in the marine environment, providing a long list of valuable ecosystem services
such as food security, climate change mitigation, ocean acidification buffer (covering only 0.1% of
the ocean floor, they efficiently store up to 18% of the world’s ocean carbon) (UNEP, 2020),
contribution to fisheries by supporting food webs, enrichment of biodiversity by providing valuable
nursery habitat, nutrients cycling, absorption of pollutants by filtrating water, diseases control,
protection against coastal erosion and tourism (Campagne et al., 2014; Kawabara & Acharya, 2020).

Despite the recognised importance of these ecosystems as contributors to human well-being, only
26% of their distribution is covered by marine protected areas (a lot less compared to other
ecosystems, like coral reefs or mangroves) (Kawabara & Acharya, 2020). Moreover, the increase in
threats affecting estuaries and seas was one of the main reasons behind the abrupt reduction of
seagrass extent from 1869 to 2016, with almost 30% of global seagrass beds lost during that period
(Campagne et al., 2014). This pattern accelerated within the EU in the second half of the twentieth
century, rising from a reduction rate of “0.9%” yr-1 in the 1940s to a peak of about “34%” in the
1970s, before slowing to lower rates in the 1980s (“-27.0%” decade-1), 1990s (“~16.1%" decade-1)
and 2000s (“-8.3%” decade-1). More recently, some areas experienced a reversal trend, with a
positive net change rate in seagrass surfaces (de los Santos et al., 2019). However, most of these
species show a low recovery rate (O’Brien et al., 2018). For this reason, the full recovery of seagrass
beds is usually considered irreversible in a human timescale (Telesca et al., 2015).

As introduced in Section 2.2.1, overall, seagrasses in the Mediterranean are experiencing a faster rate
of warming than the rest of the oceans (Coll et al., 2010). Although all photosynthetic species are
affected by warming, the data emphasise that Posidonia oceanica is one of the most vulnerable
species to future climate change (Chefaoui et al., 2018), with an alarming risk of extinction under
scenarios of severe warming (Balzan et al., 2019). Due to its low water temperature tolerance and
endemic status, Posidonia oceanica could face functional extinction (decrease in density by more
than 90%) in the western Mediterranean by the middle of this century (Jorda et al., 2012). Under the
same scenario, Cymodocea nodosa would lose “only” 46.5% of suitable habitat (Chefaoui et al.,
2018). Most of these declines are linked to water quality degradation (26%) due to climate-related
impacts, wasting disease (25%), coastal modification (16%), mechanical damage (14%), and other
causes (12%) (de los Santos et al., 2019). The climate threats include rising temperatures, ocean
acidification, sea level rise and increased frequency and intensity of extreme weather events. At the
same time, the mechanical damages are mainly linked to dredging, boating, shipping accidents,
fishing (especially trawling), harvesting, aquaculture activities and invasive species (especially
grazing animals) (UNEP, 2020). Looking at the regression of this ecosystem in the Mediterranean,
mostly affected surfaces correspond to areas of medium or high human footprint (e.g., proximity to
fishing ports, urbanised areas, coast with altered sedimentary/hydrologic regimes) and near river
mouths on the continental coastline (Telesca et al., 2015).
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1.1.3 Seagrasses: ecosystem services and functions

According to the Millennium Ecosystem Assessment, ecosystem services are ‘“the

benefits that people derive from ecosystems” (MEA, 2005). According to the Common

International Classification of Ecosystem Services (CICES) v5.1 (Haines-Young &
Potschin-Young, 2018), ecosystem services are classified into three main categories: provisioning,
regulation & maintenance and cultural. Ecosystem services can be further classified based on the
different aspects featuring the ecosystem services concept, which are capacity, flow, and benefits.
Where the “capacity” is described as the natural potential of the ecosystem to provide a specific
service; the “flow” is the actual use of the service (Grizzetti et al., 2019); and the “benefits” are the
direct or indirect values associated with human well-being (MEA, 2005).

In this setting, seagrasses provide fundamental ecosystem services, contributing to fish production,
water filtering and recreational activities. Most of these can be directly appreciated and quantified
(e.g., the quantity of dead leaves that are used in numerous areas such as compost and for roof
insulation, the amount of biomass from their leaves and rhizomes that represent food for multiple fish
and invertebrates), but some others, chiefly regulating and maintenance services are less evident
(Grizzetti et al., 2016). Focusing on the endemic Mediterranean Posidonia oceanica, this is one of
the most productive and valuable ecosystems in the overall Mediterranean basin (Chefaoui et al.,
2018), and it plays an important role in providing food for multiple fishes and invertebrates,
harbouring species, protecting coasts, while improving water quality (e.g., water
filtration/purification) and mitigating climate change effects (e.g., carbon sequestration) (Vacchi et
al., 2016). Using the classification developed by Boudouresque (2016), Drakou (2017) and UNEP
(2020), and following the CICES v5.1 classification, Table 1 summarises the main ecosystem services
provided by seagrass beds.

As detailed in Table 1, seagrasses can filter, cycle, and store materials such as nutrients (e.g., nitrogen)
and pollutants through their leaves and roots, stabilising the sediment concentration in the soft bottom
while decreasing the turbidity (Boudouresque et al., 2016) and improving water quality.

Although this ecosystem plays a key role in the assimilation of chemical and physical pollutants, it is
not only limited to these. Indeed, seagrasses can also remove microbiological contaminants from
water, such as bacterial pathogens and viruses that could affect invertebrates, fish, or humans (UNEP,
2020), and they can produce bioactive secondary metabolites with antibacterial and antifungal
properties. For instance, in the Mediterranean Sea, Posidonia oceanica beds can store heavy metals
in the sediments for millennia, while in intensive oyster farming, seagrasses act as natural biofilters
for the ammonium produced by shellfishes (UNEP, 2020). Due to their bioaccumulation capacity,
and their sensitivity to environmental changes (Campagne et al., 2014), the seagrass bed is described
by the EU Water Framework Directive (WFD, 2000/60/EC) as an indicator of coastal water quality
for the Mediterranean Sea.

Focusing on regulation and maintenance of ecosystem services, seagrass beds are considered the most
significant ocean carbon sinks in the world, with a high capacity for taking and storing carbon in the
sediment (Castejon-Silvo & Terrados, 2012; UNEP, 2020), also known as ‘blue’ carbon (Mcleod et
al., 2011). They show a high potential in mitigating climate change and benefiting the entire globe.
Despite covering a worldwide surface that is one to two orders of magnitude smaller than terrestrial
forests (Mcleod et al., 2011), and thanks to their trapping capacity of suspended particles and
associated organic carbon, seagrasses are expected to store 19.9 Pg of organic carbon per year (UNEP,
2020). The anoxic conditions of the sediments promote the preservation of sedimentary organic
carbon (Corg), resulting in the production of substantial carbon deposits that, if left undisturbed, can
last for millennia (Ruiz et al., 2015; UNEP, 2020). Hence, the loss of seagrass beds leads to a
reduction in carbon sequestration and storage capacity, resulting in increased CO; emissions from
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soil Corg deposit remineralisation. Some studies quantified this potential release at up to
299 Tg carbon per year at current rates of seagrasses losses (UNEP, 2020).

In addition, certain seagrass necromasses from, e.g., Posidonia oceanica, generate a
unique habitat called matte, which is made up of dead rhizomes, roots, and sediments
filling interstices (Boudouresque et al., 2016; Pergent et al., 2012). It can be found
midway between soft and hard bottoms, and it has a role in the carbon sequestration flux with

consequences for the oxygen net production (Rohr et al., 2016).

Table 1. Ecosystem services supplied by seagrass beds.

CICES ES CICES division | CICES class Description
Section
Wild plants (terrestrial Food provisioning; their leaves and
and aquatic, including rhizomes represent food for multiple
fungi, and algae) used for | fishes and invertebrates, as a basis for
nutrition the food web
Provisioning | Biomass Fibres and other materials | Dead leaves are used as building
from wild plants for direct | insulation, as compost, bioindicator,
use or processing industrial water waste absorbents and
(excluding genetic for roof isolation
materials)
Transformation | Filtration/sequestration/st | They are natural filters for pathogens,
of biochemical | orage/accumulation by heavy metals and nutrients
or physical micro-organisms, algae,
inputs to plants, and animals
ecosystems
Hydrological cycle and They prevent coastal erosion and protect
water flow regulation from flooding, also attenuating the
(Including flood control bottom stress
and coastal protection)
Regulation Maintaining nursery They represent the habitat of a lot of
I~ populations and habitats marine species, including endangered
(. Regu}a‘uon of (Includ.mg gene pool and pr.otected ones. They support .
physical, protection) fisheries by providing nursery habitats
chemical, and for fish, bivalve and crustacean species.
biological They also provide life cycle
conditions maintenance exporting necromasses
toward close habitats
Regulation of chemical They can sequester carbon and act as
composition of storage for large amounts of carbon
atmosphere and oceans sediments. Linked to carbon
sequestration, they can produce oxygen
contributing to acidification mitigation
Direct, in-situ Characteristics of living They provide the opportunity for
and outdoor systems that enable recreational tourism activities (e.g.,
interactions with | activities promoting diving, recreational fishing)
living systems health, recuperation or
Cultural that depend on enjoyment through active
the presence in | or immersive interactions
the
environmental
setting
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In terms of coastal protection ecosystem services, seagrass beds play an important role in

hydrodynamic attenuation and sediment retention, contributing to protecting coastal areas

from the effects of climate change, including flooding, storm surges, as well as beaches

from erosion (Boudouresque et al., 2016). More precisely, their rhizomes and roots

stabilise the sediment and defend from erosion, while their leaves can attenuate currents,
flow velocity and wave energy supporting sedimentation (Vacchi et al., 2016). Furthermore, the
interactions between marine species and the abiotic seafloor lead to a substantial impact on benthic
communities, influencing not only initial colonisation but also subsequent assemblages of the
associated fauna (Vacchi et al., 2016).

In addition, some seagrass species, such as Posidonia, produce banquettes (UNEP, 2020), which are
thick heaps of beach-cast seagrass material. These banquettes create a distinctive habitat playing a
role in the geomorphic evolution of beaches under normal wave conditions and can contribute to
stabilising dunes while protecting the shoreline from erosion by reducing wave motion and wave
force (Boudouresque et al., 2016; Campagne et al., 2014; Ruiz et al., 2015; UNEP, 2020).

1.1.4 Available data for the Mediterranean eco-region

The operationalisation of the MRAF for cumulative impact appraisal in the Mediterranean eco-region
requires the collection and pre-processing of a huge amount of heterogeneous data able to represent
spatial distribution and intensity of both endogenic and exogenic pressures (Michael Elliott et al.,
2020), as well as detailed information on ecosystems’ health and biodiversity. To this aim, different
open-source web-data platforms were screened (e.g., Copernicus Services, EU-Atlas of the Sea,
Worldclim, UNEP and EMODnet data), paying particular attention to the availability of high spatio-
temporal resolution data.

As a first step, bathymetric data’, useful to frame the case study area boundary, was retrieved from
the EMODnet database®. Then, focusing on the most relevant stressors affecting seagrasses meadows
in the Mediterranean region, data on both endogenic (i.e. variables regarding nutrients load, dissolved
oxygen, water transparency, turbidity, and Chl-‘a’) and exogenic pressures (e.g. sea surface
temperature, pH, marine currents, waves, etc.), as detailed in the MRAF (Section 3), were retrieved
from the Copernicus Marine Environment Monitoring Service (CMEMS)’. This platform provides
free and open scientifically assessed ocean data across the global ocean to enable marine policy
implementation and scientific innovation. In addition to these stressors, the spatial layer on the
“kinetic energy at the seabed due to currents” was retrieved from the EMODnet Platform®. In
particular, this indicator (and the related metrics —mean of annual 90th percentile) were calculated by
the EMODnet Seabed Habitats project consortium exploiting CMEMS products. As far as the
shipping traffic map is concerned, the map on the vessel traffic density (hours per square km per
month), was collected from the EMODnet Human Activities database web portal®. Additionally, to
evaluate the influence of human coastal activities and urban areas on seagrasses' health and
distribution, several indicators and metrics related to the distance to the human settlements (e.g., ports,
shores, main cities and river mouths) have been retrieved and pre-processed. Specifically, two open-
source layers representing the distance from ports and shores located along the Mediterranean coasts

5 The EMODnet Digital Terrain Model (DTM) has been generated for European sea regions (36W,15N; 43E,90N) from
selected bathymetric survey data sets, composite DTMs, Satellite Derive Bathymetry (SDB) data products, while gaps
with no data coverage were completed by integrating the GEBCO Digital Bathymetry.

® https://www.emodnet-seabedhabitats.eu/

7 https://marine.copernicus.eu/

8 www.emodnet-seabedhabitats.eu

° www.emodnet-humanactivities.eu
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were gathered from Global Fishing Watch!?. On the other hand, the minimum distance of
each seagrass polygon to the closest main cities and river mouths has been calculated by
applying the Haversine!! formula (building on two different datasets containing
information on major rivers and cities located close to the Mediterranean Sea shores,
respectively).

Finally, for what concerns data on ecosystems’ health and biodiversity, different seagrasses
distribution maps across the Mediterranean eco-region were collected. In particular, data from a broad
range of UNEP-WCMC global biodiversity standardized databases for the year 2017 were combined
with the seagrass coverage layer produced by EMODnet Seabed Habitats (for the years 2016, 2017,
2018) to obtain the most complete representation of seagrasses distribution in the investigated marine
region. Additionally, occurrence records of species and their metadata (e.g., taxonomic, geographic,
time, data quality) were retrieved from the Ocean Biodiversity Information (OBIS)!? System,
supporting the calculation of biodiversity indices!?.

Data selected for the MRAF operationalisation in the Mediterranean eco-region are summarized in
Table 2, also detailing metadata based on the following criteria: i) unit of measure and data format,
i1) spatial and temporal resolutions, iii) data sources/web-reference.

10 https://globalfishingwatch.org/data-download/

! Angular distance between two points on the surface of a sphere.
12 https://obis.org/manual/access/

13 https://iobis.github.io/notebook-diversity-indicators/
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Table 2. Available GIS-based dataset for the application of the multi-risk approach in the Mediterranean Sea eco-region.

Data format

Endogenic
pressures

Seagrass distance

Indicator Mo (NetCDF, Shape, Spatlal. Tempo.r o Sources (reference/ web link)
measure resolution resolution
raster, etc.)
Basic .
information Bathymetry [m] Raster file 800 meters Static EMODnet (https://www.emodnet-bathymetry.eu/)

[km] Raster file / Static .

from port Global Fishing Watch
i https://globalfishi tch.org/data-download/

Seagrass distance ] Raster file / Static (https://globalfishingwatch.org/data-download/)
from shore
Seagrass distance
from the nearest [km] Raster file / Static Calculate‘:d from HydroSHEDS iRy AR
. (http://gaia.geosci.unc.edu/rivers/)
river mouth
Seagrass distance . Calculated from Copernicus
to cities [km] R / SIS (https://land.copernicus.eu/local/urban-atlas)

[mmol m- 0.042degree .
NH4 3] NetCDF Dk Daily-mean

[mmol m- 0.042degree .
NO3 3] NetCDF Dk Daily-mean CMEMS

[mmol m- 0.042degree . (https://resources.marine.copernicus.eu/?option=com_cs
PO4 3] NetCDF 0.042degree Rallpe w&view=details&product id=MEDSEA MULTIYEAR
Dissolved oxygen | [mmol m- 0.042degree . _BGC_006_008)
(02) 3] NetCDF Dk Daily-mean

0.042degree .
Chl-a [mg m-3] | NetCDF Dk Daily-mean
Secchi depth [mmol m- 0.042degree . CMEMS
NetCDF Daily-

(ZSD) 3] © 0.042degree atly-mean (https://resources.marine.copernicus.eu/product-
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[mmol m-

0.042degree x

detaill OCEANCOLOUR_GLO_OPTICS L4 REP_OB

Light attenuation 3] NetCDF Dk Daily-mean SERVATIONS_009 081)
Shipping traffic s ) L
i) km-2 GeoTIFF 1 km x 1 km Monthly EMODnet (https://www.emodnet-humanactivities.eu/)
year-1]
CMEMS
Sea surface . 0.05 degree x . (https://resources.marine.copernicus.eu/?option=com_cs
temperature Lielima] || WSHECIDIP 0.05 degree Rl w&view=details&product id=SST MED SST L4 RE
P_OBSERVATIONS 010 021)
CMEMS
gccifl?gcation [pH] NetCDF 8835 gggrr:: X Daily-mean | (https://resources.marine.copernicus.eu/product-
: & detai/MEDSEA MULTIYEAR BGC 006 008)
0.042 degree x CLTELE
Salinity [PSU] NetCDF 0' 042 de gree Daily-mean | (https://resources.marine.copernicus.eu/product-
: & detai/MEDSEA MULTIYEAR PHY 006 004)
Exogenic Spectral CMEMS
pressures significant wave [m] NetCDF 8833 gggrr:: X E:gg-n (https://resources.marine.copernicus.eu/product-
height : & ANCOUS | Jetail MEDSEA MULTIYEAR WAV 006 012)
. . 0.042 degree x | Hourly-
Wind waye period | [s] NrCLIF 0.042 degree instantaneous | CMEMS
Spectral (https://resources.marine.copernicus.eu/product-
significant wind | [m] NetCDF 0.042 degree x | Hourly- detail MEDSEA MULTIYEAR WAV 006 012)
. 0.042 degree instantaneous
wave height
Eastward Sea 0.042 degree x .
Water Velocity [m s-1] e 0.042 degree Daily-mean | CMEMS , ,
Northward S 0,042 d (https://resources.marine.copernicus.eu/product-
orthiward sed - : CEICC X1 Daily- detail/MEDSEA_MULTIYEAR_PHY_006_004
Water Velocity [m s-1] NetCDF 0.042 degree Daily-mean - - - ~006_004)
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) . UNEP WCMC  global  distribution  seagrass

Marine Seagrass [poligon | ESRI Shapefile \ Static (https://data.unep-weme.org/datasets/7)

o occurance -
coastal distribution . EMODnet Seabed Habitats (https://www.emodnet-
] ESRI Shapefile \ Static .
ecosystem seabedhabitats.cu/)
condition Shannon
Biodiversity e [41 ESRI Shapetfile hex grid Static Calculated from OBIS (https://obis.org/manual/access/)
*
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1.1.5 Future climate scenarios (RCP4.5 and RCP8.5)

Once the RF is trained, validated, and tested, it can be used for scenario analysis This

analysis involves developing different multi-risk scenarios based upon climate

projections derived from numerical models. With respect to the Mediterranean eco-
region, the designed model will first be implemented with baseline data for the present climate. These
data are representative of the real conditions of the system in the selected year (information collected
and provided by CMEMS, as presented in the previous section) at the Mediterranean scale. After this
first step of model training and validation, the RF algorithm will be tested against the reference
scenario: i.e., a scenario representing the physical conditions resulting from the observed climate
(dataset provided by CMCC). Compared to the baseline, this data is the resulting output of the CMCC
Regional Earth System Model -RESM in the framework of the MedCORDEX initiative (CMCC-
MedCORDEX) by extracting the window from 1998 to 2017.

The CMCC Med-CORDEX RESM covers the Mediterranean Sea and a small part of the Atlantic
Ocean with a mesoscale permitting horizontal resolution for both the atmospheric (i.e., 12km) and
the ocean (i.e., 6.5km) components. The atmospheric code is COSMO-CLM while the ocean
component is based on NEMO code. The model for the land surface and near-surface soil column is
Veg3d LSM. Three climate simulations have been carried out, one of them in historical mode (1960-
2005) and the others in projection mode (2006-2100 RCP 4.5 and RCP8.5).

Finally, a set of GIS-based multi-risk scenarios will be produced through the integration of climate
change scenarios, which simulate the future conditions of oceanic parameters, under different
Representative Concentration Pathways (IPCC, 2013).

In this study, future projections were extracted from numerical models. Specifically, these included
projections of SSTHMHWs, Salinity, and SSH (Table 3) that were extracted from the stabilization
scenario (RCP4.5) and under the “business as usual” scenario (linked to very high greenhouse gas
emissions - RCP8.5) Here, the projection years are 2031 to 2050 and 2081 to 2100, respectively
(Table 3). These sea state variables/indicators allow simulation of their future impacts on MCEs
biodiversity in the Mediterranean eco-region. The variables/indicators were also calculated for a
baseline period (1998 to 2017), in order to better compare the scenarios and calculate the projections.

Sea state variables/indicators for the scenario analysis in the Mediterranean eco-region are
summarized in Table 3, detailing information on i) variable ii) indicator considered iii) ID of the
scenarios, iv) time windows of baselines and scenarios, and v) RCP and timeframe (regarding future
scenarios).

Further investigations will integrate local scale scenarios in smaller-scale case studies within T2.3.
For example, the Italian local case study will examine the potential future impacts to the Marine
Protected Area of Torre Guaceto on a wider set of scenarios and indicators, including those linked to
the biogeochemical cycle.
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Table 3. Scenarios available for the Mediterranean eco-region.

CMEMS Medcordex Future scenarios
Variable Indicators ID Reanalises CMCC RCP Period
Baseline Baseline Scenario considered
2031 to 2
Mean 1998 t0 2017 | 1998 t0 2017 | RCP 4.5 031 t0 2050
Sea Surface STD 2081 to 2100
Temperature | 95 Percentile 1998 t0 2017 | 1998 t0 2017 | RCP 8.5 2031102050
Minimum | © © ' 2081 to 2100
Durati 2031 to 2050
uration 1998 t0 2017 | 1998 t0 2017 | RCP 4.5 ©
Marine heat Number/year 2081 to 2100
waves Intensity 1998 t0 2017 | 1998 t0 2017 | RCP 8.5 2031102050
© © ' 2081 to 2100
M 2031 to 2050
can 1998 t0 2017 | 1998 t0 2017 | RCP 4.5 ©
N STD 2081 to 2100
Salinity ) B
> Percentile 1998 t0 2017 | 1998 t0 2017 | RCP 8.5 2031102050
Minimum © © ' 2081 to 2100
2031 to 2050
1998 t0 2017 | 1998 t0 2017 | RCP 4.5 ©
Sea surface 2081 to 2100
. Mean C
height 2031 to 2050
1998 t0 2017 | 1998 to 2017 | RCP 8.5

2081 to 2100

The Northern Europe eco-region as understood in this project corresponds to a subregion defined by
the Celtic Seas, the Greater North Sea including the English Channel and the Kattegat, parts of the
Norwegian Sea and the Barents Sea (Figure 8). It includes the following countries: Ireland, the United
Kingdom, France, Belgium, the Netherlands, Germany, Denmark, Sweden and Norway, and their
dependent areas (i.e., the Channel Islands that are Guernesey, Jersey and Sark, the Isle of Man). The
eco-region extends from 47° to 74°N and from 18°W to 32°E, and covers about 2.2 million km2 with
a coastal length of about 88 000 km. It is openly connected to the North Atlantic Ocean in the west
and the Greenland Sea in the north, and linked to the Baltic Sea in the east through the Skagerrak and

the Kattegat.
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Figure 8. The Northern Europe eco-region.

Because the eco-region is composed of inter-connected open seas across a larger latitudinal range
than the Mediterranean Sea, its geomorphological, oceanological and climatological characteristics
are much more varied.

Starting from the western part of the eco-region, the Celtic Seas region covers a transitional zone of
continental shelf between the Atlantic Ocean and coastal waters, with the Rockall Trough further
acting as an important pathway for warmer and more saline waters to more northerly basins such as
the Norwegian sea. While most of the region is relatively shallow (<200m depth), the Rockall Trough
is 1500 to 2300m deep, and the most western part of the region dip to 4500m depth in the Atlantic
Ocean. As such, the oceanographic and climatic conditions of the Celtic seas are strongly influenced
by the Northeast Atlantic Ocean, with the North Atlantic Oscillation (NAO) indirectly affecting the
seas’ sea surface temperature and salinity through its influence on storm tracks, westerly winds and
oceanic circulation (ICES, 2022a). While in the summer strong thermal stratification leads to nutrient
depletion in the upper mixed layer, resulting in low integrated rates of primary production (Marafion
et al., 2005), vertical flow induced by currents on both sides of the mostly south-to-north seasonal
front features results in biogeochemical and production hotspots with carbon export that sustain
bottom communities (ICES, 2022a).

The Greater North Sea region then covers the Northern European continental shelf and is relatively
shallow overall (ca. 50% of the area is no deeper than 50m) only dipping to more than 800m in the
Norwegian Trench in the north-east (ICES, 2022b). It is a temperate, semi-enclosed continental shelf
sea connected to the Celtic Seas and the Norwegian Sea in the North (ICES, 2022b). Variations in
bathymetry and water inflows influence and drive the sub-regional differences observed in the water
column stratification. Indeed, the English Channel in the south is usually mixed under the influence
of wind, tidal currents and water inflow from the Atlantic. It is to the southern part of the North Sea,
which is even more strongly mixed because of its shallow waters, tidal currents, and large river inputs
(ICES, 2022b). The east and north of the sub-region are predominantly stratified, on the other hand,
because of the lesser influence of tidal currents and stronger influence of water inflow from the
Atlantic in the north conditioned by the NAO (ICES, 2022b).
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The Northern Europe eco-region also covers part of the Norwegian Sea corresponding

more or less to the Norwegian exclusive economic zone. This part of the Norwegian Sea

is relatively shallow, mostly covering the continental shelf (ICES, 2022c). It connects to

the Greater North Sea to the south and to the Barents Sea to the east, constituting a

transition zone with the Norwegian Atlantic Current, forming in the Norwegian Trench
in the North Sea as an extension of the Gulf Stream and the North Atlantic Current, bringing warm
and saline waters from the Atlantic in the south, and the cold and fresh Arctic waters in the north-east
(ICES, 2022b, ¢). As such, the Atlantic Multidecadal Oscillation (AMO) affects the long-term climate
variability of the area (ICES, 2022c). Finally, our Northern Europe eco-region also covers a small
part of the Barents Sea north of the Norwegian sea, covering the continental shelf along the coast of
Norway. Depth and oceanographic conditions in the area are still very similar to the one observed in
the parts of the Norwegian Sea described above in its north-eastern range. It is worth noticing, though,
that the variations in the NAO strongly affect the sea-ice cover in this area (and the more extended
Barents Sea) (ICES, 2021).

The oceanographic conditions found in this eco-region allow the support of relatively complex food
webs that span 4-5 trophic levels. These levels span from primary producers to top predators
represented by many emblematic species such as sharks, seabirds, seals, dolphins and whales (ICES,
2021, 2022a, b, c). Those food webs have been significantly affected in the past decades mostly by
the combined impacts of fishing pressure and environmental changes (ICES, 2021, 2022a, b, ¢), with
species of commercial interest now being listed as Critically Endangered on the IUCN List of
Threatened Species, such as the flapper skate and blue skate (Dipturus spp.) in the Celtic Seas (ICES,
2022a). Commercial fish stocks declined or shifts are almost ubiquitous in the eco-region (ICES,
2021, 2022a, b, c), while significant declined has also been observed in top predator species, such as
in the Norwegian Sea where the Common guillemot (Uria aalge) is at high risk of extinction as a
breeding species in the area, or where a lower pup production observed for hooded seals (Cystophora
cristata), grey seals (Halichoerus grypus) and harp seals (Pagophilus groenlandicus), with similar
trends in the Barents Sea (ICES, 2021, 2022c).

In the present section, following a detailed description of the main endogenic and exogenic pressures
affecting the Northern Europe eco-region, details on the ecological and physical features
characterising the marine and coastal ecosystem investigated in this study, i.e., kelp forests, as well
as key ecosystem services they can provide, are also reported.

1.2.1 Key pressures

Like the Mediterranean Sea, the Northern European seas are significantly affected by multiple
interactive drivers, that could similarly be classified into the following four categories: i) climate
change, i1) pollution, iii) land and sea use changes, and iv) non-native species; and summarised in
Table 4.

The main driver of climate change identified at the scale of the eco-region is the increase in
temperature, including sea surface temperature (SST). According to the IPCC (Gutiérrez et al., 2021),
SST in the region should increase by 0.5 to 1.0°C between 2040 and 2100 under scenario SSP1-2.6
and by 0.7 to 3.3°C between 2040 and 2100 under scenario SSP5-8.5. In the Celtic seas, an increase
of 0.5°C has already been observed since 1975 potentially leading to a decrease in dinoflagellates and
primary production, with repercussions for higher trophic levels (ICES, 2022a). Over the same period,
the SST in the Greater North Sea has increased by more than 1.0°C in congruence with alterations of
dinoflagellates and copepods populations and their phenology (ICES, 2022b). The deepening of
demersal fish communities observed is also coherent with this temperature increase (ICES, 2022b).
In the Norwegian Sea then, the warm phases associated with the Atlantic Multidecadal Oscillation
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(AMO) have grown warmer and the cold phases less cold, and while it is expected these

changes are affecting marine trophic webs of the area, this remains to be investigated

(ICES, 2022c). Finally, the last decade has been the warmest observed in the Barents Sea

with potential effects on plankton and fish populations although this remains to be

investigated (ICES, 2021). The Northern Europe eco-region is also expected to be
affected by a reduction in sea ice concentration for its northernmost part (-0.2% to -1.0% between
2040 and 2100 under scenario SSP1-2.6, and -0.6% to -2.6% over the same period under scenario
SSP5-8.5; Gutiérrez et al., 2021), an increase in precipitations, acidification and sea-level rise (SLR).
For instance, it is expected that, even when the accretion rate could be enough to keep up with SLR,
coastal development would hamper salt marshes to cope with this pressure by preventing their
landward migration in the UK (Boorman, 1992), a phenomenon better known as “coastal squeeze”
(e.g., Doody, 2013).

When looking at pollution then, the whole eco-region is threatened by the introduction of
contaminating compounds from various sources. In the Celtic Seas and the Greater North Sea, the
main sources of contaminations are industrial, urban (coastal and wastewater), and agricultural run-
off as well as atmospheric deposition, shipping, fisheries, tourism and recreation, oil and gas
extraction, aquaculture, and renewable energy instalments, and many of the contaminants are long
lasting with nearly all marine ecosystems being affected to some degree (ICES, 2022a, b). However,
many sources of inputs are regulated, monitored, and managed within the eco-region leading to
downward trends for some contaminants (ICES, 2022b). The Norwegian and Barents Seas, while
being relatively “cleaner”, are still affected by human activities in coastal areas (e.g., aquaculture),
the local oil and gas industry and ship fuel emissions, but also from sources outside the region
(introduced through long-range transport), causing toxicity for marine organisms and food webs
(ICES, 2021, 2022c¢). The Celtic Seas and Greater North Sea are further affected by marine litter from
various origins related to land and sea uses such as fishing (e.g., nets, ropes, buoys) and tourism and
recreation (e.g., food and drinks packaging, cigarette buts), with the most dominant material found
being plastic (macro, micro and nano), and effects on marine life remaining poorly known but
supposing ranging from entanglement to microplastic contamination (ICES, 2022a, b). Finally, the
Celtic Seas are also impacted by nutrient and organic enrichment from agriculture, urban wastewater
and atmospheric deposition mostly, but also from shipping, aquaculture and land-based industry,
which contribute to localised coastal eutrophication (ICES, 2022a). However, it seems that
management measures in the area have proven relatively successful as supported by the observed
reductions in Nitrogen and Phosphorus (ICES, 2022a). The innermost areas of the Norwegian Sea are
also potentially impacted by nutrient and organic enrichment, notably coming from aquaculture.
Indeed, it has been estimated that fish farms on the Norwegian Sea’s coasts can release large amounts
of nutrients similar to that of a little town, which impacts local ecosystems such as kelp forests
(Haugland et al., 2021).

The Northern Europe eco-region is also strongly impacted by land and sea uses, the main one being
the extraction of species, and in particular commercial fisheries with landings counted in millions of
tones across the eco-region (e.g., 2 million of tonnes in the Greater North Sea or 1 million of tones in
the Norwegian Sea; ICES, 2022a, ¢). Commercial fisheries further have a strong impact on the eco-
region through high rates of by-catch on sometimes vulnerable species, with trawling gears and nets
presenting a risk for some elasmobranch of conservation concern in the Celtic Sea, longline fisheries
presenting a risk for seabirds offshore and nets for diving birds, seals and dolphins more inshore (e.g.,
an average of 2900 harbour porpoises per year taken in a gillnet in the Norwegian Sea between 2006
and 2018; ICES, 2022c¢). Mink whales are also still actively fished in the Norwegian Sea, although
the number of whaling vessels is decreasing, and ship strike has been identified as an additional threat
to marine mammals in the eco-region (ICES, 2022c¢). Finally, recreational fisheries also represent a
significant activity in the Celtic Sea and the Greater North Sea covering a wide range of platforms
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and gears and including hand collecting/harvesting on the shore, particularly on both sides

of the English Channel (ICES, 2022a, c). The second main pressure in the eco-region then

is the physical disturbance of the seabed through abrasion, resuspension or removal of the

substrate, and deposition, mostly from mobile bottom-trawl fishing gear and offshore oil

and gas operations, but also to some extent from other activities such as aquaculture,
tourism/recreation, coastal infrastructure, hydrodynamic dredging, shipping (anchoring), and cable
burial (ICES, 2021, 2022a, b, c¢). For the 2018-2021 period, it was estimated that mobile bottom trawls
were deployed over nearly 1.11 million km? across the eco-region, i.e., half of its total surface area.
Of this area, the Greater North Sea is the most severely impacted with approximately 85% of its
surface area swept by this type of gear (ICES, 2022b). These activities are mostly affecting benthic
communities causing additional mortality through, for example, collisions with bottom-contacting
mobile and set fishing activities. Finally, underwater noise linked to human activities has also been
highlighted mostly in the Greater North Sea and Norwegian Sea, with seismic surveys to search for
oil and gas and sonars from naval exercises noted as the main sources, although many other sources
can be found such as ship traffic or offshore windfarms (ICES, 2022b, c).

Finally, the threat from non-native species is ubiquitous across the eco-regions, with the main vectors
cited as shipping, mostly through ballast water and hull fouling, and contaminants and parasites on
animals (primarily associated with aquaculture) (ICES, 2021, 2022a, b, ¢). It can be noted that some
introductions of non-native species were voluntary, such as the introduction of the red king crab in
the Barents Sea to provide a resource for fishing, but that is now considered invasive (ICES, 2021).
The northward migration of some species (e.g., fish, copepods) potentially under the effect of rising
temperatures has also been noted, although the exact causes of such migrations remain unclear
because the underlying mechanisms are usually quite complex. While 470 non-native and cryptogenic
species have been recorded since 1950 with an increasing annual discovery rate since the 1990s in
the Greater North Sea, the monitoring of non-native species and their impact on local communities
has been relatively poor and fragmented across the eco-region (ICES, 2021, 2022a, b, ¢).

Table 4. Key pressures affecting the Northern Europe eco-region.

Celtic | Greater | Norwegian | Barents
Seas | North Sea Sea Sea

Climate Rising sea-surface temperature | </ v v v
change
Pollution Introduction of contaminating v v v v

compound

Marine litter v v

Nutrient and organic v v

enrichment
Land and Extraction of species v v v v
S¢a USes Physical disturbance to the v v v v

seabed

Underwater noise v
Non-native v v v v
species
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1.2.2 Kelp forest ecosystems: key environmental features and vulnerabilities to
climate risks

Kelps are large brown algae or seaweed of the orders Laminariales and Tilopteridales,

made of a holdfast that anchors them to the seafloor through a branched root-like structure
and a stipe with blades that have a leaf-like structure. They can grow in monospecific or mixed
assemblages forming sometimes extensive underwater forests with complex three-dimensional
structures providing food, shelter, and habitat for a wide variety of species from invertebrates to fish,
mammals and seabirds, and are thus considered as ecosystem engineers. Kelp forests can be found
around the world in nutrient-rich rocky coastal marine environments under sub-tropical, temperate,
and sub-polar latitudes (Figure 9) and are considered as one of the most diverse and productive
ecosystems of the world (UNEP, 2023). This latitudinal distribution is constrained by light but also
by temperature in their poleward range and by nutrients and competition in their temperate range
(Yesson et al., 2015; Wernberg et al., 2019). Furthermore, like seagrasses in the Mediterranean, kelps
are usually found in relatively shallow waters but can found up to 40-50 meters deep in Northern
Europe (exceptionally deeper), where they are constrained by light as photosynthetic organisms.

=== Laminana
Saccharina
W= Macrocyslis
Lessonia
= Nereocystis
w= Eckionia

Euvalana

Figure 9. Global distribution of kelps. Coloured lines indicate the distribution of kelp genera and
numbers indicate kelp species in each area. From Wernberg et al. 2019.

Kelp populations can be spatially and temporally highly dynamic due to varied and complex drivers
(e.g., Smale et al., 2013; Trowbridge et al., 2013) but also to the specificity of their lifecycle. Indeed,
kelps reproduce through the development of specialised reproductive tissue on the blade of the adult
algae (or sporophyte) that will release flagellated zoospores, which will then disperse before settling
on the seafloor and developing into male or female gametophytes. The female gametophyte will then
be fertilised by the gametes released by male gametophytes, and finally develop into a juvenile
sporophyte that will grow into an adult sporophyte (Wernberg et al., 2019). Each life cycle stage (i.e.,
gametophyte and sporophyte) may then be affected differently by environmental stressors (see
Bartsch et al., 2008). Overall, it is largely acknowledged that sea water temperature increase,
including the increased number of marine heatwaves, related to climate change is one of the main
drivers of kelp populations trends observed across Northern Europe (e.g., Aragjo et al., 2016;
Deliverable 1.3; UNEP, 2023, Wernberg et al., 2019; Smale 2020). Northern European kelps are also
under threats from overfishing through the perturbation of the trophic web, i.e., a decrease in coastal
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fish stocks leading to an increase of grazers such as sea urchins (Deliverable 1.3, Arujo

et al., 2016, Wernberg et al., 2019; UNEP, 2023). Although this last pressure has mainly

been reported in Norway, localised events have also been reported in France, Denmark

and the UK (Norderhaug and Christie, 2009). Kelp harvesting has also been discussed as

a potential threat along with bottom trawling that can further create physical disturbance
to kelp ecosystems (Deliverable 1.3, Christie et al., 1998). Other threats in Northern Europe include
eutrophication and freshwater run-offs from land, and the expansion of invasive species such as
Undaria pinnatifida that displace native species (Deliverable 1.3, Aratjo et al., 2016, Wernberg et
al., 2019; UNEP, 2023).

While it exists more than 30 genera and more than 100 species (Wernberg et al., 2019), 7 main species
are identified in our Northern Europe eco-region (Yesson et al., 2015): Alaria esculenta, Laminaria
digitata, Laminaria hyperborea, Laminaria ochroleuca, Saccharina latissima, Saccorhiza
polyschides, Saccorhiza dermatodea and Undaria pinnatifida. In Northern Europe, the following
trends have been observed for each species.

Alaria esculenta is a circumpolar species that can be found from the south of the Point du Raz, France,
to Svalbard (Araujo et al., 2016). The species usually grows in the upper sublittoral and is therefore
particularly vulnerable to increased temperatures, although it may also be found at greater depths.
However, limited data showed no significant decrease of the species in the northern limits of its
distribution and only small-scale variations around the UK (Aragjo et al., 2016).

Laminaria digitata present a similar distribution to Alaria esculenta, being found from Britany,
France, to Svalbard (Aratjo et al., 2016). The species has been declining in the southern limits of its
distribution, having completely disappeared from the French coastline of the English Channel and
Dover Strait (Araujo et al., 2016). On the other hand, it seems to be striving in the northern limits of
its distribution where its biomass has been increasing in shallow sublittoral waters between 2.5 and
5m since the mid-1990s (Araujo et al., 2016; Diisedau et al. 2022), although these northernmost
populations also indicated a high-temperature sensitivity (Liesner et al., 2020).

Laminaria hyperborea has a more extended distribution, from Portugal to the Murman coast in Russia
(Aragjo et al., 2016). The species has been decreasing in the southern limits of its distribution with
reports of populations disappearing or moving to a greater depth around the Iberian Peninsula (Araujo
et al., 2016), while Smale et al. (2022b) reported a replacement by Laminaria ochroleuca, a warm
water species, in southern England. Further north, populations have been reported as increasing in
the North Sea around the island of Helgoland, and stable in the Skagerrak and southwest Norway, but
heavily degraded in mid to north Norway due to heavy grazing by sea urchins (Aragjo et al., 2016).
However, it seems that these last populations of L. hyperbora are starting to recover thanks to
increased temperatures that favour the northern migration of crab species, such as Cancer pagurus
and Carcinus maeans, that predate on sea urchins (Christie et al., 2019).

The warm water species, L. ochroleuca, is a warm water species able to tolerate temperatures up to
25°C that can be found from the Strait of Messina in Italy to the southern coasts of the UK, and to
depth up to 80m (Aragjo et al., 2016). While there has been reports of population decrease in the
northern coasts of France, the species has been developing in the UK (replacing L. hyperborea as
stated above) and has even been reported recently in Ireland (Schoenrock et al., 2019), with
expectations of northern expansion as temperatures keep increasing (Assis et al., 2018).

Not unlike L. hyperborea, Saccharina latissima exhibits an extended distribution, ranging from
Portugal in the South to Svalbard in the North (Aragjo et al., 2016). While the species also exhibits
populations trends similar to L. hyperborea in the southern part of its range, with reports of
populations disappearing or moving to greater depth around the Iberian Peninsula, and in the northern
part of its range, with populations being decimated by sea urchin grazing in mid and north Norway,
it has also exhibited decrease and/or shift to deeper waters in the English Channel and the Dover
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Strait, around Helgoland in the North Sea, and southwest Norway (Araujo et al., 2016).

It has been suggested that the main drivers of the southwest Norway populations decrease

were heat waves together with increased nutrients and particle pollution (Filbee-Dexter

& Wernberg 2018, Filbee-Dexter et al. 2020). Also, similarly to L. hyperborea, the

species seems to have started to recover in mid and north Norway more recently, thanks
to increased temperatures that favour the northern migration of crab species, such as Cancer pagurus
and Carcinus maeans, that predate on sea urchins (Christie et al., 2019).

Saccorhiza polyschides is distributed from the Strait of Messina in Italy to the Lofoten archipelago
in Norway (Araujo et al., 2016). There are few data on the trends of this species’ populations, but it
is generally regressing in Southern Europe and in some localities on the northern coast of France.
Relatively stable populations on the northern coast of the Iberian Peninsula and on southern French
coasts (Araujo et al., 2016). Saccorhiza dermatodea is a northern species only found in the northern
part of Norway and on Svalbard (Rueness 1977, Fredriksen et al. 2019).

Undaria pinnatifida is a species native from Northern Asia that was voluntary introduced via
cultivation into the Mediterranean Sea and Brittany, France in the 1970s and 1980s. Since then, it has
spread from coastal Italy to the UK (Aratjo et al., 2016) and Northern Ireland where it was reported
in the early 2010s (Minchin and Nunn, 2014). The species exhibits a wide temperature tolerance
(Morita et al., 2006) which could facilitate its expansion northward of its current range into Northern
Europe.

These changes are expected to continue and even accelerate as climate keeps changing and human
activities keep intensifying, and while the main drivers of these changes are relatively well identified,
the cumulative impacts of these stressors on kelp populations remain uncertain (Wernberg et al.,
2019).

1.2.3 Kelp forests: key services and functions

Kelps are ecosystem-forming species that, as such, provide food, shelter and habitat for a wide variety
of species. They support rich and complex food webs from which humans benefit food and material.
Their dense, three-dimensional structure they form further shelter coastlines from storms and waves
energy, and their high productivity contribute to absorb and sequester carbon from the atmosphere
making them particularly valuable ecosystems when it comes to adapting to and mitigating the effect
of climate change. Kelps therefore provide many significant ecosystem services, some of which might
appear more obvious and easier to assess like food provisioning, others being less evident and more
difficult to evaluate such as regulating and maintenance services covering for instance the nursery
function, carbon sequestration, water treatment or coastal protection, and cultural services covering
for instance recreative activities and tourism or the source of inspiration for the arts. Table 5
summarises the main ecosystem services provided by kelp forests, following the CICES v5.1
classification.
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Table 5. Ecosystem services supplied by kelp forests.

CICES ES CICES division | CICES class Description
Section
Cultivated and wild plants | Kelps have been historically harvested and
(terrestrial and aquatic, are cultivated for food and food
including fungi, algae) supplement such as vitamins.
grown for/used for
nutritional purposes
Fibres and other materials | Kelps are harvested and cultivated to
from cultivated and wild produce insulating material, alginates,
Provisioning Biomass plants for direct use or cosmetics, fertilizer, etc.
processing (excluding
genetic materials)
Cultivated and wild plants | Kelps have been recently used to develop
(terrestrial and aquatic, biofuels (although this use remains rare).
including fungi, algae)
grown/used as a source of
energy
Filtration/sequestration/stor | Kelps have been known to filter nutrients,
Transformation age/accumulation by in particular nitrogen and phosphorus from
of biochemical or | microorganisms, algae, run-offs and aquaculture/mariculture
physical inputs to | plants, and animals farms. They also have the potential to
ecosystems filter pathogens and accumulate heavy
metals.
Hydrological cycle and They prevent coastal erosion and protect
water flow regulation from flooding, also attenuating the bottom
(Including flood control stress by attenuating wave energy.
Regulation and coastal protection)
and Maintaining nursery They represent the habitat of a lot of
maintenance Regulation of populations and habitats marine species, including endangered and
physical, (Including gene pool protected ones. They support fisheries
chemical, protection) providing nursery habitats for fish, bivalve
biological and crustacean species.
conditions Regulation of chemical Kelp biomass is exported, via frond
composition of atmosphere | shedding, to the deep sea where sediments
and oceans have little direct contact with human
activities, which means the carbon
exported this way can be trapped and
stored for centuries.
Direct, in-situ Characteristics of living They provide the opportunity for
and outdoor systems that enable recreational tourism activities (e.g.,
interactions with | activities promoting health, | diving, recreational fishing)
living systems recuperation or enjoyment
Cultural that depend on through active or

the presence in
the
environmental
setting

immersive interactions
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In terms of provisioning services, kelps have been historically cultivated and harvested
for food (e.g., Unadria pinnatifida commonly known as ‘wakame’, Saccharina latissima
commonly known as ‘sugar kelp’ or ‘kombu’) and food supplements (e.g., vitamins), but
also for raw and processed material such as insulating material, cosmetics, fertilizer, or
alginates that are widely used in pharmaceutical products, like pill coatings or toothpaste,
and food production, including ice cream or beer. More recently and although this venture remains in
its very early stages, kelps have also been explored as an option to produce biofuels (Lin et al., 2019;
https://www.macrofuels.eu/copy-of-seaweed-cultivation-2).

In terms of regulating and maintenance services, four main categories of services have been
highlighted. First, kelps play an important role in reducing the effects of climate change through
carbon sequestration. Indeed, like plants on land, kelps photosynthesise to grow, absorbing carbon
dioxide in the process. Healthy kelps can grow fast (e.g., Macrocystis pyrifera can extend by up to
60cm/day during its growing season) and export much of their biomass, via frond shedding (that is
the stipe and blade part of the algae), to the deep sea. Because deep-sea sediments have little direct
contact with human activities, this “blue carbon” can be trapped and stored for centuries (e.g., Bayley
et al.,, 2021; Pedersen et al., 2021; Smale et al., 2022a). Secondly, as mentioned in the previous
section, kelps form complex three-dimensional habitats providing shelter and food for many species
from invertebrates to fish, mammals and seabirds (Teagle at al., 2017). Some species, such as
Laminaria hyperborea in particular, can be overgrown by epiphytes and host more than 100 different
(Christie et al. 2009, Teagle et al., 2017; Wernberg et al., 2019). These epiphytes provide an additional
dimension to the kelp forest and, in turn, support many other animals with shelter, food and raw
materials (Teagle et al., 2017; Christie et al., 2019; Smale et al., 2022b). Kelp forests therefore play
an important role in supporting biodiversity and fisheries as many species of commercial interest also
use these ecosystems for at least part of their life cycle such as the Atlantic cod, Gadus morhua
(Wernberg et al., 2019; Smale et al., 2013). The three-dimensional structure of kelp forests further
interferes with water movements, attenuating wave energy and reducing the velocity of breaking
waves providing a buffer during storm surges, but also potentially reducing coastal erosion and sand
and pebbles movement from adjacent areas (UNEP, 2023). While this potential has been relatively
well documented for other coastal ecosystems such as mangroves or coral reefs, it has been less
studied for kelps. However, a study in Norway has shown that Laminaria hyperborea could reduce
wave heights by up to 60% (UNEP, 2023). Overall, the wave-dampening potential of kelp forests will
depend on the kelp species present (morphology, size, density, community assemblage, etc.) and
understorey associated species, but also on the geomorphology, depth and oceanographic parameters
of the area, meaning the service will vary according to the location (UNEP, 2023). Finally, kelps have
been known to filter nutrients, in particular, nitrogen and phosphorus from run-offs and
aquaculture/mariculture farms (Kim et al., 2015; Marinho et al., 2015; Umanzor and tephens, 2023;
Xu et al., 2023). They also have the potential to filter pathogens and accumulate heavy metals
(Ratcliff et al., 2016).

Lastly, kelp forests provide many cultural services which remain largely unvalued because of a lack
of data and mean of evaluation. Yet they have an important role in supporting recreational activities
(e.g., scuba diving and recreational fisheries) and tourism, further providing a source of inspiration
for the arts, and a study subject for education and research, among many other cultural services
(UNEP, 2023).

1.2.4 Available data for the Northern Europe eco-region

Like for the Mediterranean eco-region, the operationalisation of the MRAF for cumulative impact
appraisal in the Northern Europe eco-region requires the collection and pre-processing of a
considerable amount of heterogeneous data able to represent spatial distribution and intensity of both
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endogenic and exogenic pressures (Michael Eliott et al., 2020), as well as detailed
information on ecosystem’s health and biodiversity. To this aim, different open-source
web-data platforms were screened for this eco-region as well (e.g., Copernicus Services,
EMODnet and GBIF data), paying particular attention to the availability of high spatio-
temporal resolution data.

As for the Mediterranean eco-region, bathymetric data'4, useful to frame the case study area
boundary, was first retrieved from the EMODnet database!>. Then, focusing on the most relevant
stressors affecting kelp forests in the Northern Europe eco-region, data on both endogenic (e.g.,
variables regarding nutrients load, dissolved oxygen, water transparency, turbidity, and Chl-‘a’) and
exogenic pressures (e.g., sea surface temperature, pH, marine currents, waves, etc.), as detailed in the
MRAF (Section 3), were retrieved from the Copernicus Marine Environment Monitoring Service
(CMEMS)!¢. Additional to these stressors, the spatial layer on the “kinetic energy at the seabed due
to currents” was retrieved from the EMODnet Platform!”. In particular, this indicator (and the related
metrics —mean of annual 90" percentile) were calculated by the EMODnet Seabed Habitats project
consortium exploiting CMEMS products. As far as the shipping traffic map is concerned, the map on
the vessel traffic density (hours per square km per month), was collected from the EMODnet Human
Activities database web portal'®. Additionally, to evaluate the influence of human coastal activities
and urban areas on kelps distribution, two indicators and metrics related to the distance to the human
settlements have been retrieved and pre-processed. Specifically, two open-source layers representing
the distance from ports and shores located along the Northern European coasts were gathered from
Global Fishing Watch!®,

Finally, for what concerns data on ecosystems’ distribution, and contrary to the Mediterranean eco-
region, no homogeneous and/or large-scale kelps distribution maps adapted to such analysis are
available across the Northern Europe eco-region. Instead, occurrence records of species and their
metadata (e.g., taxonomic, geographic, time, data quality) were retrieved from the Global
Biodiversity Information Facility (GBIF)*® database for the years from 2012 to 2021 and for the
following kelp species: Alaria esculenta, Laminaria digitata, Laminaria hyperborea, Laminaria
ochroleuca, Saccharina latissima, Saccorhiza polyschides, Saccorhiza dermatodea and Undaria
pinnatifida.

Data selected for the MRAF operationalisation in the Northern Europe eco-region are summarised in
Table 6, also detailing metadata based on the following criteria: i) unit of measure and data format,
i1) spatial and temporal resolutions, iii) data sources/web-reference.

14 The EMODnet Digital Terrain Model (DTM) has been generated for European sea regions (36W,15N; 43E,90N)
from selected bathymetric survey data sets, composite DTMs, Satellite Derive Bathymetry (SDB) data products, while
gaps with no data coverage were completed by integrating the GEBCO Digital Bathymetry.

15 https://www.emodnet-seabedhabitats.eu/

16 https://marine.copernicus.eu/
17

18

www.emodnet-seabedhabitats.cu
www.emodnet-humanactivities.eu

19 https://globalfishingwatch.org/data-download/
20 https://www.gbif.org
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Table 6. Available GIS-based dataset for the application of the multi-risk approach in the Northern Europe eco-region.

Data format

Endogenic
pressures

Kelps distance

Indicator Unit of (NetCDF, Shape, Spatlal. Tempo.r al Sources (reference/ web link)
measure resolution | resolution
raster, etc.)
Basic . )
information Bathymetry [m] Raster file 800 meters | Static EMODnet (https://www.emodnet-bathymetry.eu/)

km Raster fil / Stati
from port [km] aster He e Global Fishing Watch
' https://globalfishi tch.org/data-download/
Kelps distance fkan] Raster file / Static (https://globalfishingwatch.org/data-download/)
from shore
NO3 [mmol m- NetCDF 0.25degree x | Monthly-
3] 0.25degree mean
PO4 [mmol m- NetCDF g.;ggegree x | Monthly- CMEMS
3] eodegtee” | mean (https://resources.marine.copernicus.eu/?option=com_cs
02 [mmol m- NetCDF 0.25degree x | Monthly- wé&view=details&product id=GLOBAL REANALYSI
3] ¢ 0.25degree | mean S _BIO_001_029)
0.25degree x | Monthly-
Chl-a [mg m-3] | NetCDF Wsimres mean
Secchi depth [m] NetCDF 0.0gdegree x | Monthly- CMEMS . .
(ZSD) 0.042degree | mean (https://resources.marine.copernicus.eu/product-
) ) 0.042degree x | Monthly- detail/lOCEANCOLOUR_GLO_OPTICS L4 REP OB
nght attenuation [rn- 1] NetCDF 0.042 degree mean SERV ATIONS_009_0 8 1)
Shlppl'ng IS [hours k- GeoTIFF lkmx 1km | Monthly EMODnet (https://www.emodnet-humanactivities.eu/)
(Density) 2 year-1]
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Marine .
coastal Kelp species oot
occurrences | txt file \ Static GBIF (https://www.gbif.org)
ecosystem occurences 1
condition
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1.2.5 Future climate scenarios

Similar to the procedure employed for the Mediterranean eco-region, once the RF model

developed for the North Europe eco-region has been trained, validated, and tested, it will

be leveraged for scenario analyses. This analysis will utilize the climate model provided
through the Copernicus Climate Change Service (C3S) platform?!.

The specific model used has been generated employing the marine ecosystem model known as
ERSEM v15.06 (European Regional Seas Ecosystem Model), in conjunction with the regional ocean
circulation models named POLCOMS (Proudman Oceanographic Laboratory Coastal Ocean
Modelling System). Following the same procedure applied in the Mediterranean eco-region, the RF
algorithm will be used against the reference and future scenarios. Unlike the long-term reference
considered in the previous section (1998-2017), here the baseline dataset includes the 2006-2017 time
window due to the limited data availability of the above model.

In this study, based on the available dataset, projections of dissolved oxygen will be extracted from
two future scenarios, the intermediate scenario (RCP4.5) and the “business as usual” scenario
(RCP8.5). Here, the projection years are 2031 to 2050 and 2081 to 2100, respectively. This sea state
indicator allows us to simulate its future impacts on MCEs biodiversity in the North Europe eco-
region.

2! https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis-marine-properties?tab=overview
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2. MRAF Conceptual framework

Building on knowledge and terminologies as acquired under the preliminary systematic
review of the state-of-the-art publication focusing on CIA and multi-risk-based
methodologies and applications (Section A), the co-design of the general MRAF aims at
unrevealing the complex interplay between natural and anthropogenic pressures affecting MCEs and
their services. This phase is highly iterative and includes the tight involvement of all MaCoBioS
Experts during the theorization of the MRAF, as framed under an Expert engagement workshop
organized on the 24" of March, 2021. In the following paragraphs, the methodology for the co-design
of the general MRAF is reported in Section 2.1 while the outcome is reported in Section 2.2.

2.1 Co-design of the general MRAF

The MRAF was designed iteratively through different phases (Figure 11) including the: 1) collection
of preliminary information from the Ahaslide questionnaire (i.e., pre-event phase) allowing to set up
the forthcoming thematic World Café discussions and feed the initial set-up of the MRAF; ii) World
Caf¢ discussions (i.e., during the event phase), organized within the WP2 expert-based workshop to
connect multiple ideas and perspectives under three main topics i.e. pressures affecting MCEs,
vulnerability and adaptive capacity of MCEs and ecosystem services provision in MCEs; iii)
integration of all inputs into the MRAF under a co-design process (i.e., post-event phase).

/ , 9 DURING THE EVENT

PRE-EVENT WORLD CAFE DISCUSSION

_ Share a ques'tio_nnoire ()_/Q To connect multiple ideas and

online to get preliminary e cee B\ perspectives on a specific and

information and MaCoBioS & o &q complex topic, by engaging
e j

experts' perspective on key = ‘ participants in several
N %UW/ \ rounds of small-group
S&&M/ QL S8 conversation

CO-DESIGN THE MRAF
To integrate the inputs from
the world cafe sessions into
the co-design of the
e N framework using the
POST-EVENT interactive Miro dashboar;
The results of the workshop will be
used to fill in the Milestone M10 on the
General conceptual framework for
multi-risk appraisal. Moreover, a poster
summarising the overall results will be
shared with all participants.

components underpinning the
MRAF (e.g., pressures, exposed
targets, vulnerability of MCEs, etc...)

WRAP UP ALL TOGETHER
To merge different frameworks
in a unique general MRAF,
highlighting the
interconnections among the
factors

Figure 11. The methodology for the co-design of the general MRAF.

As far as the questionnaire of the pre-event phase is concerned, the survey aims to i) identify human-
made and climate-related pressures affecting MCEs, together with their potential synergies; ii)
characterize the vulnerability of MCEs to the identified pressures (both in terms of sensitivity and
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adaptive capacity); iil) integrate ecosystem services concepts into the multi-risk
assessment framework. The MaCoBioS’experts actively responded to the questions and
provided valuable information in different formats (e.g., proposing new pressures,
vulnerability, and ecosystem services-related indicators, while scoring their relevance.
For example, Figure 12 reports the results of the two questions related to the vulnerability

Y

Functional diversit
____\Ca

_—
3

I can'tthink of any other for now.

(capturad in heterogeneity?); Ecosystem
structure (e 9, presence of apex
adat akio

Habitat Dmm&mm stntue, water
qualit, biachemical cycle. spacies
diversi

1

Mwbnhmlynm\wwm <’_‘\
past 10, 20, 50 yeors,.)
| Lovetof protactio i
_ Celgalicigy /| Shoud consier ruman commities a6

Figure 12. Results from the Ahaslide questionnaire of the pre-event phase under the
“vulnerability” topic.

Specifically, resilience and recovery time of the community were identified as the most important
vulnerability factors (i.e., with a score of 4.4 out of 5 for both) by the MaCoBioS experts, while
geomorphology setting and the locations of wetlands and river mouths were the least relevant (i.e.,
with a score of 2.8 and 2.9 out of 5, respectively). Besides the predefined vulnerability factors,
participants provided a list of 13 new vulnerability indicators, in which functional redundancy and
biodiversity were mentioned more than one time by experts. Similar results were obtained for the
other topics addressed in the questionnaire. Finally, these contributions were cleaned up to avoid
repetition and overlapping and feed the round table discussion of the world café¢ session. Similar
results for the human- and climate-related pressures affecting MCEs, and ecosystem services are
reported in Supplementary material Annex 6 and Annex 7 respectively.

Regarding the world caf¢ session, participants contributed iteratively to fine-tune and further integrate
the list of indicators and proxy indicators allowing to analyse and spatially represent pressures,
vulnerability, and ecosystem services patterns in MCEs) while scoring their relevance versus the
MaCoBioS MCE:s of concern. For example, Table 7 reports the output of the discussion related to the
ecosystem services topic throughout three consecutive rounds of discussion.

Table 9. Results of the World Café discussion for the “Ecosystem services” topic.

No

Ecosystem

Seagrass beds

Coral reefs

Kelp forests

Mangroves

Saltmarshes

Rhodolith
beds

Fish

Marine mammals

Sea food

fish, potential harvestable
biomass,

biomass of
conch/fish/lobster

4

biomass of
conch/fish/lobster

2

Raw material

4

5

Coastal protection

water flow (proportion

Prop. Wave energy
Protected

Prop. Wave energy
Protected

of reduces

area

area

Prop. Wave energy

Prop. Wave energy

Protected area

Protected area

Water purificati

itrif ion rate,

4

5

Recreation

additional income
generated by diving /
recreational fishing

De-stressing or mental
health

Tourism

[

additional income
generated by diving /
recreational fishing

additional income
generated by diving /
recreational fishing

5

Energy

4

Carbon sequestration

blue carbon storage in
seagrass sediments

blue carbon storage
in seagrass sediments

nutrient dispersal across water
columns supporting plankton
growth and CO2 capture
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Specifically, besides the eight predefined ecosystem services (as emerged from the pre-

event questionnaire, e.g. seafood, raw material, coastal protection, water purification,

recreation, de-stressing or mental health, tourism, and energy), carbon sequestration was

identified as the most relevant service (as the result of the first round), especially for

seagrass beds, saltmarshes, kelp forests, and marine mammals (as the results of the second
round). Participants also ranked the relative relevance of the identified ecosystem services to each
MCEs and proposed several proxy indicators (e.g., fish, potential harvestable biomass for seafood;
denitrification rate for water purification) to quantify the corresponding ecosystem servives value. A
similar approach was applied to the topics of pressure and vulnerability to frame different components
of the general MRAF. Similar results for the human- and climate-related pressures affecting MCEs,
and vulnerability are reported in Supplementary material Annex 8 and Annex 9, respectively.

After the 3-rounds discussion of the World Café session, inputs obtained in terms of a list of climate-
related and anthropogenic pressures, vulnerability factors, and ecosystem services-related indicators
were used to feed the co-design of the MRAF by 3 distinct groups of MaCoBioS experts. Each group
was moderated by a different team of moderators and supporters, thus resulting in 3 frameworks (see
Figure 13, Figure 14 and Figure 15 for Group 1, Group 2, and Group 3, respectively) diverging in
terms of selected components and the connections/links among them.
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Figure 13. General MRAF developed by group 1 during the WP2 experts engagement workshop.

Specifically, group 1 designed their MRAF proceeding with an in-depth analysis of all potential
interconnections among different pressures, hazards, vulnerabilities, and related risks and ecosystem
services flow (see Figure 13). In particular, this team started with the inclusion of some of the most
relevant climate-related pressures (e.g., coastal flood, acidification, changes in temperature, and
rainfall regime) affecting MCEs, as already discussed during the world café sessions on the thematic
‘pressures’. Afterwards, mainly focusing on the eutrophication process, experts tried to better detail
and disentangle all connections (lines without arrows) and effects (arrows) among the different
components included in the framework. Interesting aspects resulting from the discussion are the
integration of coloured arrows (red or green) representing, respectively, any negative or positive
effects of that measure on a specific ecosystem service, as well as the distinction between natural and
artificial adaptation measures (e.g., coastal artificial protection vs natural protection). Finally, as can
be seen from Figure 13, due to time constraints, the resulting output from this group is only a snapshot
of the whole MRAF but illustrates in detail all interconnections among a reduced list of components.
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Figure 14. General MRAF developed by group 2 during the WP2 experts engagement workshop.

As far as group 2 is concerned, experts started to fill in the empty dashboard with the whole set of
pressures and vulnerability factors, as obtained from the Ahaslide questionnaire and the World Café
discussions (see Figure 14). These pressures were clustered and then connected to the relevant hazards
(e.g., chronic, and acute chemical hazards, sedimentation, and anthropogenic biohazards). Among
these, ‘sedimentation’ was identified as the most connected node, linking to many climates- and
human-related pressures (e.g., dredging activities, aquaculture, and sediment inputs) and vulnerability
factors (e.g., geomorphic setting, protection status, water quality, and location of wetlands and river
mouths) (see Figure 14). Group 2 also tried to identify the linkages of these components to some
MCEs and their provided ecosystem services (e.g., beach replenishment). Nevertheless,
interconnections among pressures and vulnerability factors were not considered.
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Figure 15. General MRAF developed by group 3 during the WP2 experts engagement workshop.

Finally, group 3 started with the identification, selection, and grouping of the most important
pressures and vulnerability factors to be linked to 3 key risks affecting MCEs i.e., chemical, biological
and physical risks (e.g., “physical risk” was connected to some sea-based and coastal man-made
pressures such as dredging activities, recreational activities, coastal development, offshore wind
farms, mineral extraction, etc.) (see Figure 15). As far as vulnerability factors are concerned,
“biodiversity” was selected as a key indicator representative of a subset of more detailed biodiversity-
related factors (e.g., functional diversity, species diversity, and genetic diversity). In the end, group 3
selected 9 climate-related pressures, 9 human-related pressures, and 9 vulnerability factors, all
included in the final MRAF (see Figure 15). Then, the connections among these components were
established by the expert’s suggestions gained during the workshop. Overall, “biodiversity” was the
most connected vulnerability-related variable, especially linked to man-made pressures, thus
highlighting the human effect on biodiversity. Also, it can be seen from Figure 15 as the biological
risk was the most connected risk among those considered, followed by physical and chemical risk.
Nevertheless, group 3 did not establish interconnections among pressures due to the time constraint
under the MRAF co-design session. This limitation can be solved by integrating some of the
connections as identified within the MRAF designed by Group 1.

As can be seen from the above conceptual frameworks (see Figure 13, Figure 14 and Figure 15), each
group approached differently during the MRAF co-design (i.e., focusing only on connections among
selected variables, considering all sets of variables, or clustering variables based on risks of concern
e.g., chemical and biological) and had variation in the final results even though the initial set of
variables was the same. Each approach shows pros and cons regarding the complexity and
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completeness of the framework. For instance, the links/connections among pressures as

highlighted by Group 1 can be integrated into the framework designed by Group 2 and

Group 3, thus allowing to complement of the missing information. Similarly, the

clustering of variables as made by Group 3 could help to simplify the complexity of

networks developed by Group 1 and Group 2. Therefore, it requires merging different
frameworks into a unique general MRAF, highlighting the interconnections among factors in the post-
event phase. The result of this process is presented in the following paragraph.

As aresult of the 3 Group sessions devoted to the co-design of the conceptual MRAF, several insights
and shared patterns and difficulties emerged. First, everything is connected in a complex marine
coastal socio-ecological system (pressure, vulnerability, and ecosystem services). Moreover, the co-
designed frameworks provide a good example of interlinked frameworks, where concepts from both
DPSIR and risk-based frameworks are integrated to analyse complex dynamics underpinning MCEs
processes under a holistic approach. Indeed, as can be observed in see Figure 13, Figure 14 and Figure
15, each co-designed framework showed as all components are connected to each other into a
continuous flow characterizing complex processes underpinning MCEs conditions. In addition,
during this exercise researchers outlined “vulnerability” as a function of exposure, sensitivity, and
adaptive capacity, requiring different indicators to represent ecosystem conditions based on the scale
of the application.

Second, among the above-mentioned components, vulnerability resulted as the trickiest topic to be
integrated into MRAF because it is the result of a wide range of economic, social, cultural,
institutional, political and psychological factors that shape people’s lives and the environment that
they live in. Therefore, it tends to mean different things to different people and because it is often
described by a variety of terms such as “lack of capacity”, “fragility”, “weakness”, etc. Even though
with the same way of understanding, different fields of expert would identify different factors of

vulnerability with different levels of detail.

Third, the main novelty of these frameworks relies on the integration of ecosystem services indicators
cross-cutting all the MRAF components, mainly considered as drivers of MCEs state changes (with
positive or negative effects), and thus not just as an assessment endpoint of the overall risk appraisal
process. This integration in the MRAFs also allows to clarify and highlighting MCEs variations and
change trajectories which can, in turn, influence the final risk level (Stelzenmiiller et al. 2018;
Menegon et al., 2018). For instance, “biological regulation” and “water purification” are some of the
ecosystem services indicators considered in this phase which, through their regulating task, may
mitigate the effects of some pressures and, thus, reduce the overall risk.

Finally, variables identified in the designed MRAFs will drive the data collection across the
MaCoBioS eco-regions. The eco-region-specific MRAFs, adapting to each eco-region based on the
data availability and the ecosystem of concern, will be reported in Section 4. Thanks to its ability to
learn from data and understand highly nonlinear behaviours, the designed ML-based model will be
applied to disentangle some of the complex interrelations discussed during the workshop and support
the overall risk appraisal process.
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3. Material and methods — ML model for MRAF operationalisation

As emerged from the review of CIA approaches and their applications for integrated

management of MCEs (Section A - 1.2), ML-based methods can provide an alternative

approach to characterize complex environmental systems and to provide reliable
quantification of the impacts of the interacting climate-driven and local/global anthropogenic factors
affecting MCEs.

In this context, the operationalisation of the designed MRAF requires the selection and development
of a ML-based model able to deal with the integration of heterogeneous data, in terms of: 1) spatio-
temporal resolutions, ii) data sources (models, monitoring surveys, remote sensing, etc.), iii) various
fields (integration of features representing oceanographic/atmospheric data, human activities,
biodiversity health, ecosystem services, etc.). Moreover, this model needs to be flexible enough to
allow the simulation of future climate (RCPs) scenarios (Section 3.6).

Therefore, according to the aim of this analysis and the data availability, in the present study, the RF
algorithm has been selected thanks to its potential (Section 3.3), including its inherent ability to
explore the complex nexus between multiple stressors and the ecological response (represented with
multiple indicators) of MCEs. Further to a short description of the family and the main characteristics
of the selected algorithm (Sections 3.1 and 3.2), the following sections describe the model architecture
specifically designed (including its main operative steps) for the MRAF operationalisation across the
MaCoBioS eco-regions (Section 3.5), as well the overall process underpinning the scenario analysis
(Section 3.6).

The decision tree is a supervised learning model used for classification and regression problems
(Muhammad & Yan, 2015). Particularly, the decision tree algorithm creates a model that can predict
a value or class label by learning simple decision rules inferred from the model input data (Mitchell,
1997). This model can be explained as a collection of rules of the if-then type. It can be described
with a tree structure (Figure 16) in which the first node, or the root node, is followed by the decision
node and leaf node. The decision node, as noted in the name, acts as the decision-making node, since
this is the point at which the node divides further according to the best feature of the sub-group. The
final node (or the leaf node) is then the one that holds the final decision.

Decision Node _——)>Root Node

—————— s

Sub-Tree

Decision Node

|
v v

Decision Node

{
|
|
. |
|
|
|
|

v v
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Figure 16. Decision tree structure. Source: Arain et al. (2021).
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Figure 17. Typical learned decision tree that classifies if a day is suitable for playing tennis.
Source: Mitchell (1997).

For example, the tree in Figure 17 classifies an instance that allows to decide if a certain day is suitable
(or not) for playing tennis based on several variables, i.e., Outlook, Wind, and Humidity. Particularly,
the classification of an instance occurs in the following way: it starts from the root; selects the attribute
linked to the current node; and follows the branch associated with the value of that attribute in the
instance; if a leaf has been reached, the label associated with the leaf is returned, otherwise the process
is repeated starting from the current node. For example, the following table represents a dataset
consisting of: 1) weather information of the last 14 days, including Outlook, Humidity, and Wind; ii)
whether a match was played or not on a particular day, labeled as “Yes” or “No” in the variable called
PlayTennis.

Table 10. Dataset for the PlayTennis concept. Inspired by Mitchell (1997).

Day Outlook Humidity Wind PlayTennis
D1 Sunny High Weak No
D2 Sunny High Strong No
D3 Overcast High Strong Yes
D4 Rain High Weak Yes
D5 Rain Normal Weak Yes
D6 Rain Normal Strong No
D7 Overcast Normal Strong Yes
D8 Sunny High Weak No
D9 Sunny Normal Weak Yes

D10 Rain Normal Weak Yes

D11 Sunny Normal Strong Yes

D12 Overcast High Weak Yes

D13 Overcast Normal Weak Yes

D14 Rain High Strong No
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Using the decision tree, it needs to classify, based on historical data in the table, whether
the game will happen if the weather condition is:

Outlook = Sunny
o Humidity = High
e Wind = Strong

The instance (Outlook = Sunny, Humidity = High, Wind = Strong) can be classified as follows by
referring to the tree in Figure 14. The Outlook attribute is associated with the root, therefore, since
Outlook = Sunny in the example, the Sunny branch is followed; the Humidity attribute is associated
with the node reached and therefore, being Humidity = High in the example, the High branch is
followed, thus, reaching the leaf node and obtaining the NO classification.

In general, decision trees represent a disjunction of conjunctions of constraints on the attribute values
of instances. Each path from the tree root to a leaf corresponds to a conjunction of attribute tests, and
the tree itself to a disjunction of these conjunctions. For example, the decision tree shown in Figure
17 corresponds to the expression (Outlook = Sunny and Humidity = Normal) or (Outlook = Overcast)
or (Outlook = Rain and Wind = Weak) for the label YES (Mitchell 1997).

As mentioned previously, the decision tree is a tree structure that will have nested nodes, the
subdivision of the nodes is called recursive partitioning, and takes place based on a threshold value.
In addition to the threshold value, to divide a node there is a need to select an attribute defined as
optimal to split a node and the various decision tree learning algorithms differ above all from how
the optimal attribute is selected. For instance, the ID3 algorithm, uses entropy and information gain
as the criterion to measure the impurity of a node, while the CART algorithm, used both in regression
and classification problems, uses the Gini index as a measure of impurity.

Ensemble methods are machine learning methods that build a series of predictive models (often called
weak learners or base models) and combine their results into a single prediction in order to obtain a
more accurate and robust model (Zhou, 2019). Theoretically, ensemble methods are justified by the
bias-variance trade-off (Valentini & Dietterich, 2004). The classification error is composed of two
parts: bias, the accuracy of the classifier with respect to training data; and variance, the accuracy of
the classifier when trained on different training sets. This latter is the variability in the model
prediction and refers to the changes in the model when using different portions of the training data
set. Often, these two components have a trade-off relationship: models with low bias tend to have
high variance and vice versa. Knowing that the average has a smoothing (variance-reducing) effect,
the goal of ensemble systems is to create several models with relatively fixed bias and then combine
their outputs by averaging to reduce the variance. This increases the accuracy of the model: assuming
that models make different errors on each sample, but generally agree on their correct classifications.
Averaging the model outputs reduces the error by averaging out the error components (Zhang & Ma,
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2012). There are three major kinds of algorithms that aim at combining weak learners: 1)
bagging??; ii) boosting?’; iii) stacking?*.

Random Forest is one of the most advanced ML techniques used to solve classification and regression
problems among supervised learning algorithms (AhmedK et al., 2013). It is a tree-based ensemble
model where each tree is based on a collection of random variables. From a computational point of
view, RFs are regarded as attractive because they are relatively fast to train and predict (Zhang & Ma,
2012). Secondly, they depend only on a few tuning parameters. Finally, they can be used directly for
high- dimensional problems. They also provide measures of variable importance, differential class
weighting, missing value imputation (Zhang & Ma, 2012). As stated before, RF is an ensemble
predictor that uses a bagging strategy, so deep trees, fitted on bootstrap samples, are combined to
produce an output with lower variance. In addition to choosing instances, however, a RF also
incorporates random feature subspacing techniques (Ho, 1998). When growing each tree, instead of
only sampling over the observations in the dataset to generate a bootstrap sample, it also samples over
features and keeps only a random subset of them to build the tree. A training sample created using
the random subspace method thus contains all the original example instances, each one with the same
randomly reduced feature space. Sampling over features has indeed the effect that all trees do not
look at the exact information to make their decisions and, as a consequence, it reduces the correlation
between the different returned outputs. It is another way to achieve the independence of models.
Predicting output values for novel instances with a RF predictor involves each individual ensemble
member votes for the most probable output according to its learned decision rule. The ensemble
members’ votes are tallied and aggregated into a common ensemble output. As detailed in the
following paragraph, some important features and properties of RF include, out of bag data (Section
3.3.1), variable importance (Section 3.3.2) and weighting (Section 3.3.3).

3.3.1 Out-of-bag data

The probability that a particular sample will not be chosen in a single random draw from the full data

set is % So, the probability that a sample will not be chosen in a tree, which is a bootstrap sample
_\N N

consisting of N draws, is (%) = (1 — %) . In the limit of large N, this expression gets a limit

below:

lim 1 1N_ lim 1 —1N_ 1~ 0368
N—>00<_N)_N—>00<+W) —e Fh

So, 36.8% of the samples in each tree are out-of-bag (Chernick & LaBudde, 2014).

The “out-of-bag data” are highly useful for estimating generalisation error and variable importance.

22 Bagging: several instances of the same base model are trained in parallel, independently from each other’s, on
different bootstrap samples and then aggregated in an averaging process (Wen & Hughes, 2020);

23 Boosting: several instances of the same base model are trained sequentially so that, at each iteration, the way to train
the current weak learner depends on the previous weak learners and more especially on how they are performing on the
data (Wen & Hughes, 2020);

24 Stacking: different types of weak learners are fitted independently from each other, and a meta-model is trained on
top of that to predict outputs based on the outputs returned by the base models (Wen & Hughes, 2020).
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Let T be a training set consisting of examples with an output variable y and corresponding

input x. Let f(x, T) be a predictor and a given loss function L(y, f) measures the error in

predicting y by f. Let Ty, g be the bootstrap training sets and f (x, Tk'B) be the predictors.

These predictors are aggregated in an appropriate way to form the bagged predictor fz(x).

For each (y,x) in the training set, the predictors are aggregated only over those k for
which Ty, p does not contain y, x. These out-of-bag predictors are denoted by fyz. Then the out-of-
bag estimate for the generalization error is the average of L(y, fos (x)) over all examples in the
training set (Breiman, 1996).

3.3.2 Variable importance

Most ML tasks help find the most accurate model and identify which of the input variables are the
most important to make better predictions as well (Louppe et al., 2013). In this context, RF offers
several mechanisms for evaluating the importance of an input variable, and therefore improves the
model interpretability. Let Ai(s,t) = i(t) — p,i(t,) — pri(tg) be the impurity decrease of a binary

split s € Q dividing node t into a left node t; and a right node ty. p;, (resp., pg) is the proportion NN—t:

N
(resp., % ) of learning samples from L, going to t; (resp., to tz) and where N, is the size of the subset
t

L. The importance of a variable X; for predicting Y is evaluated by adding up the weighted impurity
decreases p(t)4i(se, t) for all nodes t where X; is used, averaged over all trees ¢, (form = 1,..., M)
in the forest:

S

1
mp(X) =2 > > 1Ge = Pp@®4its,, O]

m=1 tEPm

where p(t) is the proportion % of samples reaching t and where j; denotes the identifier of the
variable used for splitting node t. This measure is known as the Mean Decrease Impurity Importance
(MDI). Another way to evaluate the importance of a variable X; is by measuring the Mean Decrease
Accuracy (MDA) of the forest when the values of X; are randomly permuted in the out-of-bag

samples. The latter measure is also known as the Permutation Importance, that for regression is
computed by this formula:

1 1 < ,
Imp(Xj) = E,T]. N z L —iz P,k (x"3), yi
=1

M
(xryyi)em;(L)
M—I.
1 1
- _N L M_iz (mekl(xi))yi
(xi,yi)EL =1

where 7; (L) denotes a replicate of L in which the values of X ; have been randomly permuted, and
where my , ..., my denote the indices of the trees that have been built from a bootstrap replicate
that do not include (x;, y;); for classification is derived similarly as in regression, except that the out-
of-bag average predictions are replaced with the class which is the most likely, as computed from the
out-of-bag class probability estimates. Its rationale is that randomly permuting the input variable X;
should break its association with the response Y. Therefore, if X; is in fact associated with Y,
permuting its values should also result in a substantial increase of error, as here measured by the
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difference between the out-of-bag estimates of the generalization error. That is, the larger
the increase of error, the more important the variable, and vice-versa (Louppe et al.,
2013).

3.3.3 Weighting

When faced with unbalanced data in which some classes are much smaller than others, large classes
may be predicted correctly while small classes are predicted incorrectly, although the classifier
achieves high performance. RF has an effective method to weigh classes and to give balanced results
in unbalanced datasets. Particularly, it is possible to change the weight of each class, assigning to the
minority class a greater weight, that is, a higher misclassification cost. Class weights are used to
weigh the Gini criterion in the splitting stage of the tree and in leaf nodes to make predictions. The
class prediction of each leaf node is determined by the “weighted majority vote”, that is the weighted
vote of a class multiplied by the number of cases associated with that specific class at the terminal
node. The final class prediction for RF is achieved by aggregating the weighted vote from each
individual tree, where the weights are in turn average weights in the leaf nodes (Chen et al., 2004).

Multi-class-multi-output classification is a classification problem in which a single estimator handles
several joint classification tasks. It is also known as multitask classification. Both the number of
targets and the number of classes per target are greater than two. This can be defined both a
generalisation of the multi-label classification problem, which only considers binary attributes, as
well as a generalization of a multi-class classification problem, where only one target is considered.
RF supports the multi-output multi-class classification, being made up of decision trees which, in
turn, support it. With respect to the normal structure and to the normal functioning of the decision
tree described in Section 3.1, the multi-output problems require memorising » output values instead
of one in the leaf nodes and require that the splitting criteria is averaged on n output.

Focusing on the core of the MRAF operationalisation, in this project, the open-source software
Python (https://www.python.org), with its specific libraries devoted to RF (Section 3.3), was used to
develop, train, validate, and test the RF model developed for the MaCoBioS focus eco-regions. As
represented in Figure 18, the RF model is composed of two main parts/layers: 1) a top/input layer,
relying on the data representing proxy indicators for the identified key threats/pressures affecting the
ecosystems of concern in each eco-region (i.e., the most representative ecosystem per eco-region).
Technically, they represent the RF model predictors; ii) a bottom/output layer based on the
aggregation of the main ecosystem state indicators. In this case, they are RF model responses.
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Figure 18. RF conceptual model for the MaCoBioS eco-regions: a) TOP layer of the model:
multiple threats/pressures affecting focus eco-regions, b) BOTTOM layer of the model: Marine-
Coastal Ecosystem condition integrating state indicators.

More precisely, this model allows integrating a set of yearly-based indicators (included in the RF top
layer) standing for all the most relevant pressures (e.g., nutrient input, sea surface temperature,
salinity, etc.) affecting MCEs. On the other side, a set of indicators have been calculated and included
in the model to understand, as much as possible, ecosystems condition (based on data availability and
constraints at the eco-regional scale) and disentangle the complex interrelations with the identified
pressures. For instance, three indicators have been calculated for characterizing both MCEs’ state and
biodiversity for the Mediterranean eco-region (i.e., biodiversity level, spatial distribution and
connectivity). The full list of indicators and related metrics calculated for the Mediterranean eco-
region is reported in Annex 10. Details on the technical procedures applied for their mapping and
analysis are described in Section 4, also reporting some examples of the related output (i.e., maps and
descriptive statistics).

From an operative perspective, as represented in Figure 19, the design of the RF follows a precise
analytical workflow.
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Figure 19. The flowchart of the RF implementation in the MaCoBioS eco-regions.

Specifically, once the available data for the MaCoBioS eco-regions (Sections 1.1.4, 1.2.4) are pre-
processed and analysed, the dataset to be used for the model development can be created. Then, to
move on training and testing stages, the dataset needs to be split into two main folds, i.e., training
(90% of the whole observations) and test sets (10% of the whole observations). Particularly, the
training set is used to fit the parameters of the model, while the test is used to evaluate the model fit
on the training set. To reduce overfitting (i.e., when the model shows high performance in predicting
training data, but fails to predict new data) the training set is also split into training and validation
sets. Then, after some iterative processes, the best model configuration (by means of the
hyperparameters tuning and feature selection) can be implemented to move on to scenario analysis
and produce a set of related GIS-based multi-risk scenarios.

3.5.1 RF model training and validation

3.5.1.1 Tuning, feature selection and spatial cross-validation

To get a consistent estimation of the RF model performances that are not biased by a specific
configuration of training and test set, a cross-validation method will be applied. This method belongs
to the family of resampling methods (James et al., 2013). Within this study, a spatial cross-validation
will be adopted to alleviate the problem of data ‘spatial partitioning’.
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In particular, due to the data autocorrelation (points/pixels close to each other are,
generally, more similar than points/pixels further away; Getis et al., 2004), by using
random samples, the IDD (Independent and Identically Distributed Data) assumption it
would be violated since samples are not statistically independent.

To solve this issue, the case study area will be partitioned into different spatial blocks.
More precisely, to create different spatial areas, pixels within the whole case study area will be
clustered by the KMeans algorithm in n spatial blocks until reaching a good spatial partitioning of
observations upon manual inspection. This partitioning strategy leads to a bias-reduced assessment
of the predictive performance, helping to avoid overfitting.

fold 1 fold 2 fold 3 fold 4 fold 5

1
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Figure 20. Representation of the default cross-validation vs. spatial cross-validation.

Blocks representing sub-areas of the case study will be used for 10-fold cross-validation. This spatial
cross-validation will be used also to research the best architecture of the model (i.c., the architecture
that maximises the accuracy of the model in the validation set). This procedure is called
hyperparameters tuning, in which one or more parameters of the model are optimized, under an
iterative process, to find the best configuration. Particularly, a simple strategy for optimizing
hyperparameters is a greedy approach: vary one hyperparameter at a time and measure changes in the
model performance. However, in this way, we can capture only the way in which the different values
of a single hyperparameter behave in the context of a single instance of the others, therefore it cannot
be considered an accurate method (Andonie, 2019). For this reason, there are two systematic
approaches: Grid Search (GS) and Random Search (RS).

In the first approach (GS), it is possible to define a search space as a grid of hyperparameter values
and evaluate every position in the grid. in the second approach (RS), it is possible to define a search
space as a bounded domain of hyperparameter values and randomly sample points in that domain.
The problem with GS is that the number of joint values grows exponentially with the number of
hyperparameters, so RS will be used in this study that, using the same number of trials, generally
produces better results than GS (Andonie, 2019). More specifically, the RS is an iterative process in
which a fixed number of possible combinations of parameters are sampled from the parameter space,
following a particular distribution (grid). In this study, for each combination, the model will be trained
by performing the spatial cross-validation mentioned above. In the end, the combination that obtains
the highest accuracy on the validation test will be selected. Once the best hyperparameters are
selected, the feature selection, i.e., the process of identifying the most relevant features, is performed.
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To choose the best features, the spatial cross-validation needs then to be performed again
and a recursive elimination of the features follows. This method is part of the family of
wrapper methods, in particular, it is a sequential backward selection algorithm that starts
from the complete set of variables and removes one feature at a time whose removal
provides the lowest decrease in predictor performance (Chandrashekar & Sahin, 2014).

3.5.2 RF model testing

Finally, after the model training and validation, the RF model can be analysed against the remaining
testing dataset (10% of the total dataset) to evaluate the performance of a trained classifier.
Specifically, to get more insight into model performance, in addition to accuracy, precision and recall,
also the F1 score will be examined, as most of the response variables have an unbalanced distribution
of classes. Model accuracy returns the number of classifications the model correctly predicts divided
by the total number of predictions made. Mathematically, model accuracy is expressed as follows:

TP + TN
(TP + FP + TN + FN)

Accuracy =

Where TP stands for “True Positives,” FP for “False Positives,” TN for (True Negatives) and FN for
(False negatives).

Recall (also known as sensitivity) highlights the number of members of a class that the classifier
identified correctly, divided by the total number of members in that specific class. Mathematically,

model recall is defined as follows:
Recall = P
= TP Y FN

On the other hand, model precision (also called positive predictive value) is the ratio between the
True Positives and all the Positives. Mathematically, it is defined as follows:

TP

p . . —
recision —TP T FP

Finally, the F1 score will be also calculated. This score is the weighted average of Precision and
Recall, providing a way to express both concerns with a single score. As a consequence, this
evaluation metric takes both false positives and false negatives into account. F1 is usually more useful
than accuracy, especially if you have an uneven class distribution. Mathematically, the F1 score is
defined as follows:

2 * (Recall * Precision)

F1.S§ =
~eore (Recall + Precision)

Once the RF is trained, validated, and tested, it can be used for scenario analysis. This phase involves
the development and analysis of various multi-risk scenarios based on different climate projections
obtained from numerical models, specifically extracted for the investigated areas (Section 1.1.5 and
1.2.5). The validated RF model enables simulations that evaluate which hotspot risk areas will be
potentially more impacted by the projected climate variations. This model was used to evaluate the
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ecological response of the system under both an individual, pairwise combination, and
cumulated scenario, as these pressures act upon marine and coastal ecosystems
simultaneously, causing complex interactions which might exacerbate or mitigate the
overall effects. This analysis aims to detect the dominant stressors, their non-linear
effects, and finally the interactions among stressors. Consequently, this understanding
could help to evaluate the risk reduction and associated ecological benefits expected from reducing
pressure from stressors by the implementation of management actions and mitigating strategies.

This iterative analysis is described in the following steps. First, one variable was substituted from the
original dataset to evaluate its influence on the selected ecosystem. This procedure was then repeated
for all the available metrics of Salinity, SSH, SST with MHWs. Then, all possible combinations of
two (e.g., SST + Salinity, SST + SSH, etc.) and three scenarios (i.e., ABC with all available scenarios
integrated into the model) have been tested to evaluate their future impacts under pairwise
combination, and cumulated scenarios.

This stepwise approach took into account the complex interactions of the model predictors with those
previously selected in the scheme. For each step, the variations in terms of marine coastal ecosystem
conditions were assessed and compared to the previous step to envision differences/anomalies of the
outputs and the positive/negative interactions of the stressors ranging from antagonism to synergism.
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Section C — Application
4. Data pre-processing and analyses across MaCoBioS eco-regions

Having defined the RF conceptual model for the Mediterranean and Northern Europe eco-
regions, a data pre-processing task is needed to homogenize all input data for the next model
development steps. Accordingly, this Section breaks down into three sub-paragraphs reporting,
respectively for the two analysed eco-regions, the data pre-processing phase, as well as main statistics
on the indicators and metrics that will be used to feed the RF model.

The dataset for the experiments requires data preparation and data-preprocessing procedures, as the
representation and the quality of the data are the main success factors of a ML algorithm (Kotsiantis
et al., 2006). To pursue this task, it was first necessary to frame the study area. In the Mediterranean,
this meant taking into account that the reference year 2017 shows a more complete seagrasses
ecosystem coverage in the whole Mediterranean Sea. As emerged in the literature, seagrasses are
mainly located in shallow water, within 40-50 meters of depth (UNEP, 2020). Therefore, a
bathymetry layer up to 50 meters of depth was defined as the case study area (Figure 21). In the
Northern Europe eco-region, a bathymetry layer up to 100 meters of depth was defined as the case
study area (Figure 22), considering the literature reported observations of Saccorhiza polyschides at
a maximum depth of 84 meters in the Atlantic, even though such observations remain rare (Araugjo et
al., 2016), and the relative coarseness of the bathymetry layer where areas of steep slope would be
lost. Furthermore, considering the topography of the very shallow North Sea, a big part of the
continental shelf was further removed, as depth is not the only parameter limiting kelps distribution
and the likelihood that kelps occur in this open-sea area is close to null (Yesson et al., 2015). Then,
all data collected for RF model development from different open-source data platforms were pre-
processed to homogenize their different spatial resolutions into a 4 km-based raster grid.

Then, as already introduced in Section 3.5, for each of the selected environmental indicators (Section
1.1.4 and 1.2.4), a set of yearly-based metrics (e.g., minimum, maximum, standard deviation, etc. —
Annex 10) were calculated (and mapped) with the procedures and examples as detailed in the
following paragraphs.
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Figure 21. Case study area corresponding to a bathymetry layer up to 50 meters depth.
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Figure 22. Case study area corresponding to a bathymetry layer up to 100 meters depth.
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Model predictors

As regards to model predictors (i.e., the exogenic and endogenic pressures), metrics were
calculated using python codes. In particular, each NetCDF file, as collected from different
open-source portals (Section 1.1.4 and 1.2.4), making available data of the selected
indicators, was processed through the xarray library?® allowing to manipulate the data
and calculate aggregated metrics. Some examples of the resulting output from this process (i.e.,
spatial maps in the form of raster files) are displayed in Figure 23 and 24.

Figure 23. Maps representing some of the pressures-related maps calculated for the Mediterranean
eco-region. a) 95° percentile of phosphorus, b) 5° percentile of salinity; c¢) minimum of dissolved
oxygen, d) maximum of chlorophyll-a.

25 https://xarray.pydata.org/en/stable/index.html
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Figure 24. Maps representing some of the pressures-related maps calculated for the Northern
Europe eco-region. a) minimum of dissolved oxygen,; b) mean sea surface height (SSH), c) 95th
percentile of sea surface temperature (SST),; d) minimum light attenuation coefficient (KD490).

As far as pressures related to coastal developments are concerned, the distance of seagrasses meadows
to the closest major river mouths and urban areas was calculated by applying the Haversine distance
formula, implemented in Python by means of the following libraries: geopandas®®, geocube?’,
rasterio’® and xarray®®. The resulting maps from these calculations are reported in Figure 25.

Y M A0 : L e (S T

Figure 25. Plots of the distance from big cities (left panel) and distance from river mouths (right
panel).

26 https://geopandas.org/en/stable/

27 https://corteva.github.io/geocube/stable/

28 https://rasterio.readthedocs.io/en/latest/

29 https://xarray.pydata.org/en/stable/index.html
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At this stage, looking at the overall dataset, the selected variables were characterized by
different spatial resolutions. To deal with this issue, it was decided to homogenize them
to the same resolution by rescaling all input to 4 km spatial resolution (i.e., to the most
common one among the input variables). This process allowed us to perform some
statistical analysis (e.g., correlation, distribution) among these variables.

Model responses

Once the overall process of predictive variables’ calculation was completed, similar procedures were
carried out for the response variables (Section 1.1.4 and 1.2.4). Focusing on marine coastal ecosystem
condition variables, as far as seagrasses’ distribution is concerned, by applying the QGIS*’ zonal
statistics®! plugin, the percentage of seagrasses coverage within each 4km pixel of the case study was
calculated. In Northern Europe then, the kelp occurrences extracted from GBIF were manually
“cleaned”, i.e., removing occurrences with geospatial issues, duplicates, etc. The spatial points layers
thus obtained were then rasterized to a 4km resolution using the ‘rasterize’ function of the ‘raster’ R
package’2. To improve the spatial representation of kelp forests based on these observations,
interpolation using inverse distance weighting was applied to the layer using the ‘idw’ function of the
‘gstat’ R package?®, and the result was then classified into 2 classes (0 = absent, 1 = present).

Furthermore, in the Mediterranean, ecosystem biodiversity, was also considered as an indicator of
seagrass beds condition and the Shannon diversity index (also known as the Shannon-Wiener
diversity index) was selected. As defined within the Ocean Biodiversity Information System (OBIS),
the Shannon index is a mathematical measure of species diversity in a given community, assuming
that all species are represented in a randomly selected sample. It is calculated based on the following
equation (Shannon, 1948):

Shanon index = Yi;_, p; *Ininp;

Where: pi: defined as n/ni

n: as the total number of records in the raster cell and

ni: as the total number of records for the ith-species in the raster cell

s: as the number of species
In this application, the Shannon Index was calculated by following the steps reported in the notebook
biodiversity indicator** provided by OBIS. This calculation was implemented in the R environment
using several libraries such as “arrow” and “dplyr” for reading the occurrence data; “dggridR” and
“dggs” for creating a discrete global grid; and finally, “gsl” for calculating the metrics. The result of
this calculation is reported in Figure 26.

To calculate the seagrasses connectivity pattern, as already applied for the distance to rivers and
major cities, the Haversine formula was applied. The results of this calculation are reported in Figure
27.

30 (https://qgis.org/en/site/)

31 (https://docs.qgis.org/2.18/en/docs/user_manual/plugins/plugins_zonal_statistics.html)
32 (https://cran.r-project.org/web/packages/raster/raster.pdf)

33 (https://cran.r-project.org/web/packages/gstat/gstat.pdf)

34 https://iobis.github.io/notebook-diversity-indicators/
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Figure 27. Connectivity pattern of seagrasses in the Mediterranean Sea.

4.2 Data analysis

In the Mediterranean eco-region, according to the spatio-temporal resolution of the available data
covering the selected case study area (Section 1.1.4), the final dataset includes 10367 observations,
of which 9330 will be devoted for the model training and validation phases, whereas the excluded
1037 for the final testing phase. Data exploration is the first step in data analysis to unravel, through
ad-hoc data visualization tools and statistical techniques (e.g., correlation analysis), dataset
characteristics and initial patterns.
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Table 11. Summary of the main statistics and distributions of some model predictors in

M A E' the Mediterranean eco-region.

No Variable

Yearly minimum
1 oxygen concentration
[mrnol m-3]

Yearly 5 percentile

2 oxygen concentration 02 _Spercentile [numeric]

[mrmol m-3]

Yearly 90 percentile
Chlorophyll-a
coneentration

[rng m-3]

Yearly rninimurmn
4 Secchi depth value
[mmol m-3]

Yearly 5 percentile
5 Secchi depth
[mrnol m-3]

Yearly maxirnurmn
Eastward Sea Water
Velocity
[ s-1]

Yearly raxirnurn
Northward Sea Water

Velocity 0£0.220.9
[rn 1] 1QR (CV): 0.1 (0.5)
Yearly mean Mean (sd) : 0(0)
Northward Sea Water ) min £ med £ max:
) vo_rmean [numerid
Velocity -0.550£0.3
[rn 1] 1GR (V) 0 (-2.8) _ 0

Yearly mean Eastward
9 Sea Water Velocity
[ms1]

Yearly 5 percentile
10 Light attenuation
[mrmol m-3]

Abbreviation

02_min [nurerid

CHL.a_90percentile
[nurneric)

ZSD _min [numeric)

ZSD Spercentile [numerid)

uo_rmax [nurneric

vo_max [numeric]

uo_mean [nurmerid

KD 490 5percentile
[nurnerig]

Stats / Values

Mean (sd): 207 (8.7)

min £ med S max:

1838206752371

1QR (Cv): 12.3 (0)

Mean (sd): 232.9 (10.9)

min £ med £ max:

212.2£231.7£ 2707

1QR (CV): 15.4 (0)
Mean(sd):0.4(0.4)
min £ med £ max:
01=02s537
1QR {Cv): 0.3 (1.1)
Mean (sd) : 6.6 (4.6)
min £ med £ max:
135555256
1QR (CV): 6.9 (0.7)
Mean (sd): 17.3 (7.4)
min £ med max:
1.9218£36.8
1QR (Cv): 12 (0.4)
Mean(sd): 0.2 (0.1)
min £ med £ max:
00221
IQR (CV): 0.1(0.6)
Mean(sd):0.2(0.1)

min £ med £ max:

Mean (sd) : 0{0)
min € med £ max:
-0.520=0.4
1QR (CYV): 0 (24)
Mean (sd): 0.1 ({0)
min £ med £ max:
00204

1QR (Cv): 0(0.7)
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Table 11 reports the main statistic (including minimum, mean and maximum values) and
distribution of the considered model predictors. More details about all metrics are
included in Supplementary material (Annex 11 and Annex 12).

Similarly, to better understand the variability and dispersion of the available future

scenarios, some further data explorations by means of boxplots have been carried out.
More precisely, Figure 28 gives a good indication of how values in the baseline, reference and future
scenarios are spread out. Across the analysed metrics, it is possible to observe a remarkable increase
in SST under the worst-case scenario (RCP8.5), delivering an increase of about 4 °C by 2100, relative
to the SST in the year 2017. Instead, looking at the salinity 5th percentile, the studied metrics show a
stable evolution with an average salinity close to 38 PSU throughout this century.

Further illustrations, showing the comparison between the historical and baseline of the available
metrics are included in Supplementary material (Annex 13).
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Figure 28. Boxplots displaying the distribution and range of baseline (Copernicus data), reference
and future scenarios (RCP8.5 - provided by CMCC) of: left) Sea surface temperature 95 percentile
[°C]; right) salinity 5 percentile [PSU].

After the visual exploration aimed at understanding the size and some basic characteristics of the
data, a correlation analysis was performed to measure the strength of the linear relationship among
the analysed variables, and try to identify some relationships, patterns, significant connections, as
well as features contributing very less in predicting the output. Accordingly, in this study, the
threshold (i.e., degree of dependence) selected to remove highly correlated features/variables (as they
do not convey extra information) from the RF model is equal to or higher than 0,85. Coherently, as
can be observed in Figure 29, the resulting correlation matrix highlighted as most of the correlation
coefficients greater than the selected thresholds usually refer to metrics representing the same
variable, as between CHL-a max and CHL-a 90percentile or between kd490 min and
KD490 S5percentile. More precisely, by means of this analysis, the following metrics have been
removed from the further steps:

° ‘CHL-a_max’,
° ‘KD490 min’,
° ‘SAL _min’,
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o ‘NH4 95percentile’,
o ‘NH4 min’,

o ‘NO3 Spercentile’,
o ‘NO3 9S5percentile’,
o ‘NO3 min’,

® ‘OA mean’,

® ‘PO4_95percentile’.

Therefore, one of the advantages of this analysis is the possibility of reducing the complexity of the
designed RF model and the computational cost/time required for its final implementation. Besides
these high-correlated variables, among the water quality parameters, Chl-a resulted to be correlated
with all included nutrients (especially with NH4 — degree of correlation around 0.7): this outcome
was predictable since eutrophication (Chl-a can be used as a proxy of eutrophication processes) is a
process mainly driven by enrichment of water by nutrients, especially compounds of nitrogen and/or
phosphorus (EC, 2008). Generally, these nutrients lead to an increase in micro and macro algal
biomass and consequently to a trophic imbalance in the entire ecosystem. This phenomenon manifests
itself in altered water colour and transparency due to high concentrations of microalgae
(phytoplankton), and explains the close relationships between light attenuation (algae blooms block
sunlight from penetrating to the seagrass canopy and Chl-a (Dennison et al., 1993). Finally, as
expected, Chl-a is also high correlated with sea surface temperature, since among all the ecological
factors influencing phytoplankton growth, the temperature is undoubtedly one of the most important.
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Figure 29. Plot of the correlation matrix, depicting the correlation among the variables in the Mediterranean eco-region.
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In the Northern Europe eco-region then, according to the spatio-temporal resolution of
the available data covering the selected case study area (Section 1.2.4), the final dataset
includes 24217 observations, of which 21795 will be devoted for the model training and
validation phases, whereas the excluded 2422 for the final testing phase

After the visual exploration aimed at understanding the size and some basic

characteristics of the data, a correlation analysis was also performed to measure the strength of the
linear relationship among the analysed variables, and try to identify some relationships, patterns,
significant connections, as well as features contributing very less in predicting the output.
Accordingly, in this study, the threshold (i.e., degree of dependence) selected to remove highly
correlated features/variables (as they do not convey extra information) from the RF model is also
equal to or higher than 0,85. By means of this analysis, the following metrics have been removed
from the further steps:

‘SD_mean’,
‘KD490 Spercentile’,
‘KD490 mean’,
‘Chl_mean’,
‘NO3_95percentile’,
‘NO3_max’,
‘NO3_mean’,

‘02 _mean’,
‘OA_min’,
‘PO4_95percentile’,
‘PO4_max’,
‘PO4_mean’,
‘PO4_min’,

‘SAL _mean’,

‘SAL sd’,

‘SWH _mean’,
VHMOWW max’,
VTMOIWW max’,
‘ICEConc_mean’,
‘ICEThick_max’,
‘ICEThick_mean’,
‘SST sd’,
‘Ave_Fishing Hours’.
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5. Results

This section reports the output of the RF implementation (as described in Section 3.5). In
particular, Section 5.1.1 shows the identified best model configurations useful to improve the model
performances of the designed model across the training and validation phases, as well as discusses
the results obtained from the final testing phase (showing tables and graphs resulting from the applied
metrics, i.e., recall, accuracy, precision and F1) (Section 5.1.2), as well as the resulting maps from
the scenario analysis (Section 5.1.3).

5.1.1 Model training and validation

First, in order to perform the spatial cross-validation technique (Section 3.5.1), 10 groups have been
created from the clustered blocks so that the same group does not appear in two different sets (train
and validation). Then, the standard 10-fold cross-validation was applied to search for the best
parameters, identify the most relevant predictor variables, and validate the model.

To implement the hyperparameter tuning (Section 3.5.1.1) the scikit-learn®> Python open-source
machine learning library was used. This library provides techniques to tune model hyperparameters.
Specifically, it provides the RandomizedSearchCV for random search (Section 3.5.1), which is the
technique employed in this study. Firstly, a hyperparameter space was created to be used to make the
possible combinations. In particular, a list of possible values has been set for: i) n_esimator: the
number of trees in the forest; ii) min_samples_split: the minimum number of observations required
to split a node; iii) max_depth: the dimension of the longest path between the root node and the leaf
node. The remaining parameters have been set equal to the default parameters except for the
class weight parameter (i.e., weights associated with classes) which has been set as ’balanced’.
Looking at the distribution of the three classes of the response variable (i.e., seagrass distribution), it
is unbalanced, therefore, thanks to the class weighting of the RF (Section 3.3.3), the weight of the
classes is automatically assigned inversely proportional to their frequencies in the input data. In
particular, let y be the specified class, and the weight is given by the (number of
observations)/(number of classes * number of occurrences of y in the input data). Table 12
summarizes the hyperparameter settings:

Table 12. Hyperparameter settings.

Parameter List/value
, [100,150,200,250]
n estimator
L. [30,40,50,60,70,80]
Optimized hyperparameters
max_depth [5,8,10,13,15]
min_samples_split [5,8,10,13,15]
min_samples leaf 1 (default)
Fixed hyperparameters class weight ‘balanced’
max_features ‘auto’ (default)

35 https://scikit-learn.org/stable/
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Table 13 lists the tested hyperparameters, and the related best values, determined through
this process to improve the predictive accuracy.

Table 13. Hyperparameter tuning results.
HYPERPARAMETER TUNING RESULTS
n_estimator max_depth min_samples_split
50 13 10

The parameter related to the minimum number of samples required to be at a leaf node (i.e.,
min_samples_leaf) was increased from 1 to 4 to avoid overfitting and improve overall model
performance.

Once the best hyperparameters were selected, the feature selection process (Section 3.5.1) was
performed. Particularly, this iterative process started with all the model predictors included as input
variables, hence, the model was trained on the initial set of features and the ranking of each feature
was obtained through variable importance (Section 3.3.2). Then, the least important features were
pruned from the current set of features. The procedure was recursively repeated on the pruned set
until the features that did not reduce the accuracy of the prediction were selected. As can be observed
in Figure 30, this process identified 19 relevant model predictors, discarding 9 variables from the
initial 28.

Feature Importances

dist_city

ast_nver
SSH_mean
02_Spercentile
0A_min

0A_max

02_min

PO4_min

SAL s
CHL-a_90percentile
SWH_min

SAL Spercentile
SST_95percentile
SST sd
Med_distance-from-port-4km
ZSD_Spercentile

mean_intensity_mhws

0.00 002 004 006 0.08
Relative Importance

Figure 30. Contributions of the 19 most relevant model predictors for predicting the MCEs’
condition/biodiversity according to the RF model.
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The RF model, adjusted with 19 predictors, explained the largest proportion of the overall

model capability to predict the Mediterranean Sea condition. The contribution of the most

relevant model predictors ranged between almost 0.05 for the 5 percentile of Secchi depth

and the mean of intensity of marine heat waves (respectively, “ZSD_5percentile” and

“mean_intensity mhws”) to around 0.085-0.09 for the distance from major cities (i.e., the
most relevant one). The resulting output from the feature importance is consistent with the main
threats influencing seagrasses' health and distribution (UNEP, 2020). Indeed, seagrass growth and
productivity are mainly regulated by the quantity and quality of light reaching the seagrass bed;
therefore, changes in water transparency (or turbidity/light attenuation) can influence seagrass
abundance and distribution. As already described in Section 1.1.2, light stress is attributed to nutrients
and pollution loads, often driven by urban, industrial and agricultural run-off, as well as to coastal
development (UNEP, 2020). This explains the high ranking of distance from major cities and rivers,
as well as some nutrient concentration-related variables. Additionally, temperature, oxygen and
salinity are important abiotic factors that influence seagrass health and productivity. Seagrass
photosynthesis is positively correlated with temperature until the optimal value is reached; afterwards,
moving beyond this critical threshold, the performance starts to drop off sharply. At the same time,
an increase in photosynthesis causes faster growth and therefore higher respiration rate. This can
compromise the net primary production and lead to a negative carbon balance (Galli et al., 2017;
Marin-Guirao et al., 2016).

5.1.2 RF model testing

In this application, the RF model exhibited a notable level of accuracy in predicting the condition of
the Mediterranean Sea on the input data (model predictors). The final overall model predictive
accuracy for new observations during the testing phase reached 0.82. More precisely, the specific
accuracies resulted for the 3 output indicators were: 0.89 regarding the seagrass distribution, 0.71 for
the Shannon index and 0.86 for connectivity.

In addition, as explained in Section 4.5.2, the F1 scores were examined to gain insight into model
performance. The resulting model performances comparing the RF performance against all the
response variables are reported in Table 14. Differences in the performance across the response
variables and the related classes can be observed. Moreover, relatively simple plots depicting the
confusion matrix were developed (Figure 31) to illustrate how many predictions were assigned
correctly, incorrectly, and where the RF got confused. In Figure 31, the rows represent the predicted
labels, and the columns represent true labels. Values on the diagonal represent the percent (dark blue
highlights high values, whereas white represents values close to 0%) of the right assignation (i.e.,
where the predicted label matches the true label). Values in the other cells represent instances where
the classifier mislabelled an observation; the rows reveal what the classifier predicted, and the
columns show what the right label was.

Overall, these results show good performances in predicting the first and the third classes, whereas
the second class is more frequently misclassified. Looking at the model predictors, our model presents
higher performances in predicting connectivity, with high values for each class. However, the
Shannon index is predicted with lower accuracy, with the final F1 score between 0.57 to 0.80. In sum,
the implemented model shows compelling results in estimating model predictors against historical
data, thus, making it ready for the simulation of future climate change scenarios (e.g., climate
scenarios with increasing water temperatures, sea level rise, and variations in sea surface salinity.
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Table 14. Model performances.

Seagrass distribution Shannon index Connectivity
Precision Recall F1 Precision  Recall F1 Precision Recall F1
Class 1 0.98 0.92 0.95 0.87 0.73 0.80 0.99 091 0.95

Class 2 0.31 0.60 0.41 0.50 0.64 0.57 0.75 0.66 0.70
Class 3 0.81 0.71 0.76 0.65 0.71 0.68 0.60 0.93 0.73

Confusion Matrix Seagrasses distribution Confusion Matrix Shannon Index
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Figure 31. Resulting confusion matrix of a) Seagrass distribution, b) Shannon index, c)
Connectivity.

5.1.3 Scenario analysis

The last phase of the RF implementation is the scenario analysis, which allows the simulation of
potential impacts arising from climate-related scenarios envisioned for the investigated area (Section
3.6). To accomplish this goal, the model was enriched with various metrics corresponding to the
RCP4.5 and RCP8.5 scenarios and subjected to thorough testing. Specifically, various simulations
were conducted for the Mediterranean eco-region, taking into account variations in SST + MHWs,
Salinity and SSH. The aim was to assess potential changes in the ecological condition of the selected

* X
*; This project has received funding from the European Union’s Horizon 2020 research and innovation
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case study area, with a specific focus on seagrass. Coherently, the first set of simulations
was aimed at evaluating anomalies in seagrass distribution between reference and future
scenarios. Once all the available metrics were tested under an individual scenario, a
combination of these indicators was tested to discover evidence for differences in stressor
interaction ranging from synergism to antagonism. Based on the RF model, combined
scenarios SC-AB, SC-AC and SC-ABC lead to higher seagrass shrinkages compared to influence of
individual pressures (Figure 32). In particular, the model predicts the shrinkage of more isolated
seagrass meadows (from moderate presence to absence), where area characterized by a good
distribution seems to be resilient to these impacts. Additional results (and related illustrations) on the
influence of pressures on connectivity and the Shannon index (illustrating the anomalies between
reference and future scenarios under both mid- and long-term timeframes) can be found in the

Supplementary material (Annex 14).
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Figure 32. Circular bar plot showing anomalies between reference (1998-2017) and future
scenarios for seagrass distribution. The tested scenarios include: i) individual scenarios (SC-A:
SST, SC-B: SAL and SC-C: SSH); ii) coupled scenarios (i.e., SC-AB: SST+SAL, S C: SST+SSH and
SC-BC: SAL+SSH), iii) all available scenarios together (i.e., SC-ABC: SST+SAL+SSH).

Future variations of the Shannon index were analysed to examine potential effects induced by the
selected scenarios on the ecosystem biodiversity. The analysis revealed that the comparison between
reference and simulated scenarios showed more significant changes compared to the previous
indicator (connectivity). Overall, more relevant changes are triggered under the long-term scenario,
although in both timeframes, relevant anomalies emerged.

When shifting focus to the indicators, projected variations in SST triggered the most relevant losses
in species diversity (reduction close to 20% reduction under the BAU scenario) in the Mediterranean
Sea in 2100. Instead, SSH seems to have reduced effects on species diversity compared to SST.
However, these two scenarios seem to induce even more relevant effects when considered
cumulatively despite the model predicting ecological benefits arising from the projected SAL

variations.
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When comparing the circular bar plots (Figure 32) displaying the anomalies in the
seagrass connectivity, similarities are observed with the outputs obtained for the seagrass
distribution. In fact, the expected variations are less remarkable (anomalies between 0
and 4%), as well as combined scenarios showed signs of being characterized by
interactive behaviours, e.g., synergisms lead to higher effects (SC-AC) compared to
simple additive ones. Finally, also for the connectivity, the designed model foresees reduced
ecological benefits associated with the projected SAL variations under both timeframes and scenarios.

Furthermore, the selection of the RF was also linked to its potential to spatially predict and map
future conditions of MCEs under different scenarios. Following the same procedure, a set of maps
displaying all the anomalies for the 3 output indicators for both timeframes and scenarios have been
produced and reported in Supplementary material (Annex 15).
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Figure 33. Map illustrating future changes from reference to the long—term ABC RCP8.5 scenarios
for the seagrass distribution.

Overall, according to the different climate impact intensities represented by investigated RCPs
scenarios, the model predicts a more severe risk under the long-term scenarios. Specifically, within
the 2031-2050 timeframe (Supplementary material - Annex 15), under both RCP4.5 and RCP8.5
scenarios, the overall pattern of cumulative impacts and risk distribution are similar in terms of overall
changes and spatial variations. In terms of spatial distribution, meadows surrounding the Balearic
Islands and the French coastline appear to be the most impacted regions under the “cumulative”
scenario in the short-term time horizon.

The declining trend is consistent with previous studies (Houngnandan et al., 2020) focused on the
French coast, where the Eastern part presented higher disturbances due to anthropogenic pressures.
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When examining the long-term scenario (2081-2100), in both RCP’s, meadows shrinkage

emerged across the entire Mediterranean basin. In particular, the meadows at lower depths

(between 25 and 50 m depth) appeared to be the most affected. This trend is more

remarkable along the French coast (Figure 33, B) and the south coast of Sicily (Figure

33, D). The differences between RCP4.5 and RCP8.5 are linked to the meadows in the
northwestern part of Sicily and the western part of the French coast. While the results for the RCP4.5
predict a fragmented distribution with the presence of some persistent areas, the scenario linked to
the RCP8.5 shows almost a complete loss of this ecosystem over these two areas.

In sum, biodiversity variations under the cumulative scenarios reveal numerous areas exhibiting a
significant decline in species diversity compared to the reference scenario (Figure 33). This decline
is especially pronounced along the Italian and Spanish coasts, as well as in proximity to Tunisia.
Finally, it is worth noting that no specific trends or regions leading to a substantial reduction in
seagrass connectivity can be identified. The resulting map shows only a few scattered or isolated
areas across the Mediterranean basin will be triggered by a reduction of connectivity across the tested
scenarios.

Following a structure analogous to that presented for the Mediterranean region, this section
introduces the outcomes of the RF implementation, as outlined in Section 3.5. Specifically, Section
5.2.1 elucidates the best model configurations that have been identified during both the training and
validation phases. Then, Sections 5.2.1 and 5.2.2 present the conclusions derived from the final
testing phase, as well as the resulting maps (Section 5.2.3) from the scenario analysis.

5.2.1 Model training and validation

To implement the RF, the same procedure described for the Mediterranean eco-region was adopted
(Section 5.1.1). A list of possible values has been set for: 1) n_esimator: the number of trees in the
forest; i1) min_samples_split: the minimum number of observations required to split a node; iii)
max_depth: the dimension of the longest path between the root node and the leaf node; iv)
min_samples_leaf: the minimum number of samples required to be at a leaf node. The remaining
parameters have been set equal to the default values except for the class weight (i.e., weights
associated with classes). In fact, during the training process, the model was evaluated by setting this
parameter as 'balanced' and a better performance on the recognition of the presence of kelp forest was
reached. This result may be due to the fact that the classes of the response variable are moderately
unbalanced, therefore, thanks to the class weighting of the RF (Section 3.3.3), the weight of the
classes is automatically assigned inversely proportional to their frequencies in the input data. The
following table summarises the hyperparameter settings:

Table 15. Hyperparameters setting.

Parameter List/value
Optimized hyperparameters n_estimator [20,30,50,70,90,110,120]
max_depth [4,6,8,10,12]
min_samples_split [2,4,6]
min_samples_leaf [1,2]
Fixed hyperparameters class weight ‘balanced’
max_features ‘auto’ (default)
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The tested hyperparameters, and the related best values, determined through this process
to improve the predictive accuracy, are listed in the following table:

Table 16. Hyperparameter turning results.
HYPERPARAMETER TUNING RESULTS
n_estimator max_depth min_samples_split min_samples_leaf
110 10 4 2

Once the best hyperparameters are selected, the feature selection process (Section 3.5.1) is performed
as described in Section 5.1.1. Figure 34 shows the most relevant model predictors identified by the
feature selection process, discarding 16 variables from the initial 27. Moreover, it is also presented
the importance of each input variable. Specifically, the contribution of the most relevant model
predictors ranged between almost 0.05 for the 5th percentile of nutrients to 0.30 for the distance from
shore (i.e., the most relevant one). The resulting output from the feature importance is consistent
with the main environmental parameters influencing kelp forests' condition and distribution (Yesson
et al., 2015; Wernberg et al., 2019; UNEP, 2023). Indeed, like seagrasses, kelps growth and
productivity are mainly regulated by the quantity and quality of light reaching the algae (e.g., Yesson
et al., 2015); therefore, the height of the water column (reflected by ‘SSH’) and changes in water
transparency (or turbidity/light attenuation. reflected by ‘Secchi Depth - SD’, and ‘KD490’) can
influence their abundance and distribution. As already described in Section 2.2, kelps are also
threatened by eutrophication and freshwater run-offs, which can be caused by urban, industrial and
agricultural run-off, but also aquaculture, atmospheric deposition, shipping, etc., which introduce
nutrients and other pollution loads within the Northern Europe eco-region (ICES, 2021, 2022a, b, c).
This explains the high ranking of distance from shore and port (as an indicator of exposure), as well
as some nutrient concentration-related variables (PO4 and NO3) we observed here. Although
nutrients are essential for the growth of kelp forests that can drive their distribution in their temperate
range south of the eco-region (Yesson et al., 2015; Wernberg et al., 2019), eutrophic conditions
benefit turfs communities and epiphytes. Turf communities tend to trap sediment, preventing the
settlement of kelp, while the development of epiphytes on the kelps reduce the amount of light for
the kelp. Additionally, temperature (‘SST’) and oxygen (‘O2’) are important abiotic factors that
influence kelp productivity (Crowder et al., 2019; Yesson et al., 2015), with SST increase, including
the increased number of marine heatwaves, related to climate change being recognized as one of the
main drivers of kelp populations trends observed across the eco-region (e.g., Argjo et al., 2016,
UNEP, 2023). In fact, kelp not only performs photosynthesis but respiration too, so hypoxia can be
harmful to the kelp and their associated fauna (e.g., grazers, decomposers, predators). In addition, the
cumulative effects of low oxygen and upwelling-associated fluctuations in pH (‘OA’) and
temperature could have profound effects on the faunal communities that drive the structure and
function of kelp ecosystems (Crowder et al., 2019).
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Figure 34. Contributions of the 11 most relevant model predictors for predicting the Kelp Forest
distribution according to the RF model.

5.2.2 RF testing

The RF model showed a very good level of accuracy in predicting the distribution of Kelp forests
against several pressures in the Northern Europe case study. During the testing phase, the model
obtained an accuracy of 0.88 in predicting new observations (i.e., test set). In addition, also precision,
recall and F1-score were evaluated, and the results are shown in Table 17. It is possible to see that
the model has very good performances in both classes, in fact, the F1-score reaches 0.91 for class 0,
while for class 1 is equal to 0.83. The model specialises in recognising the presence of kelp forest as
demonstrated by the value of recall in class 1, at the expense of lower precision. Indeed, it classifies
15% of observations of the test set as class 1 instead of class 0 as it is visible from the confusion
matrix (Figure 35). Despite a lower precision, his result should be considered satisfactory because the
goal is to admit no error about the presence of the kelp forest rather than the opposite.
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Table 17. Model performances.

Kelp forests distribution
Precision Recall F1
Class 0 (Absence) 0.97 0.85 0.91
Class 1 (Presence) 0.74 0.94 0.83
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Figure 35. Resulting confusion matrix of Kelp forests distribution.

5.2.3 Scenario analysis

To perform the scenario analysis phase, several simulations were conducted for the Northern Europe
eco-region. Specifically, based on variable importance (Figure 34), metrics related to the most
important variable for which future projections are available were calculated. Particularly, the
minimum and fifth percentile of oxygen for the 2050 and 2100 timeframes were computed using
projections for 4.5 and 8.5 RCPs. Once the metrics were calculated, they were substituted to the initial
dataset and the model results in terms of changes in kelp forests distribution were evaluated. For
example, in the histogram in Figure 36 it is possible to see the variation of kelp forests under future
oxygen changes (Scenario A) in 2100 with RCP 8.5. Although some absence pixels have become
presence pixels, in general, a reduction of the area covered by kelp forests can be noted. It is possible
to see in spatial terms this shrinkage in the map in Figure 37. The main reduction is in the coasts of
Denmark and Norway and some disappearance is also on the coasts of the United Kingdom.

While knowledge on kelp forest populations trends is fragmented and lacking in some areas of
Northern Europe, the decline observed between the southern coast of Norway and the Skagerrak and
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on the coasts of the United Kingdom is coherent with past trends observed (Araujo et al.,
2016; UNEP, 2023). The underlying reasons of this shrinkage in respect to oxygen
projections used are unclear though and potentially complex. Indeed, kelps are generally
not believed to be particularly vulnerable to deoxygenation, at least directly, because they
are photosynthetic organisms, however, almost no studies exist on the effects of climate-
driven hypoxia on these organisms. But because kelps are photosynthetic organisms that also respire,
they are thus still likely to be impacted to some extent by oxygen depletion. It is further believed that
the interplay between climate-driven hypoxia and other climate-driven stressors such as ocean
acidification and warming could then have an overall negative impact on kelp forests, although effects
would vary locally on a small spatial scale and depending on the species considered (Crowder et al.,
2019). For instance, it has been observed that warming can cause an increase in metabolic demand
and in respiration rates compared to photosynthesis, while hypoxia would inhibit respiration rates
through oxygen depletion on the other hand. If both co-occur, one might expect a sharp decline in
kelps net primary production at least. Considering that a broad-scale mortality of sugar kelp,
Saccharina latissima, has been linked to an increase in the frequency of marine heatwaves in the
Skagerrak and southern Norway (Filbee-Dexter et al., 2020), the co-occurrence of oxygen depletion
predicted in the area could explain the shrinkage of kelp forests we observed in the area. Ocean
acidification then can benefit photosynthesis, which would tend to counterbalance the negative effects
of hypoxia. The effects of hypoxia on kelps are therefore complex to predict and highly context-
dependent. Considering sea surface temperature and ocean acidification were also identified as
important variables of the model, future developments regarding the Northern Europe eco-region will
be particularly interesting when it will become possible to integrate further scenarios and observe the
cumulative effect of multiple pressures in the future.

Changes in case study pixel values from 2017 to 2100 (Scenario A - RCP 8.5)
95.95%

2.69% 1.36%

No changes From 1 (presence) to 0 (absence) From 0 (absence) to 1 (presence)
Kelp forest shrinkage Kelp forest appearance

Figure 36. Histogram showing changes in the North Europe case study pixel values for the
Scenario A (oxygen variations) in the 2100 timeframe for RCP 8.5.
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Figure 37. Map illustrating future changes from reference to the long-term A RCP 8.5 scenario for
the Kelp forests distribution.
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Conclusion

Understanding the complex interplay and the effects of multiple human-made and

climate-related pressures (Furlan et al., 2019; Halpern et al., 2008) is a key challenge to

support decision-makers in the achievement of environmental and sustainability
objectives (EEA, 2019). The cumulative and synergistic impacts of these activities and climate
change are triggering complex and severe alterations of MCEs biodiversity and their capacity to
supply services for human well-being. Drawing on these, the main aim of Task T2.1 was the co-
design and operationalisation of a general MRAF and specific eco-regional-MRAFs aimed at
unrevealing the complex interplay between the most relevant pressures affecting MCEs conditions
across two MaCoBioS eco-regions. To achieve these bold objectives, a stepwise approach was carried
out across the lifetime of T2.1, including literature review, co-design of the MRAFs with stakeholders
and experts, and the implementation of specific eco-regional-MRAFs using ML. From the
operationalisation of stepwise approach in the Mediterranean and Northern Europe eco-regions,
several key insights emerged during the iterative process with all MaCoBioS experts for the MRAF
co-design.

First, it can be observed from the literature review that methodological approaches and frameworks
dealing with cumulative and multi-risk appraisal in MCEs have increased significantly since 2008,
after the publication of Halpern et al. (2008). From this point onward the majority of work was carried
out building upon the foundations of Halpern et al (2008). Avenues of research employed
indicator/index-based methods, ranking the pressures-ecosystem vulnerability nexus through expert-
based judgment (e.g., with sampling surveys/questionnaires) when data were not available. In many
cases, these data gaps were due to a lack of regional and local scale data on ecosystem vulnerability
to specific pressures). Recently, with the progressive digital transformation and the increased
availability of spatio-temporal data for marine and coastal environmental monitoring and
management (e.g., remote sensing data), authors now have the possibility to design and test new
methods (e.g., advanced ML-based models) to evaluate the effect of multiple pressures affecting
MCEs. These methodological and digital improvements allow the integration of big data that are
essential to disentangle complex inter-relationships and feedbacks between multiple endogenic and
exogenic pressures. These pressures lead in concert to cumulative impacts and the resulting changes
in MCE:s ecological condition.

Building on the results of the literature review, an expert engagement workshop was organised for
the co-development of the MRAF. The workshop sought to reinforce the ecosystem risk concept to
then efficiently implement ecosystem-based assessment and management measures. This, in turn,
more easily helps to mitigate multiple risks arising from the dynamic interplay between climate
change and human-induced pressures. It emerged from the workshop that all risk components
(pressure, vulnerability, and ecosystem services) are connected in a complex marine coastal socio-
ecological system. Among these components, vulnerability is the most difficult to identify, while
ecosystem services can be considered as a cross-cutting concept throughout the risk and DPSIR
framework. The outcome of this workshop drove the data collection and implementation of the
specific MRAFs across the MaCoBioS eco-regions.

Finally, ML-based risk assessment models were implemented to analyse interactions among stressors
as well as evaluate the risk reduction and associated ecological benefits expected from reducing
pressure from stressors. These, in turn then guide the implementation of management actions and
mitigating strategies. Different configurations of the RF model were designed and implemented
across the MaCoBioS eco-regions. Scenarios related to the variation in SST, Salinity, MHWs, and
SSH were simulated in the Mediterranean eco-region. This was done to test the capacity of the
designed ML-based model to better understand multi-risk underpinning MCEs' response to future
climate impacts. The final models showed good potential for not only capturing these relationships,
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but for evaluating the most relevant ones driving changes in MCEs’ conditions as well.

More precisely, results showed that the ecological condition is mainly threatened by

human-related pressures linked to coastal development and to changes in nutrient

concentration. Both of which can trigger cascading effects on the potential light reaching

the seabed. As for Northern Europe, future variations in dissolved oxygen were simulated,
as it is one of the most important variables for the region's representative ecosystem. In this case
study, the model proved capable of capturing the relationships between cumulative impacts of the
stressors. In particular, the interplay between remaining pressures and oxygen in the future showed a
worrying decline in the ecosystem consistent with past trends. The insights gained from working
within these two eco-regions, as well as the data prerequisites, revealed that extending the same
approach to the Caribbean eco-region would not be feasible within the project's timeframe. The
absence of extensive and homogeneous data able to represent both pressures and the coral reef
distribution at the eco-regional level did not allow for the implementation of the RF model across all
the MaCoBioS eco-regions.

Overall, despite limitations inherent to data availability at this large scale, this ML-based approach
provided useful predictive insight on possible future ecological conditions and the nexus
underpinning MCEs' response to multiple pressures, including climate change. The continuous
progress in understanding cumulative impacts, also thanks to ML models allowing to improve the
overall understanding of environmental systems behaviour, might help to identify some relevant
trends potentially representing ecosystem thresholds of change or approaching tipping points. The
resulting GIS-based multi-risk scenarios from this Task will then be used as input data for the NBSs
suitability mapping (Task 3.3). Moreover, they will be the starting point for the local MRAF
operationalisation aimed at identifying hot-spot risk habitats (e.g., seagrass meadows, mangroves)
where management actions and adaptation strategies supported, or inspired, by nature would be best
targeted.
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Supplementary material
Annex 1: Query string performed in Scopus (search date: October 2020)

TITLE-ABS-KEY (("cumulative impact*" OR "cumulative effect*") AND ("marine" OR
"coastal" AND "ecosystem*" OR "environment")) OR (("cumulative impact*" OR "cumulative
effect*" AND ("ecosystem service*" OR "multi-risk*" OR "multi risk*" OR "climate change" OR
"ecological tipping point*" OR "policy support” OR "ecosystem health" OR "ecosystem
condition" OR "ecosystem vulnerability" OR "safe operating space" OR "adaptive capacity" OR
"resilience")) AND ("marine" OR "coastal" AND "ecosystem*" OR "environment")).

Annex 2: Methodological approach for the evaluation of existing studies and applications
dealing with cumulative impact appraisal in MCEs

Data collection

Peer-reviewed literature dealing with cumulative and multi-risk appraisal in MCEs was searched
using Scopus, a source-neutral abstract and citation database, developed by independent subject
matter experts. The Scopus database is considered the largest curated bibliographic abstract and
citation database (Baas et al., 2020), and it was selected as the main source of information for this
review. Specifically, building on the objectives of this paper, we performed in Scopus a search query
combining the following keywords: ‘cumulative impact, cumulative effect, marine coastal ecosystem,
marine coastal environment, ecosystem service, multi risk, climate change, ecological tipping point’
through appropriate Boolean operators (“AND”, “OR”, “NOT”). This allows to define the scope of
the search and, therefore, identify a comprehensive list of relevant applications integrating
methodological approaches for cumulative and multi-risk appraisal in MCEs (the query string is
detailed in Annex 1). The resulting list of papers published between the 2000-2020 timeframe (the
search was limited to this period because this specific research topic acquired a wide attention just in
the 2000s) and their connected records (e.g., information including title, author and author keywords,
affiliations, etc.), was exported as a Bibtex file for a qualitative and quantitative analysis through the
Bibliometrix R Package (Aria & Cuccurullo, 2017; Mingers & Leydesdorft, 2015), as well as the
subsequent systematic review.

Scientometric analysis

The Scientometric analysis explores, evaluates and monitors the state of a particular field of research,
meta-analytically evaluating the development of a predefined research area to identify its key
components and underlying theoretical frameworks (Geissdoerfer et al., 2017). This quantitative
analysis takes advantage of the main metadata related to each paper: citation information (such as the
author’s name, document title, year, and citation count), bibliographical information (e.g., affiliations,
publisher, and editor), abstract and keywords (e.g., the authors’ keywords and the index keywords).
This information exported from Scopus was processed by applying the open-source Bibliometrix
Package, designed for the statistic R software (Aria & Cuccurullo, 2017). Bibliometrix is a web-based
application for bibliometric and co-citation analysis able to achieve comprehensive science mapping
analysis of scientific literature (Aria & Cuccurullo, 2017) (http://bibliometrix.org/biblioshiny), thus
supporting an overarching understanding and interpretation of network patterns, as well as recognize
gaps across research fields.
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Systematic review — selection of ‘key papers’

Following a preliminary identification of major focal topics made through the

Scientometric analysis, a Systematic review was then applied. This review process

consists of a rigorous methodological examination of the identified scientific literature

(as detailed in “Data collection™), allowing to separate the insignificant, unsound, or
redundant publications from the salient and critical ones, that are worthy of further investigation
(Mulrow, 1994). Specifically, the Systematic review has been performed based on the PRISMA
approach (Moher et al., 2009), consisting of a pyramidal analysis composed of an iterative stepwise
process following a predefined checklist allowing to ensure a transparent and complete analysis and
reporting from each review phase.

This process reduces the list of papers (646 publications) previously selected through the keywords’
query applied in the Scopus database (“Data collection”) through different phases, including: i) First
publications’ screening based on the title’s pertinence to the topic of concern and review objectives
(resulting in 238 publications); ii) Second screening based on reading the abstracts and
methodological sections of publications remaining from the original list (100 documents were
selected); iii) Further screening through the reading of the full papers. During this process, 5 papers
emerged not in line with the objective of this review and, hence, removed from the final statistics; iv)
Selection of the most relevant publications on the topic of concern based on an in-depth reading of
the whole papers (including sections devoted to results’ analysis and discussion); v) Comparison and
discussion of the final 30 “key papers” against a set of comparison criteria.

Particularly, the whole set of comparison criteria aims at clarifying the main features of the reviewed
CIA-related methodological approaches, specifying: a) the case study area including details on the
scale of analysis; b) the name of the method assigned by authors together with the specific type of
analytical approach applied (e.g., mapping, indicator/index, machine learning, Bayesian network); c)
the components analysed through the CIA-related methods, including specification on pressures (with
their interactions), exposed environmental targets and vulnerability factors (or indicators) integrated
in the study; d) the presence/absence of climate change/management future scenario analysis; €) the
ecosystem services integrated into the CIA framework, also clarifying the type of ecosystem services
considered in the study (i.e., provisioning, regulation & maintenance, and cultural services); f) the
integration of ecological tipping point concept into the CIA analysis; g) evidence for use of CIA
approaches for integrated management of MCEs.

This iterative process (including the selection of specific comparison criteria) was applied under tight
cooperation among 14 MaCoBioS (H2020, https://macobios.eu/) partners, jointly evaluating
methodological approaches and frameworks dealing with CIA and multi-risk assessment in MCEs.
Participants covering multifaceted fields of environmental/marine sciences and chemistry, risk
assessment, ecological and physical modelling and maritime spatial planning and management
enabled an interdisciplinary exchange to better evaluate selected papers from different perspectives,
as well as identify key challenges that need to be addressed in future CIA and multi-risk assessment
frameworks.

Annex 3: Results and insights from the Scientometric review

As described in Section A, the Scientometric review was performed by first applying a literature
search in Scopus. This selection method led to the identification of 646 publications (value obtained
at the end of October 2020) dealing with CIA in marine and coastal ecosystems, during the
investigated 2000-2020 timeframe period. This process allowed to develop of the first Scientometric
review (and related graphs) by using the bibliometric data of the 646 selected as input data for analysis
through the open-source Bibliometrix R Package. Afterwards, the same Scientometric analysis was
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repeated by considering only the 238 papers obtained against the title-screening phase, as
implemented under the Systematic review. This allowed performing a more robust
review, focusing only on a restricted number of preselected papers, thus avoiding non-
significant documents (e.g., review papers or publications not focusing on the topic of
concern of this review) for the scope of this study. Hereafter, the main findings from the
performed Scientometric review (both for the 646 and 238 papers) are reported, highlighting 1) the
annual scientific production; ii) the most relevant authors; iii) the most frequent authors’ keywords;
iv) the most relevant keywords and their linkages’ evolution across different timespans (e.g., 2000-
2005, 2000-2010; 2000-2015; 2000-2020); v) the country collaboration networks’ evolution under
different time slices (i.e., 2000-2005, 2005-2010; 2010-2015; 2015-2020).

Annual scientific production

The analysis of the annual scientific production allowed examining the number of publications per
year from 2000 to 2020, thus getting some insights on the progressive relevance and trends in CIAs
methods and applications across MCEs. Specifically, as shown in Supplementary Figure S1, a
relevant positive increase in publications during the last six years (from 2014 to 2020) can be
observed, which overall, they account for more than half of the whole literature of concern (from 20
to 37 papers per year). Moreover, it is evident a gradual increase in publications since 2008. In fact,
with his global-scale assessment, Halpern et al., (2008) (the pioneer of these applications) laid the
way for other CIA applications (Korpinen & Andersen, 2016; Quemmerais-Amice et al., 2020),
following his same approach (or similar ones).

2010
Year

Figure S1. Number of publications applying CIA in marine and coastal ecosystems during the
2000-2020 timeframe (left: across the 646 papers, right: across the 238 papers).

Top authors’ production over time

The analysis of the author’s production over time allows integrating information concerning the
number of contributions and the quotations authors have received through the years. This is analysed
by means of the graph as presented in Supplementary Figure S2, showing the top 20 authors with the
higher contribution to CIA in MCEs. Focusing on the symbols applied in the graph, the size of the
dots is proportional to the number of publications per year. Accordingly, it is possible to see when
and how many articles these authors published in the 2000-2020 timeframe. Moreover, the colour of
the dots is proportional to the overall document’s citations received by the author per year (i.e., dark
blue dots correspond to the most cited papers). On the other hand, the red line per author represents
the production time between the first document published and the last one, allowing us to understand
the frequency of publication per author over the last two decades. In particular, considering the top
20 author’s production under the 2000-2020 timeframe, Halpern B.S. emerged as the main author
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(with an overall number of 18 publications from 2008) applying a systematic procedure
for evaluating the cumulative impact from multiple pressures/activities on MCEs.

Author

Figure S2. Top 20 authors' production over the time (left: across the 646 papers, right: across the
238 papers). The red line signs the publications period of the author, while the size of the dot

signifies the relevance of papers published within the CIA.

The two blue dots in the Halpern BS timeline highlight this researcher as the most cited author through
the investigated timeframe, recognizing him as the most prominent author dealing with CIA
methodology applied in MCEs. Along with Halpern B.S., the first 5 main authors are Micheli F.,
Stelzenmuller V., Andersen J.H., Depellegrin D. However, even though they are among the most
productive authors, developing CIA-related methodologies for the longest time, we can see a reduced
frequency in publications and a lower number of citations compared with Halpern B.S.

Word Cloud

The Word cloud graph analyses the most frequent 50 author’s keywords used among the whole set
of papers published during the 2000-2020 timeframe. Looking at the resulting figure generated from
this analysis (words are distributed on a shape similar to an ellipse, Supplementary Figure S3, it can
be seen a gradient in word size. In particular, the most frequent words are presented with the biggest
font and are positioned towards the centre of the ellipse.
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Figure S3. Word Cloud analysis illustrates the main author’s keywords (left: across the 646
papers, right: across the 238 papers). The biggest size and the centrality position of keywords
indicate the most important keywords employed by authors within the CIA in marine and coastal
ecosystems.

As we might expect, the figure discloses as main frequent author’s keywords, those contained in the
query string (explained within the Annex 1) such as cumulative impacts, cumulative effects.
Furthermore, besides these keywords, ecosystem-based management (EBM), marine spatial planning
and climate change emerged as the keywords most frequently used by authors. In fact, not
surprisingly, many CEA and CIA methods have been developed to support decision-makers and
planners in the design of spatial plans for MCEs management and conservation/restoration under the
ecosystem-based management approach (Menegon, Depellegrin, Farella, Sarretta, et al., 2018b), as
promoted by the MSP, MSFD and CBD regulatory frameworks (Andersen et al., 2015; Dominguez-
Tejo et al., 2016; Manea et al., 2020). Recently, also climate change threats have started to be
considered across many regulatory frameworks (e.g., MSP), and methodological approaches which
started integrating this concept to assess and model future environmental conditions of marine and
coastal ecosystems and foresee potential alteration of biological, chemical and physical processes
(Furlan et al., 2020; Gissi et al., 2019) leading together to changes in ecosystem services flow. In fact,
a key pillar of the ecosystem-based management approach is also the assessment of the range of
marine ecosystem services from which society can benefit from healthy marine and coastal
ecosystems (Douvere & Ehler, 2008; M. Elliott et al., 2017; Farella et al., 2020). However, nowadays
marine ecosystem services are poorly considered in CIA approaches, and this aspect is also reflected
in the word cloud where marine ecosystem services doesn’t appear as a focal keyword, since only
recently started to be explored within the CIA methods (Depellegrin et al., 2020; Farella et al., 2020;
Singh et al., 2020).

Co-occurrence network

The relationship of co-occurrence keywords is one of the most important aspects of mapping
scientific knowledge, widely used in text mining, social networks and environmental analysis, as well
as in the field of biology (Li et al., 2018). Relationships between keywords generate a family (or
cluster) of co-occurrence sets (e.g., author keywords) that can be viewed as a snapshot of the
information space during a determined timeframe, allowing to understand past and future challenges,
methods and strategies enabling future implementation. The resulting co-occurrence networks
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(graphs) are built based on a co-occurrence matrix, collecting relationships between any
two high-frequency keywords. To get some insights from this co-occurrence matrix (and
resulting network map), we need to consider the following elements and characteristics:
1) the presence/absence of nodes reveals the importance of the cluster, while their size in
the overall network allows distinguishing the importance degree; ii) the edge enables to
identify the interrelationship between keywords; iii) the spatial distribution of keywords is driven by
their centrality role (or the minor — peripheral- relevance) within the selected list of publications; iv)
clusters of keywords are identified by a different colour (Batisti¢ & van der Laken, 2019; Li et al.,
2018).

Analysing the co-occurrence networks developed in the frame of this study (four different networks
according to four-time slices, 2000-2005, 2000-2010, 2000-2015, 2000-2020, Supplementary Figure
S4), during the first timeframe 2000-2005, we noticed a fragmented network, where the keywords
used by authors are grouped into six clusters. Specifically, focusing on the network extracted after
title-screening (238 papers), three minor clusters are isolated by the other interconnected network,
and relate to risk model and assessment (violet cluster), vulnerability assessment (green cluster) and
specially protected areas (brown cluster). Furthermore, three clusters are interconnected by a network
that links ecosystem features (orange), methodological approach (blue) and pressure (red). In
particular, the blue cluster plays a key role during this time-slice, showing the keywords ‘cumulative
effects’ and ‘cumulative impacts’ as links with the orange and red clusters. During the second
timeframe (2000-2010, Supplementary Figure S4B), four clusters out of six are linked in a network
focusing on cumulative effects/impacts and ecosystem-based management procedures. Similarly,
within the third timeframe (2000-2015, Supplementary Figure S4C), was confirmed the priority
direction of the key topic considered in the previous timeframe, but were added increasing attention
to “climate change” and “multiple stressors” keywords.
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Figure §4. Word co-occurrence network graphs under four time slices: A) 2000-2005, B) 2000-
2010, C) 2000-2015, D) 2000-2020 (above: across the 646 papers, below: across the 238 papers).
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Moreover, as can be noted, all clusters start to be interconnected in a single network
connecting the aforementioned five more relevant keywords. This increase in
interconnection (as a result of the increase in publications), can be observed also in the
fourth time slice (2000-2020, Supplementary Figure S4D). Focusing on keywords, this
last plot displays an increasing focalization on these five main topics, proved by the larger
size of these keywords their centrality in the network. Finally, it is interesting to observe the
increasing relevance in time of the ‘marine spatial planning’ keyword. Indeed, observing the network,
although it is further from the centre, MSP could be considered at the same level as the other five
keywords in terms of dimensions and, for that reason, we can assume it covers a relevant role within
this research field. In fact, this is a relevant procedure promoted by EU policies (e.g., MSP directive)
to support decision-makers and managers in the achievement of ecological, economic, and social
objectives in the management of marine space and resources.

Country collaboration map

The evaluation of scientific collaborations among countries applying CIA methods in marine and
coastal ecosystems is performed by analysing the authors’ affiliations related to the same publication.
Specifically, through this analysis, the number of documents in which there is at least one co-author
from a different research institute is calculated. The country scientific collaborations graphic was
performed, similarly to the previous analysis, under four different timeframes (i.e., 2000-2005, 2005-
2010,2010-2015,2015-2020), thus allowing us to understand the evolution of collaboration networks
over time (Supplementary Figure S5).

C) Timeframe scenario 2010-2015 D) Timeframe scenario 2015-2020

Figure S5. Country collaboration maps under four time-slices: A) 2000-2005; B) 2005-2010; C)
2010-2015; D) 2015-2020 (above: across the 646 papers, below. across the 238 papers).

Specifically, during the first time slice (Supplementary Figure S5A), with only seven papers
published, the first countries approaching CIA in marine and coastal ecosystems were the USA,
Canada, the UK and China. Moreover, during this period only one interconnection emerged between
USA and China. In the following 2005-2010 time period (Supplementary Figure S5B), collaborations
among countries gradually increased according to the related rise in publications (with new
contributions from Oceania, South America and central-east Africa). Instead, during the third
timeframe period, many European States started developing collaborative CIA approaches with extra-
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continental states (as illustrated by the high number of red lines in Supplementary Figure
S5C). In the last five years, we can observe a dense network of interconnections among
states, as a result of the increased international relevance of this specific research field.
Finally, the present plots also pointed out the lack of contribution of some relevant coastal
States situated mainly in north and south-west Asia, southeast Europe, Africa, South
America, Mexico, the Caribbean area and Greenland. Therefore, further advancement of such
approaches, as well as a better understanding of the potential impacts posed by multiple drivers, could
be pursued by also fostering new collaborations with coastal and marine researchers and local
stakeholders, in order to shape different CIA frameworks specifically designed and operationalized
for site-specific marine and coastal ecosystems and connected environmental issues.
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Annex 4: Table reporting the resulting output from the systematic review in terms of ‘key papers’ dealing with the application of
CIA in MCEs

When Policy support
L cumulative i
Ecosystem Services into CIA — for risk
Article detail CIA conceptual frameworks and Healthy marine coastal ecosystems under a frameworks ll pdi 5 management
i X . . . . q ead to .
methodological approaches changing climate — Scenario analysis ecological and climate
tipping adaptation in
point MCEs
Considering
@ Considered services: Considering policy
g e . . s .
Authors Location Type of method Components 5z Y/N Type of scenario Y/N Provnsmnm.g (P), Regulating tipping point (mana,gemem
S and Maintenance (R), actions)
£~ Culture (C), functioning (F) Y/N
= Y/N
4 what if scenarios: i) new MPAs; ii)
increasing SST within anthropogenic chronic
(Furlan et al IR [RIPATRiE and acute chemical hazards; rising nutrient
” Adriatic Sea Bayesian Network Vulnerability; Risk; Y Y . . > g . N N N
2020) L7 input; management measures and adaptation
Cumulative impact . .
strategies needed to reduce cumulative
impacts.
L Stressor; Exposure;
(Halpern et al, Global Mapplr'lg, Vulnerability; N N N N N
2019) Indicator/index .
Cumulative impact
Hazard; Exposure; Rising temperatures for the 2035-2050
(Furlan et al., L Mapping; Vulnerability; Risk; scenario under the RCP 8.5: exogenic variable
2019) Adriatic Sea Indicator/index Pressure; i L (SST); endogenic variables (Chl-a variations; L L Wy
Cumulative impact chemical and biological impact)
Mapping; Machine
(A. Stock et al., California Learning; .
2018) Coast Indicator/index; SucssorjExnosuic W L L L Wy
Statistics
Driver; Pressure; .
(Muiioz et al., Spanish Indicator/index; Sensitivity; Future conflicts among activities (were ) Nty o~ LeFliila ()
. . . I N Y . . . . Y Nursery area maintenance; (F) N Y
2018) contiguous zone Mapping; Modelling; Vulnerability; estimated applying a conflict matrix) . o O
5 Resistance; resilience; sensitivity
Exposure; Risk
A dviag Mapping; Pressure; Exposure; (P) Food provisioning; Raw
(Menegon, et North-Adriatic Indicator/index; Sensitivity; Risk; N N Y materials; (R) Air and water quality; N N

al.,, 2018)

Sea

Ranking; Statistics

Cumulative impact

disturbance protection;
Photosynthesis; Nutrient cycling;




Nursery; Biodiversity; (C)
Cognitive benefits; Leisure; Feel
good/warm glove;

(Menegon, et
al., 2018)

Adriatic Sea

Mapping;
Indicator/index; Monte
Carlo Simulation

Pressure; Exposure;
Sensitivity;
Cumulative impact

(Battista et al.,
2017)

Karimunjawa
(Indonesia);
Cantilan
(Philippines)

Indicator/index;
Ranking

Stressor;
Vulnerability;
Exposure; Risk

(R) Coastal protection; Erosion
control; Water purification;
Maintenance of fisheries and
wildlife; Nutrient cycling; Carbon
sequestration; Biodiversity; (C)
Tourism, recreation, education, and
research; (F) System recovery
potential; connectivity; resistance to
impact; functional redundancy and
diversity.

(Uusitalo et al.,
2016)

Baltic Sea

Bayesian Network;
Mapping; Expert-based
scoring

Pressure; Exposure;
Vulnerability;
Cumulative impact

3 scenarios:

(1) business-as-usual scenario (current or
recent nutrient loading and fishing mortality
levels are maintained but no further
restrictions are implemented); (2) a 30% cut in
the pressures (nutrient inputs and fishing
mortality); (3) 60% cuts in the pressures.

(Hayes &
Landis, 2004)

Point Roberts;
Drayton Harbor;
Birch and Lummi

Ranking; Mapping;
Monte Carlo

Stressor; Exposure;
Risk; Effect

Bays; Cherry Point Simulation
Driver;
(Halpern et al., . Vulnerability;
2008) Global Rlaoning Exposure;

Cumulative impact

(Singh et al.,
2020)

The coast of
British
Columbia,
Canada

Modelling; Mapping;
Expert-based scoring;
Ranking

Driver; Ecosystem
service

3°C SST increase and 0.3 pH decrease for
2100: exogenic variable (temperature, ocean
pH); endogenic variables (oil-spill)

(P) Commercial Demersal/pelagic
Fishing; Commercial
Demersal/pelagic Fishing; Energy;
Finfish/Shellfish aquaculture; (R)
Coastal Protection; (C) Coastal
Aesthetics and recreation (kayak,
boating, camping, dive sites)
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(Fu et al., 2020)

British
Columbia,
Canada

Modelling;

Driver; Pressure;
Risk; Cumulative
impact;

Favourable (from fish perspective) high fish
population biomasses; halving fishing
mortality rate; doubling plankton biomass and
halving marine mammal biomass;
Unfavourable (from fish perspective) low fish
population biomasses; fishing mortality
doubled; halved plankton biomass; and marine
mammal biomass doubled; attempt to address
the variations of specific indicators to CC
pressures (i.e., SST)

(P) Total fish biomass of all-
trophic-level species; the biomass of
higher-trophic-level fish species

(Hammar et al.,
2020)

Swede

Mapping; Indicator/
index; Expert-based
scoring

Pressure; Exposure;
Cumulative impact;
Sensitivity

MSP scenarios 2020-2030: i) MSP proposals
developed after extensive stakeholder
dialogue; ii) Eco-alternative plans
safeguarding of ecological functions to
achieve GES status; compared to no
implemented MSP simple projection from

current industry trends;

(Turschwell et
al., 2020)

Global
Mangrove

Bayesian Network;
Modelling; Mapping

Driver; Pressure;
Impact; State;
Response

(Tulloch et al.,
2020)

Global

Mapping; Indicator/
index

Stressor; Exposure;
Vulnerability;
Cumulative impact

(Fang et al.,
2020)

Xincun Lagoon,
Hainan, (China)

Indicator/ index;
Mapping; Modelling

Activity; Pressure;
Vulnerability;
Cumulative Impact

Different vulnerability (p value) from
mangroves, seagrass beds and other areas

(Hansen &
Bonnevie,
2020)

Baltic Sea

Mapping;
Indicator/index

Pressure; Exposure;
sensitivity;
Cumulative impact

Scenarios where ecosystems might become
endangered, areas where competition/ conflict
might arise, and areas where synergies might

cause potential for co-location

(Andy Stock et

Modelling; Monte

al.. 2018) Global ocean Carlo uncertainty Stressor
” analysis
20D Invetebrate Prdatory omase
. Modelling; Monte Waniing = NCIPZH (i) RCP.4‘5. (i) Kempton’s index; Total catch; (F)
(Corrales et al., Israeli Med. Pressure; and RCP8.5 (Scn7); Endogenic: Fishing effort

2018)

continental shelf

Carlo uncertainty
analysis

Cumulative impact

- Kept at 2010 levels or New Israeli
regulations; Trophic groups biomass; Alien
species: biomass Forced or not

Mean Trophic Level of the catch;
and of the community; Total System
Throughput; Finn’s Cycling Index;
Path length
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2016) Zealand ud ? Exposure;
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2016) Atlantic Machine Learning ’ restoration benefits

Threats; Pressure;

(Lasram et al Mapping; Exposure;
2016) ” Tunisia's EEZ Indicator/index; Vuln}zrabili; . (F) Functional biodiversity
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Qualitative predictions under alternative
(Marzloff et al., South-eastern . Impact; Exposure; scenarios abf)ut species ol
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variables: range shifts, species relocation
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Annex 5: Mediterranean key pressures

PRESSURE

DESCRIPTION

CLIMATE DRIVERS

Sea surface
temperature (SST)
increase

Annual mean SST will increase by 0.43-1.17°C in a century under the SSP1-2.6 scenario, and by 2.01-4.07°C under SSP5-8.5 (IPCC, 2021). Seawater
temperature has affected and will continue affecting the distribution and abundance of native and alien species in the future, with severe ecological
effects on the invaded environments (e.g., global extinction of native species, altered food chains) (Jorda et al., 2012).

Sea level rise

It results mainly from the thermal expansion of oceans and glaciers melting (IPBES & IPCC, 2021). Although SLR doesn’t assume a homogeneous
pattern across the globe, it is possible to calculate a continuous rising rate of more than 3 mm/year in recent decades (Brondizio et al., 2019; Cramer
et al., 2020). This rate is faster than the one observed in the past two millennia and is likely to accelerate (Cramer et al., 2020). In fact, the Sea Level,
compared to data from the late 20th century, is projected to increase from 28-55cm under the very low GHG emissions scenario, SSP1-1.9, to 98-
188cm under the very high scenario, SSP5-8.5, by the end of the 21st century (IPCC, 2021).

Precipitation

The major trend that can be observed is a decrease in winter precipitation since the second half of the 20th century, especially in the central and
southern parts of the Mediterranean. According to this trend, precipitation is expected to decrease in most of the regions, with an average rate of
reduction of about 4% per degree of global warming (Cramer et al., 2020).

Extreme events

These events (such as marine heat waves, storm surges and flooding events) will become more frequent and intense, particularly in the northern
Mediterranean. In particular, the largest marine heat waves detected since 1982 occurred in 2003, 2012, 2015, and 2017 (Grizzetti et al., 2016) but
according to the RCP8.5 scenario, they will increase in spatial extension, duration, frequency and intensity (Cramer et al., 2020; IPCC, 2021).

Ocean water
acidification

According to thermodynamic calculations of the IPCC emission scenarios, at the end of the century in the Mediterranean basin pH could decrease
from 0.1 pH units, under the RCP2.6. scenario, to 0.4, follow the most pessimistic scenario RCP8.5 (IPCC, 2014).

Salinity

According to the worst IPCC RCP8.5 scenario, for the end of the century, the sea surface salinity anomalies will range from -0.18 to +0.16 psu (Cramer
et al., 2020; Soto-Navarro et al., 2019)

POLLUTION
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Atmospheric
particulate matter

PM concentrations in the Mediterranean region result much higher than the limit values given in the WHO guidelines (Brondizio et al., 2019;
UNEP/MAP, 2012), particularly across Italian and Greek cities (e.g. Vicenza, Cremona, Athens), as well as in the eastern part of the Mediterranean
basin.

Plastic
(macro/micro/ nano)

In the Mediterranean Sea, the average density of plastic is one element per 4m2 (Cramer et al., 2020). Of particular concern is the exposure to MP
(Micro Plastic) (size <5 mm) by numerous taxa, especially in the coastal zone, which occurs mainly through ingestion. In addition, persistent organic
pollutants and alien species are also transported with plastics.

Nutrient enrichment

Soil erosion due to agriculture is leading to a high increase in water bodies nutrient fluxes, mainly nitrogen and phosphorus, which have risen 4 to
20 times in the last 10 years (CMEMS, 2020), following decreasing levels eastward from Gibraltar to the Levantine Sea. Nutrient enrichment in the
Mediterranean Sea can cause a strong increase in phytoplankton growth and biomass, leading to eutrophication processes. Impacts are even worst
in presence of harmful or toxic algal blooms, which can cause disease, mortality and socio-economic impacts related to fisheries, aquaculture,
tourism and human health.

Gaseous pollutants

Due to road traffic emissions, the Mediterranean basin is one of the regions of the world with high concentrations of gaseous air pollutants such as
nitrogen dioxide, sulphur dioxide and ozone (UNEP, 2014).

Other pollutants

Such as trace metal elements (MTEs) like cadmium, chromium, copper, lead, nickel, zinc, and mercury, polycyclic aromatic hydrocarbons (PAHs) and
pesticides (PAls). They tend to remain in the environment and concentrate in organisms, posing a threat to plants, animals, and ecosystems, as well
as constituting a major health risk to humans (Roca et al., 2017).

CHANGE IN LAND AND SEA USE

Coastal Development

The coastal environment has been one of the most affected by urbanization in recent decades (Smith & Rodriguez-Labajos, 2021). This is also due
to the dramatic increase in tourism in the last 20 years, which has tripled globally (Brondizio et al., 2019), bringing numerous economic benefits
with negative cascading effects on the marine coastal ecosystem.

Overfishing and
unsustainable fishing

Data showed that due to the increase in SST and decrease in oxygen availability (IPBES, 2019), a shift in fish populations and a decrease in fish size
is occurring. Furthermore, overfishing is causing a further decrease in stock biomass (Brondizio et al., 2019).
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Aquaculture

There are a large number of impacts on the local scale mainly related to effects on the seabed biocenosis under aquaculture facilities (most of the
invertebrate species are phytophagous pests that cause damage to crops and forests), behavioral changes in local wildlife, genetic changes in wild
fish populations (Tic¢ina et al., 2020) and nutrient enrichment, which can cause a high increase in phytoplankton and harmful algae (Cramer et al.,
2020).

NON INDIGENOUS SPECIES (NIS)

Tropicalization

The appearance of numerous allochthonous species within the Mediterranean basin entering through the Suez Canal or the Strait of Gibraltar. In
the past, these species seemed to remain confined to areas close to their zones of ingress, while now they are increasingly present in the northern
area of the Mediterranean due to rising sea temperatures (Cramer et al., 2020; UNEP/MAP, 2012).

Meridionalisation

The increase in the proportion of native thermophilic species of Boreo-Atlantic origin. These species, after entering the Mediterranean during the
glacial period, had become established in the northern and colder parts of the basin and now, unable to move further north due to rising
temperatures, may quickly disappear (Coll et al., 2010).

Marine transport

The two most likely routes of initial introduction of organisms into the Mediterranean Sea via marine transport are through ballast water and ship
hulls. The first includes mainly plants and invertebrates (often as seeds or in resting stages such as cysts or eggs), while the second principally takes
in account sedentary species that attach to hulls (Katsanevakis et al., 2016).
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Annex 6: Results from the Ahaslide questionnaire of the pre-event phase under the
“pressures” topic
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Annex 7: Results from the Ahaslide questionnaire of the pre-event phase under the
“ecosystem services” topic
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Annex 8: Results of the World Café discussion for the “Pressures” topic
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Annex 9: Results of the World Café discussion for the “Vulnerability” topic
X
MCEs
) Adaptive |Seagrass |[Coral |Kelp Rodolith . Marine
Sensitivity capacity |beds reefs  |forests Mangroves |Saltmarshes beds Fish mammals
g X X X X X X
Likelihood of mortality (proxy or delete (7)) x
X
Recovery time of community (shift to proxy of
resilience’
X X
Biodiversity index X
Level of
Reduction in ecosystem area (over the past 10,
20, 50 years...)
et rochmd ™
Species divers
Functional diversi M
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Genetic diversity X
Cover and density
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Annex 10: Full list of indicators and related metrics considered for the
Mediterranean eco-region
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Marine Areal extent/surface Percentage of presence
coastal — —
ecosystem Spatial distribution Pattern of connectivity

condition Species richness Shannon index

Annex 11: Summary of the range and distribution of the considered Mediterranean model
predictors and responses

No

Variable

Yearly
minimum
oxygen
concentration
[mmol m-3]

Yearly 5
percentile
oxygen
concentration
[mmol m-3]

Yearly 90
percentile
Chlorophyll-a
concentration
[mg m-3]

Abbreviation Stats / Values
Graph

Mean (sd) : 207 (8.7)
min < med < max:

02_min [numeric] 183.8 < 206.7 < 237.1

IQR (CV) :12.3 (0)

Mean (sd) : 232.9 (10.9)

O2_5percentile min < med < max:

[numeric] 212.2 <231.7 <270.7

IQR (CV) : 15.4 (0)

Mean (sd) : 0.4 (0.4)

CHL.a_90percentile min < med < max:

[numeric] 01502537

IQR (CV) : 0.3 (1.1)
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Mean (sd) : 6.6 (4.6)
Yearly ‘
minimum min £ med < max:
4 Secchidepth = ZSD_min [numeric]
value 1.3<55<255 H
im 1
el (=t IQR (CV) : 6.9 (0.7) -
Mean (sd) : 17.3 (7.4)
Yearly 5 min £ med < max:
percentile ZSD_5percentile <18 < '
Secchi depth [numeric] 19<18<3638
[mmol m-3] IQR (CV) : 12 (0.4) m
a [t
Mean (sd) : 0.2 (0.1) [
Yearly
maximum min £ med < max:
6 Eastward Sea o_max [numeric]
Water uo— u 0<0.2<1 }
Velocity ,J,,,,,,“rm,,
[m s-1] IQR (CV) : 0.1 (0.6)
Yearly Mean (sd) : 0.2 (0.1)
maximum . .
Northward . min £ med < max:
7 Sea Water vo_max [numeric]
. 0<0.2<0.9
Velocity
[m s-1] IQR (CV) : 0.1 (0.5) 1l fo
Mean (sd) : 0 (0)
Yearly mean
Northward min < med < max:
8 Sea Water vo_mean [numeric]
Velocity -0.550<0.3
[m s-1] "
IQR (CV):0(-2.8)
Mean (sd) : 0 (0)
Yearly mean
Eastward Sea min < med < max:
9 Water uo_mean [numeric]
Velocity -0.5<0<0.4
[m s-1] -
IQR (CV) : 0 (24) : S
10

Mean (sd) : 0.1 (0)
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Yearly 5
percentile
Light
attenuation
[mmol m-3]

Yearly 95
percentile Sea
11 surface
temperature
[Kelvin]

Seagrass
distance from
port
[km]

12

Yearly
Shipping
13 traffic
[hours km-2
year-1]

Seagrass
distribution
[poligon
occurance]

14

Level of
15 connectivity
(km]

16

KD490_5percentile
[numeric]

SST_95percentile
[numeric]

Med_distance.from.
port.4km [numeric]

vessel_density_4km
[numeric]

seagrass_distributio
n [numeric]

connectivity
[numeric]

min £ med < max:
0<0<04

IQR (CV) :0(0.7)

[l == —

Mean (sd) : 299.8 (1.7)
min £ med < max:

293.4<299.6 <303.7

il

IQR (CV) : 2 (0)

Mean (sd) : 27.6 (32.3)
min < med < max:
0<16<234

IQR (CV) : 31.7 (1.2)

F' [

Mean (sd) : 6.4 (147.4)
min < med < max:

0<0<10883.9

IQR (CV) : 0.4 (23)

Mean (sd) : 0.2 (0.6)

min £ med < max: ‘
0<0<2 ‘
IQR (CV) :0(2.4)
Mean (sd) : 1.3 (0.8) ‘
min £ med < max: ‘ ‘
0<2<2 ﬁ‘

IQR (CV) : 2 (0.7)

Mean (sd) : 38.1 (1)
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Yearly 5
percentile
Salinity
[psul

Yearly species
richness

17

Seagrass
distance from
major cities
[km]

18

Seagrass
distance from

major rivers
[km]

19

Annual Carbon

20 .
sequestration

Annual
Denitrification

21

min £ med < max:

SAL_5percentile 31.6<38.1<40.2

[numeric]
IQR (CV): 1.2 (0)
Mean (sd) : 0.7 (0.8)
min < med < max:

shannon_index

[numeric] 0<0<2

IQR (CV) : 2 (1.1)

Mean (sd) : 45.6 (32.5)
min £ med < max:
dist_city [numeric] 0<40.6<184.7

IQR (CV) : 41 (0.7)

Mean (sd) : 158 (189.8)
min < med < max:
dist_river [numeric]
0<93<845.7

IQR (CV) : 154.1 (1.2)

Mean (sd) : 0.2 (0.6)

: min < med < max:
carbon_sequestrati

on [numeric] 0<0<2

IQR (CV):0(2.6)
Mean (sd) : 0.2 (0.6)
min < med < max:

denitrification

[numeric] 0<0<2

IQR (CV) : 0 (2.4)

Mean (sd) : 2.7 (6.6)

= | -

C 100 ]
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23

24

25

26

27
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Annual Kinetic

energy at the

seabed due to
currents

Yearly 5
percentile
Ammonium
concentration
[mmol m-3]

Yearly
maximum
ocean
acidification
concentration
[pHI

Yearly
minimum
ocean
acidification
concentration
[pHI

Yearly 5
percentile
Phosphorus
concentration
[mmol m-3]

Yearly
minimum
Phosphorus
concentration
[mmol m-3]

mediterranean_KE_
currents [numeric]

NH4_5percentile
[numeric]

OA_max [numeric]

OA_min [numeric]

PO4_5percentile
[numeric]

PO4_min [numeric]

min £ med < max:
0<0.7<150

IQR (CV) : 1.6 (2.5)

Mean (sd) : 0.3 (0.4)

min < med < max:
0<0.2<2.8

IQR (CV) : 0.1 (1.3)

Mean (sd) : 8.2 (0)
min £ med < max:
8.1<8.2<8.5

IQR (CV) : 0.1 (0)

Mean (sd) : 8 (0)
min £ med < max:
7.9<8<8.2

IQR (CV) : 0 (0)

Mean (sd) : 0 (0)
min < med < max:
0<0<0.8

IQR (CV) :0(2.3)

Mean (sd) : 0 (0)
min < med < max:
0<0<04

IQR (CV) : 0 (2.2)

-

Al

TFL. Y Y
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29

30

31

32

33
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Yearly
standard
deviation

Salinity

[psul

Yearly mean
Sea level rise
value [m]

Yearly
standard
deviation Sea
surface
temperature
[Kelvin]

Yearly
minimum
Significant
wave height
[m]

Number of
marine heat
waves

Intensity of
marine heat
waves

SAL_sd [numeric]

SSH_mean
[numeric]

SST_sd [numeric]

SWH_min
[numeric]

mean_number_mh
ws [numeric]

mean_intensity_mh
ws [numeric]

Mean (sd) : 0.3 (0.3)
min < med < max:
0<0.2<52.2

IQR (CV) : 0.3 (0.8)

Mean (sd) : -0.3 (0.1)
min < med < max:
-0.5<-04<-0.2

IQR (CV) : 0.1 (-0.2)

Mean (sd) : 4.7 (0.8)
min < med < max:
1.9<4.6<6.9

IQR (CV) : 1 (0.2)

Mean (sd) : 3.1 (1)
min < med < max:
0.3<3.1<6.8
IQR (CV) : 1.2 (0.3)
Mean (sd) : 1.8 (0.3)
min < med < max:
09<18<238
IQR (CV) : 0.4 (0.2)
Mean (sd) : 1.7 (0.3)

min < med < max:

ﬁh .

sl i

Slilint

Al e

Al

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 869710



N Marine Coastal Ecosystems Biodiversity and Services in a Changing World

1.2<1.7<3.2

IQR (CV) : 0.4 (0.2)

Annex 12: Distribution of the Mediterranean model predictors
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NH4_5percentile NH4_95percentile
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Annex 13: Comparison between Baseline and Reference for the Mediterranean
model

1- SST_95 percentile_2017 (Copernicus vs CMCC_RCP8.5 data)
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2- SST_standard deviation_2017 (Copernicus vs CMCC_RCP8.5)
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3- SALINITY_ Spercentile_2017 (Copernicus vs CMCC_RCP8.5)
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6- SSH_mean_2017 (Copernicus vs CMCC_RCP8.5)

-035

-04

-05

ssh_mean_opa

-0.55

-0.45 -0.40 -0.35 -0.30 -0.25
ssh_mean_copernicus ssh_mean_copernicus ssh_mean_opa

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 869710




& Marine Coastal Ecosystems Biodiversity and Services in a Changing World

Annex 14: Results from the scenario analysis in the Mediterranean: circular bar
plot showing the anomalies between reference and future scenarios for all the 3

outputs

Seagrass distribution: anomalies between reference and future scenarios
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Connectivity: anomalies between reference and future scenarios
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Annex 15: Spatial representation of the anomalies between reference (1998-2017)
and future scenarios for all the Mediterranean RF model outputs.

The tested scenarios include: 1) individual scenarios (SC-A: SST, SC-B: SAL and SC-C:
SSH); ii) coupled scenarios (i.e., SC-AB: SST+SAL, SC-AC: SST+SSH and SC-BC:
SAL+SSH); iii) all available scenarios together (i.e., SC-ABC: SST+SAL+SSH).

Seagrass meadows shrinkage under ABC scenario analysis (2030-2050)

RCP 8.5

Seagrass meadows shrinkage under ABC scenario analysis (2080-2100)

RCP 4.5 RCP 8.5
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Variations in biodiversity under ABC scenario analysis (2030-2050)
RCP 4.5 RCP 8.5

Variations in biodiversity under ABC scenario analysis (2080-2100)
RCP 4.5 RCP 8.5

Variations in connectivity under ABC scenario analysis (2030-2050)
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Variations in connectivity under ABC scenario analysis (2080-2100)
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