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Human activities at sea have increased, causing subsequent degradation of ocean
health and a�ecting ecosystem services and societal goods and benefits. Climate
change further exacerbates the cumulative e�ects of these activities and their
associated pressures. Hence, e�ective management of these multiple activities
is imperative to ensure the sustainable use of the ocean. In response to these
challenges, we have developed a comprehensive conceptual framework model
within an ecosystem-based approach. This framework encompasses a versatile
toolbox designed to assess cumulative pressures e�ects and the environmental
status under the European Marine Strategy Framework Directive, in compliance
with the Birds and Habitats Directives requirements and the need to secure the
maintenance of ecosystem services and provision of societal benefits. Although
we use European examples in the current discussion, we consider that there
are similar challenges in many seas worldwide and so the recommendations
here are widely applicable. Our aim is to facilitate the validation, harmonization,
and demonstration of this toolbox across European regional seas and several
countries, at di�erent scales, from local to regional, including overseas territories.
This approach aims to foster comparability in environmental status assessments.
We anticipate that the proposed methodologies will serve as a foundational
benchmark against which progress can be assessed in line with expectations
and policy requirements. Additionally, this work prepares the groundwork for the
forthcoming evaluation of the suitability, robustness, and applicability of these
solutions and tools, thereby assisting managers in achieving Good Environmental
Status (GES), both in European and wider global contexts, to address challenges
which are common worldwide.
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1 Introduction

Human activities at sea, such as the production and extraction
of living and non-living resources, maritime transport, maritime
infrastructure construction, and land-based activities affecting

marine ecosystems, have significantly expanded in recent decades.
These activities impose substantial pressures with a subsequent

degradation of ocean health (Halpern et al., 2008, 2015; Reker

et al., 2019; Korpinen et al., 2021; United Nations., 2021a,b), and,
ultimately, affecting human wellbeing (Borja et al., 2020). Each
activity has a designated area of operation (an activity footprint),

in turn creating footprints of pressures (mechanisms of effect), and
footprints of effects on the natural and social systems (Elliott et al.,
2020a). These footprints then require to be addressed andmanaged,
using management response-footprints (Cormier et al., 2017). As
yet, the greatest challenge in marine management is in addressing
the cumulative footprints of all activities and their associated
pressures to mitigate the risk of adverse effects of their combined
effects on ecosystem structure and functions (Stelzenmüller et al.,
2018; Lonsdale et al., 2020).

Despite efforts to create a Sustainable Blue Economy and the

European Green Deal to minimize human impacts on marine

ecosystems and their services and societal goods and benefits

(European Commission et al., 2022), maritime and upstream

activities, driven by increasing human demands (Nash et al., 2020),
are likely to increase. While regulations and planning tools exist,

including maritime spatial planning (e.g., in Europe, the Maritime

Spatial Planning Directive, MSPD; European Union, 2014), their
cumulative impacts may translate to severe impacts on human
welfare. The cumulative impacts of human activities and their
pressures can be further enhanced by the effects of climate change
(Gissi et al., 2021; IPCC, 2021), which is altering the ocean, with
large-scale and severe effects on marine biodiversity worldwide
(Duarte, 2014; Poloczanska et al., 2016; Pecl et al., 2017; Pörtner
et al., 2021; Nikolaou and Katsanevakis, 2023).

Ensuring sustainable and regulated marine and coastal human
activities is crucial to achieving established goals, such as the

Biodiversity Strategy targets for 2030 (European Commission,
2020); Good Environmental Status (GES) under the Marine
Strategy Framework Directive (MSFD; European Commission,

2008); the Good Ecological and Chemical Status under the
Water Framework Directive (WFD; European Commission,
2000), for transitional and coastal waters; and the Favorable

Conservation Status of vulnerable habitats and species [Birds
and Habitats Directives, BHD (92/43/EEC)]. This aligns with the

United Nations (UN) Decade of Ocean Science for Sustainable

Development (2021–2030) (Claudet et al., 2020) and the UN
Sustainable Development Goals (SDGs) (e.g., Molony et al., 2022).
Additionally, the recently proposed EU Nature Restoration Law
(European Commission, 2022) and the UN Decade of Ecosystems
Restoration (Waltham et al., 2020) link sustainable use, planning
of human activities, and the no deterioration clause with binding
targets for ecosystem recovery by 2050. Achieving these goals will
increase the likelihood of maintaining the provision of marine and
coastal ecosystem services and societal goods and benefits under
climate change, increasing the resistance and resilience of marine
and societal systems (Runting et al., 2017; Gissi et al., 2021).

In this context, we present a conceptual model (Figure 1)
developed as part of the Horizon Europe research project
GES4SEAS1. The goal is to guide marine governance processes
on minimizing the cumulative human pressures and their impacts
on coastal and marine biodiversity and ecosystem functioning
while maintaining the sustainable delivery of ecosystem services.
Here, marine governance is defined as the sum of policies,
politics, administration and legislation required to manage the
marine system across all sectors (fisheries, shipping, seabed
extraction, etc.), for tackling these complex issues (Elliott and
Wither, 2023). We aim to achieve this objective by developing
an innovative toolbox, tested, validated, and demonstrated in the
context of adaptive ecosystem-basedmanagement (EBM) (Cormier
et al., 2017). The co-creation of a toolbox with a focus on
real problem-solving must start by understanding the uppermost
assessment needs faced by stakeholders as well as their expectations
regarding the main features or capacities of such an environmental
assessment toolbox.

This toolbox will allow the competent marine authorities and
regional seas conventions to assess and predict the effect of multiple
stressors (including climate change) and pressures from human
activities at the national, sub-regional, regional, and European
levels, take informed management decisions, implementing
measures that ultimately, will contribute to achieving GES. This
framework is operating under the above environmental, socio-
economic, and governance context, as shown in Figure 1.

Human activities are the result of socio-economic drivers and
societal needs (Figure 1), leading to pressures that typically overlap
in space and time, making the effects of their interactions
cumulative (e.g., additive, synergistic, antagonistic, or a
combination of these) (Elliott et al., 2020a; Lonsdale et al.,
2020). Even though they are often studied in isolation, our
knowledge of these interactions and their effects on the marine
environment has increased in recent years (Crain et al., 2008; Ban
et al., 2010; Coll et al., 2012; Korpinen and Andersen, 2016; Simeoni
et al., 2023), but huge challenges remain to be solved. This includes
our ability to consider the effects of all components of an activity,
of all activities in an area and all areas constituting a marine
management region on all receptors (ecological components).

Although physical and chemical processes can be predicted and
based on deterministic relationships, marine physical, chemical and
biological dynamics are often not linear. The consequence is that
there is little predictability regarding stochastic ecological processes
with which to inform decision-making processes, especially on
ecological tipping points and thresholds of change (Dudney and
Suding, 2020; Wedding et al., 2022), which, if exceeded, could
inflict irreversible ecosystem damage (Lauerburg et al., 2020). In
this context, an ecosystem-based and systems analysis approach
to the management of human activities at sea and on land (Borja
et al., 2016; Link and Browman, 2017; Elliott et al., 2020b) should
ensure that the combined pressure of such activities is kept within
levels that are compatible with the requirements of GES, against
a background of climate change (Figure 1). This means that the

1 GES4SEAS: “Achieving good environmental status for maintaining

ecosystem services, by assessing integrated impacts of cumulative

pressures”, (www.ges4seas.eu).
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FIGURE 1

Socio-ecological, socio-economic and governance context of cumulative pressures e�ects management at sea, in which the project GES4SEAS is
embedded.

capacity of marine and coastal ecosystems to respond to human-
induced changes is not compromised, enabling the sustainable
provision and use of marine goods and benefits by present and
future generations. Furthermore, marine systems need to be kept
resistant and resilient to rapid climate and environmental changes,
as advocated by the Green Deal, IPBES, and IPCC (IPCC, 2021;
Pörtner et al., 2021). However, more information is needed to
reduce the gaps in spatial and temporal marine data (Maes et al.,
2020) and in our understanding and knowledge of the impacts of
cumulative pressures on ecosystem functioning.

Critical changes in ecosystem components leading to degraded
ecosystem health are, for example, the shifts from high diversity
habitats to unnaturally low diversity ones, the accumulation and
increasing spread of invasive species or the increased frequency
of harmful algal blooms (HABs) and jellyfish outbreaks, hence
challenging the management of human activities (Fortuna et al.,
2023; Katsanevakis et al., 2023; Sagarminaga et al., 2023a,b).
Therefore, achieving “clean, healthy and productive oceans,” sensu
MSFD, is a delicate balance between the socio-economic needs
and the socio-ecological goals (Figure 1), framed by existing agreed
thresholds and observed/anticipated tipping points.

Our perspective of the combined effects of traditional and new
sustainable Blue Economy activities is summarized in Figure 2. In
principle, without human activities offshore, in coasts, or land, seas
could be considered in GES. The sea can be regarded as having
a finite assimilative capacity to accommodate human activities,
their pressures and effects without adverse effects being manifest.
With each additional activity permitted in a sea area, a portion of
that assimilative capacity is then used up and so current activities

can compromise achieving GES without adequate management
measures (Elliott et al., 2018). The total sum of such management
actions is defined in European terms as the Programme of
Measures (PoM), sensu MSFD and WFD and those PoM will
include mitigation and/or compensation methods to reduce the
adverse effects of the activities and therefore recover some of
the lost Assimilative Capacity; hence it is valuable to consider
the carrying capacity of an sea area to support human activities
without damage to ecosystem health (Elliott and Wither, 2023).
Eventually, if mitigation cannot remove all adverse consequences,
the number of activities and their pressures and effects would
exceed GES and hence breach the national obligation to maintain
a sea area in GES. Each of the Blue Economy activities can degrade
environmental status, even if carried out in the most sustainable
manner. Therefore, in consequence, without management or with
poor management, the assimilative capacity of the system can be
exceeded, despite existing solutions (Claudet, 2021).

There is an urgency in making the Blue Sustainable Economy
compatible with the objectives of existing environmental policies
for which tools are needed (European Commission, 2021). We
aim at contributing to balanced, sustainable development, linking
climate change and the cumulative effects of multiple activities
on environmental status, ecosystem processes, functions, and
services. A major challenge in marine management is to describe
and quantify the impacts on specific ecosystem components,
accounting for space and time lags, especially when the impacts
do not all co-occur in space and/or time (Mazaris et al., 2019;
Galparsoro et al., 2022). Therefore, here we propose methodologies
and approaches to develop a framework for adaptive EBM, which
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FIGURE 2

Illustration of the relationship between cumulative pressures, environmental status and the achievement of Good Environmental Status (GES). The
magnitude of impact/recovery as well as the order by which activities are included in the figure are illustrative only [adapted from Elliott et al. (2018)].

by necessity includes a toolbox to assess cumulative pressures
effects, the status under the MSFD and the BHD requirements
(which use implementation cycles, favoring such an adaptive
approach), and the maintenance of ecosystem services, in line
with the goals of the EU Biodiversity Strategy 2030, the Green
Deal and Mission Starfish 2030, for restoring ocean and seas
(European Commission et al., 2020). This toolbox would be
validated, harmonized, and demonstrated across EU regional seas
and countries, at different scales, from local to regional, including
overseas territories, allowing comparability in the GES assessments
and use by the Member States and Regional Sea Conventions.
We anticipate that this effort would serve as a baseline against
which to check the progress against expectations and policy
needs as well as fitness, robustness, and applicability of solutions
and tools of this framework, to address challenges which are
common worldwide.

2 Stakeholder involvement in a
co-creation process

To achieve the abovementioned objective and meet the
relevant policy objectives of the Biodiversity Strategy, Regional
Seas Conventions, the MSFD, WFD and BHD, we consider
that stakeholder involvement is crucial, guaranteeing a fit-for-
purpose, pragmatic and validated outcome (Figure 3). Setting
the scene with stakeholders has a pivotal role, identifying
the policy and societal needs and validating the solutions
proposed, engaging key stakeholders in the co-development of

the framework and its accompanying toolbox. Therefore, as part
of the stakeholder involvement process, a Practitioner Advisory
Board (PAB) is required, including key actors to guide the co-
creation approach.

Meeting the expectations of stakeholders on the main features
or capacities expected from an environmental assessment toolbox
is key to its acceptance. A preliminary survey engaging 22
stakeholders occupying key roles in marine governance and
assessment (from the GES4SEAS project Stakeholder Initial Survey,
2022) retrieved 78 suggestions, many of which reflect a common
desire for policy and regulatory compliance, flexibility of the
toolbox, a clear link to pressures and tomanagement, consideration
of confidence of the assessments, compatibility and interoperability
and clear guidance on its use (Supplementary Table S1), and
compiled in Figure 4. A strong PAB together with other
relevant stakeholders is also crucial to identify the main
challenges currently faced by those carrying out or using
the information from environmental assessments and drive
science knowledge toward solutions and well-suited developments
(Figure 4). Hence, the main outcome outlined above can be
achieved and ensure compliance with policy and regulatory
obligations, focusing on real problem-solving and following an
iterative and incremental development approach (Larman and
Basili, 2003), including communication and dissemination. This
approach would also be used for software creation, which involves
deconstructing the required comprehensive management system
into smaller, manageable items. The iteration process should
comprise several stages: Planning, Designing, Implementing,
Testing, and Evaluating. As such, the proposed framework will need
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to progress through feedback loops and reiteration stages that refine
the toolbox until it meets the objectives, under the guidance of
the PAB.

This iterative process can partly be achieved through
consultation during which different social research tools are used
(e.g., focus groups, interviews) which include information-
enhancing loops between the stakeholders and scientists
(learning and showcasing bi-directionally). The concept of
“learning” is central in this framework, which therefore should
include a series of Learning Sites (i.e., case-study test areas),
connecting stakeholders and scientists in the co-development
and co-learning process, and bridging end-user needs with the
scientific activities.

It is critical for the success of this collaborative process
to involve those stakeholders that have an influence on
both the specific goals and end-products to be achieved.
The implementation of the Green Deal and the new EU
Biodiversity Strategy requires that Member States collaborate,
supported by Regional Seas Conventions, to enable meeting
the targets required by these major environmental policies
[also including MSFD, BHD, WFD, Common Fisheries
Policy (CFP)]. Often, such policies are misaligned spatially
and temporally to a certain degree regarding monitoring,
reporting and targets (e.g., Franco et al., 2021). This is
despite them often converging and overlapping partially in
their objectives.

These outcomes would be communicated and promoted
by being adapted for dissemination to external and wider
audiences, and future exploitation. This co-creation approach
provides legitimacy to the outputs developed, i.e., their
validity within the targeted policies context; commitment
to its future use, as key stakeholders are more likely to feel
a co-ownership of the solutions generated, and increased
efficiency of its implementation. The ultimate outcome would
be knowledge transfer, real use and uptake by the practitioners
of a co-developed toolbox, necessary for implementing the
EBM approach.

3 A conceptual framework to solve
problems

The conceptual framework and theory, underpinning the whole
process to be operationalized in the different phases, should be
defined (Figure 5). It should indicate the boundaries for the models
to be used, the scenarios related to human activities and climate
change predictions, and the toolbox required to be used in the
Learning Sites, in a logical sequence to fit or contribute to EBM
approaches (Figure 5). It will identify all relevant human activities
both at sea and on land and how their pressures impact the
ecosystem and its components and guide EBM toward achieving
GES. Based on existing work (e.g., Culhane et al., 2019), we
are determining how the ecosystem service capacity depends on
marine ecosystems and GES (Elliott, 2023; Van de Pol et al.,
2023). As the focus is on the sustainable use of coastal and
marine ecosystems to perform services from which society obtains
goods and benefits and be resistant and resilient to the effects of

unmanaged exogenous pressures (e.g., climate change) (Borja et al.,
2010), we are focusing on those ecosystem services that are sensitive
to ecosystem change and health status, including the way they lead
to societal goods and benefits, including human health and welfare
(e.g., Charles et al., 2016; Elliott, 2023).

Within this framework, exogenic unmanaged pressures are
defined as “causes of change which have their origin outside of a
management system and cannot be controlled by local measures
whereas the consequences which occur in the management site
are subject to management measures” while endogenic managed
pressures are defined as “anthropogenic pressures which originate
within management system, i.e., the causes of change can be
controlled and their consequences addressed” (Smith et al., 2022;
Elliott and Wither, 2023). All this work provides the theoretical
and practical basis, and it guides the process of data analyses and
model building that constitutes the knowledge-base required to
address the policy and stakeholder requirements. This includes data
and methods for determining the spatial and temporal activity-
, pressure-, effect-, and management response- footprints (Elliott
et al., 2020a) and will separate these according to endogenic
and exogenic pressures using the causes-consequences-responses
pathways (e.g., Elliott et al., 2017; Cormier et al., 2019). To do this,
a solid commitment to building on the work of previous projects,
and the conceptual approaches they have developed (e.g., Knights
et al., 2015; Patrício et al., 2016; Smith et al., 2016; Borgwardt et al.,
2019; Pedreschi et al., 2019), is necessary.

The background and approaches to fill knowledge gaps in
our assessment of effects of multiple pressures on the ecosystem
and its functioning, i.e., using meta-analyses quantifying the
direction and magnitude of links between activities-pressures-
ecosystem components-processes-functions-ecosystem services-
societal goods and benefits and how these can inform EBM are
central to the proposed approach. In addition, having monitoring
data, based on the background related to possible lines of
physical-chemical, ecotoxicological and ecological evidence, it
could be possible to detect acute and chronic changes related to
anthropogenic activities. Having thus increased our understanding
on the response of organisms, ecosystems, processes, functions and
services to anthropogenic pressures and environmental changes,
the results from the information analysis would (i) support analyses
toward methods to identify reference levels and potential tipping
points, (ii) set thresholds where possible (Lauerburg et al., 2020),
and (iii) evaluate the consequences of management options aimed
at protecting marine habitats and species, building on previous
studies (Halpern et al., 2008; Cormier et al., 2013, 2017, 2019;
Andersen et al., 2015; Elliott et al., 2017, 2020a,b; Korpinen et al.,
2019; Lonsdale et al., 2020). However, differentiating between
service capacity and its human use is needed. That service capacity
can be linked to GES, but its use may not, as not all services are
linked to GES (Elliott, 2023).

In addition to the cause-consequence-response framework
DAPSI(W)R(M) [Drivers, Activities, Pressures, State changes
(on the natural system including ecosystem services), Impacts
(on human Welfare, including the effects on societal goods
and benefits), Responses (using management Measures)] (Elliott
et al., 2017), as a unifying approach, we are incorporating the
Commission Staff Working Document recommendation to use
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FIGURE 3

Stakeholder engagement to co-create suitable tools for marine management. GES, Good Environmental Status; LSs, Learning Sites; PAB, Practitioner
Advisory Board.

FIGURE 4

Main challenges faced with environmental assessments. Perspective from 22 stakeholders occupying key roles in marine governance and
assessment in national ministries and competent authorities, NGO’s, Regional Sea Conventions, European Commission and agencies (from the
GES4SEAS project Stakeholder Initial Survey, 2022).
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FIGURE 5

Developing a conceptual framework and knowledge base for Ecosystem-Based Management (EBM). HABs, Harmful Algal Blooms.

the DAPSES-MMM approach2, which is similar but which adds
confusion through the explicit separation into natural ecosystem
services and societal ecosystem services (cf. Elliott, 2023), as well as
goods and benefits, including human health and welfare. However,
the latter approach extends the acronym to mention monitoring,
measures and management, linked to MSFD (e.g., articles 11 and
13) and inherently included in R(M), in DAPSI(W)R(M). These
frameworks give the ability to develop a unified approach that
connects activities with pressures to state change on the natural
system and impact on the human system, and the capacity to
supply ecosystem services which then, after inputting human
complementary assets and capital, provides goods and benefits for
human health and wellbeing, combining the model components
together into a coherent system.

In turn, this would be made operational at the Learning Sites,
in close collaboration with the PAB, in showing how to develop
solutions (responses and management measures) (Stelzenmüller
et al., 2020). A risk-based approach based on Exposure × Effect
or Hazard × Vulnerability links (see Galparsoro et al., 2021),
such as the widely used and ISO standard Bow-tie method and
software, should be also included (Cormier et al., 2019). It would
also use a modified method to give stakeholder-led assessment
and opportunities in marine environmental management (Elliott
et al., 2020c). Importantly, this involves defining the role of all
actors well in advance by showing what to expect from whom.
For example, bringing into the spotlight marine invasive species,
HABs, jellyfish outbreaks, and the decline of top predators that
affect the biodiversity of all Europeanmarine regions (Katsanevakis
et al., 2014, 2016; Sanseverino et al., 2016; Prieto, 2018; Tsiamis

2 DAPSES-MMM: Drivers, Activities, Pressures, State of Change, Ecosystem

Services, Management, Measures, Monitoring, (https://data.consilium.

europa.eu/doc/document/ST-9161-2020-ADD-5/en/pdf).

et al., 2018; Karlson et al., 2021; Zingone et al., 2021) we have
reviewed in depth the Drivers, Pressures, State change, and affected
ecosystem services (Fortuna et al., 2023; Katsanevakis et al.,
2023; Sagarminaga et al., 2023a,b). Best practices and existing
knowledge in monitoring, assessment, predicting, and managing
these issues, and compiling a set of guidelines and tools for
improved management, also accounting for the potential of new
technologies and novel methods, such as eDNA, metabarcoding,
remote sensing, and biologgers, have been also completed (Fortuna
et al., 2023; Katsanevakis et al., 2023; Sagarminaga et al., 2023a,b).

4 Understanding the mechanisms of
cumulative e�ects

The proposed approach is also underpinned by our
development of the knowledge base to quantify, assess and
forecast the consequences of anthropogenic perturbations on
ecosystem sustainability, productivity, and resilience, from the
conceptual and theoretical framework raised previously, under
scenarios of climate change by 2050 (including particular aspects,
such as sex segregation of species, depending on environmental
factors, and extreme events). The objective is to understand the
mechanisms that determine cumulative effects (Figure 6).

This includes refining methods and using existing models
to set thresholds and establish tipping points. Here, tipping
points are defined as “zones of rapid change in a non-linear
relationship between the state of an ecosystem or ecosystem
component and intensity of a driver, human activity or pressure.
This leads to abrupt transitions beyond a critical level, in
which the system is unable to return to the precedent stable
stage” [term adapted after Selkoe et al., 2015 and Stelzenmüller
et al., 2018 in Smith et al. (2022)]. Thresholds are defined
as “a value or range of values that allows for an assessment
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FIGURE 6

Understanding the mechanisms that determine the cumulative e�ects of human activities and climate change. HABs, Harmful Algal Blooms.

of the quality level achieved for a particular criterion, thereby
contributing to the assessment of the extent to which GES is being
achieved” [after the European Commission, 2017, in Smith et al.
(2022)].

Mechanistic models would need to be parametrized from data
analyses together with existing knowledge [analysis on impact-
chains covering each of the two main risk aspects (i.e., exposure
and potential effect)], stakeholder input and specific analyses at
the Learning Sites, and their outcomes (codes and interfaces)
should be then implemented. The integration of two approaches
would be needed: combined effects (pressures) and environmental
status and dynamics, making this integration operational. This
would enable the assessments relevant to the implementation
of the MSFD, BHD and Biodiversity Strategy, to be included
in the toolbox. In generating the approach proposed here, by
necessity, we are building upon the work from previous projects
and other initiatives, in linking human activities and pressures
and impacts/state/ecosystem services, using a variety of models
(Coll et al., 2012, 2016, 2019, 2020; Uusitalo et al., 2016b;
Lynam et al., 2017; Stelzenmüller et al., 2018, 2020; Cormier
et al., 2019). This work sets the scene and defines the ways
to undertake the work in the Learning Sites and the further
development of the software toolbox as well as the inclusion of
the links between GES and the capacity to deliver ecosystem
services (Broszeit et al., 2017; Leenhardt et al., 2017), using
the Common International Classification of Ecosystem Services
(CICES; Haines-Young Potschin, 2018). Models are being used
to investigate the most appropriate ways to obtain thresholds
and tipping points, building on previous evidence (Scheffer and
Carpenter, 2003; deYoung et al., 2008; Scheffer et al., 2009;
Lynam et al., 2016; Dudney and Suding, 2020; Hillebrand et al.,
2020; Lauerburg et al., 2020; Rogers et al., 2020; Thrush et al.,
2021) and tools (e.g., Fulton et al., 2015) under the climate
change context.

5 Developing a software tool for
assessing the status of the ocean

The approach proposed here relies on integrative and
holistic solutions which are being operationalized to identify a
scientific framework and software toolbox for mapping, analyzing
and assessing (i) cumulative pressures [Cumulative Impact
Assessment/Combined Effects Assessment (CIA/CEA)], (ii) GES,
and (iii) ecosystem services in a systematic and holistic way
(Figure 7). To date, these three assessments have often been carried
out separately, in some projects and by Regional Seas Conventions.
Nonetheless, there is a high degree of interaction and dependencies
within these three assessments (Birk et al., 2020; Culhane et al.,
2020). These assessments have the potential to be aligned, starting
by combining and improving existing tools and frameworks [e.g.,
Nested Environmental status Assessment Tool –NEAT (Borja et al.,
2016), the CIA and EcoImpactMapper methods (Halpern et al.,
2008; Stock, 2016), and the “Marine Ecosystem Capacity for Service
supply Assessment” method (MECSA) (Culhane et al., 2020)].
Hence, this would produce an innovative and flexible toolbox,
which can deliver science-based assessments with both numerical
and spatial output; in consequence, the toolbox will also enable
guiding the management process [in terms of DAPSI(W)R(M), see
Elliott et al., 2017], to inform decision making (e.g., as required
under the MSFD, BHD, Biodiversity Strategy) (Loiseau et al., 2021).
An added value of such integration is the improved incorporation
of the spatial extent of both human activities and ecosystem
components and the possibility to cross-refer and validate the
assessment results to the various data sources used. The toolbox
should be iteratively adjusted, tested and validated at the Learning
Sites, in collaboration with feedback from the PAB.

This integrative toolbox will be required/invaluable for use
by managers and decision-makers for assessing the effects of
pressures on both the ecosystem status (e.g., MSFD GES, or
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FIGURE 7

Linking pressure and status assessment with the capacity to supply ecosystem services into a unifying holistic framework and nested toolbox.

BHD favorable conservation status) and on the capacity to supply
ecosystem services within contrasting scenarios of human activities
and climate change. The objective is to advance from the current
situation with multiple disparate assessment frameworks and tools
(see Smit et al., 2021, for an overview) to a comprehensive
integrative and hierarchical framework with multiple inputs
and outputs, linkages and/or crosswalks between them, and an
accompanying confidence assessment. It is further emphasized
that the ability to understand and manage such a complex socio-
ecological system therefore requires a systems analysis approach
which has a solid underpinning theoretical framework, but which
is then able to be implemented by stakeholders (Elliott et al.,
2020b). As such, a simplicity of implementation, flexibility, and
transparency are key to this process, as it enhances acceptance by
key stakeholders, especially as a decision support tool (Nygård et al.,
2020; Schumacher et al., 2020).

To meet the overall objectives, an iterative and incremental
development approach is required to be applied, following the
steps: (i) development of a prototype based on existing tools
and software, after inputs from PAB stakeholder needs; (ii)
co-development of an assessment framework and a tool that
overcome weaknesses of existing approaches, and (iii) based
on rigorous testing of the toolbox, in Learning Sites, with
further improvement (iterations with PAB) and dissemination to
stakeholders (Figure 3). Key challenges to overcome in the three
steps are:

- Step 1: Combining existing tools into a unifying toolbox.
This would be achieved by initially combining three
existing tools: (i) NEAT (Borja et al., 2016, 2021; Uusitalo
et al., 2016a; Pavlidou et al., 2018), (ii) EcoImpactMapper,
an open-source tool for mapping of cumulative effects

(Stock, 2016), and (iii) the MECSA methodology
(Culhane et al., 2020).

- Step 2: Improving existing and widely used frameworks/tools.
The prototype toolbox developed in step 1 would be
further developed, focusing on a range of well-known
weaknesses (e.g., Quemmerais-Amice et al., 2020) that will be
overcome, e.g.,: (i) supplement the linear and unidirectional
relation between pressures and ecosystem responses with
response curves and thresholds models; (ii) enhance the
current flat/sectoral structure to a hierarchical one using
e.g., conceptual ecosystem models connecting ecosystem
components with pressures and the resulting state changes
and the ecosystem services and resultant societal goods and
benefits that they provide (e.g., Griffiths et al., 2017); (iii)
supplement the use of expert judgement (currently extensively
applied) for the setting of weighting factors with data-
driven/evidence-driven approaches; (iv) allowing flexibility in
the selection of aggregation/integration methods, depending
on the regional needs; (v) include uncertainty assessment as an
output from the tool (e.g., Uusitalo et al., 2016a; Quemmerais-
Amice et al., 2020; Carstensen et al., 2023), and (vi) define data
structures and interfaces that enable direct linkage between
existing data and databases and the tool, and thus minimize
the need for manual data input, a hurdle to key stakeholders
characterizing many standalone assessment tools.

- Step 3: Based on the testing of the toolbox in Learning
Sites with more data, and the risk-based approach, the
modules could be fine-tuned, tested in Learning Sites with
limited data and upscaled to regional seas, documented
and published as a final version of the toolbox, also
engagement with PAB to anchor the developed tool within the
stakeholder community.
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FIGURE 8

Learning sites to test and validate the toolbox and synthesize
recommendations for stakeholders.

6 Learning together, by testing
together

Working with the Learning Sites and the PAB, the proposed
strategy would contrast different approaches and extract clear,
concise, operational, and harmonized conclusions (Figure 8).
A central aim for all Learning Sites would be to provide
the developing, testing and demonstration ground for the
assessment toolbox and validate its value with respect to the
EBM and specifically, the risk of adverse effects on GES, selected
ecosystem services, functions and processes, human health and
wellbeing, in the face of cumulative human pressures and climate
change scenarios.

The Learning Sites should facilitate mutual learning and
collaboration, providing additional skills (e.g., modeling, use
of integrative tools, etc.), or knowledge and skills-exchange
transverse to the sites (i.e., use of satellite data to set HABs
extent, molecular methods to detect invasive species, etc.). This
ensures that knowledge is transferred from one site to another,
experiences from stakeholders are shared from a regional sea
to another, and finally, the outputs can be shared, harmonized
and understood in different geographical areas and at various
spatial scales, readily applicable to stakeholders. To increase this
knowledge transfer, cooperation should be established with main
actors in marine assessment, by providing and harnessing data
and applying an integrated conceptual framework, both at national
and international level. Furthermore, this gives the much-needed
potential to take experience from skills and data-rich areas to areas
with a lesser experience of these aspects.

With this aim, Learning Sites should cover a broad variety of
human activities and pressures affecting the marine environment,
as well as the different environmental (MSFD Descriptors) and
ecosystem services and societal goods and benefits (CICES: Haines-
Young Potschin, 2018; Elliott, 2023) affected. In order to test

and validate fully the approach, Learning Sites should vary
greatly in terms of geographical scope and spatial scales (i.e.,
local, subregional, regional, continental, overseas), political context
(i.e., EU and non-EU countries), state of knowledge regarding
cumulative impacts, ecosystem services and their interplay with
climate change, as well as data and knowledge availability. The
sharing and use of data from portals such as EMODnet3, WISE
Marine4, and Copernicus5 should be promoted. The stocktake of
current knowledge also comprises data from other resources such
as national data reported to the EU under different directives, to the
Regional Seas Conventions, or published literature. The Learning
Sites would enable the ability to:

- Explore the specificities of Learning Sites stemming from
different geographical locations, especially with regards to the
impacts of cumulative pressures (including climate change)
in the functioning of ecosystems (and the capacity for
providing ecosystem services, and benefits for human health),
so they can be better managed. To this end, Learning Sites
with different sets of activities, pressures, impacts, ecosystem
services and societal goods and benefits should be covered
in detail.

- Determine how the toolbox developed can work at a large pan-
European scale, exploring comparability and harmonization
across regional seas, integrating cumulative pressures, impacts
(status) and ecosystem services delivery.

- Gain understanding on the functioning of transverse topics,
such as invasive species, HABs and jellyfish blooms, as well
as aspects related to top predator monitoring (Ferrer et al.,
2015; Ferrer and Pastor, 2017; Ferrer and González, 2021); in
addition, it would encompass developing and testing methods
based on biologging, remote sensing, and genomics (eDNA),
for different ecosystem components.

- Learn how to best manage transboundary issues, especially
with non-EU countries, including barriers to coherence and
equivalence of outcomes, which may often hinder the process
and/or successful policy implementation and effectiveness
(e.g., Elliott et al., 2023).

- Internationalize outputs and receive inputs by going beyond
the EU frontier reaching other non-EU Seas. This is of
particular interest as while sharing the SDGs framework, the
marine management approaches elsewhere may or may not
differ from those in the EU.

- Identifying requirements and potential limitations for the
application of the toolbox and, in an iterative process, adapt
them to the stakeholder needs, thereby testing, validating, and
demonstrating the toolbox in areas with different amounts of
data, and upscaled to regional seas and all European seas.

- Implementing cumulative impact models (Katsanevakis et al.,
2016) associated with hazardous events.

- Synthesizing the lessons learnt across Learning Sites with
regard to (a) cumulative impacts, from different pressures
on marine biodiversity and ecosystems components and

3 https://emodnet.ec.europa.eu/en

4 https://water.europa.eu/marine

5 https://www.copernicus.eu/en
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functions, as required by the MSFD, (b) estimating extinction
risks of species, communities and structures that are essential
to ecosystem functioning and the conservation of marine
biodiversity, (c) advanced understanding of approaching
tipping points, (d) assess the risks to ecosystem services, and
to societal goods and benefits including human health and
wellbeing, and (e) mitigation strategies to achieve GES targets,
in relation to the MSFD PoM. All these lessons will set the
basis for an EBM approach, which would be completed in close
collaboration with PAB.

Given the above requirements, actions and activities, there is
the need to make solutions available and ready to use. The lessons
learnt at the Learning Sites, and the outputs generated, will need
to be transferred to the stakeholders, but also further afield as the
proposed approach will enhance societal and public engagement
and understanding of ecosystem functioning and human health
through ocean literacy, ensuring adequate dissemination and
exploitation. The dissemination would be based on an innovative
set of tasks, which use ocean literacy (based on IOC-UNESCO
guidelines). Importantly, this will contribute to behavioral change
in society, as well as educating and training (i.e., school and
adult education, summer schools, citizen science platforms) a new
generation of researchers in tools developed, using the lessons
learnt. This additionally has the benefit of ensuring cooperation
with international organizations and initiatives, by providing and
harnessing data and applying an integrated conceptual framework,
in close cooperation with PAB.

7 Enhancing the impact of the
outcomes

With its results, outcomes and impacts, the proposed approach
described here will contribute to accelerate the ecological transition
required by the European Green Deal, specifically within the
Destination “Biodiversity and ecosystem services,” as proposed in
Table 1.

The outcomes and results would then need to be disseminated,
exploited and communicated following a plan that can be carefully
designed based on the Lasswell’s Communication Model. This
model focuses on “Who saysWhat toWhom inWhich channel and
with What effect,” as a means to maximize the impact of any action
(Figure 9).

Usually, maximizing the impact outputs requires (i) reaching
key stakeholders so that they can better manage pressure impacts
and (ii) bridging the existing gap between science and other
sectors (i.e., competent implementing authorities/policy-makers,
scientists, society at large, and younger generations) by increasing
ocean literacy. This objective can be achieved through dedicated
workshops, selecting the key messages on which we want to focus,
e.g., what and why is ocean functioning so complex? What do
cumulative pressures mean in the ocean context? How can we
integrate information to conclude whether the oceans are healthy
or not?

In such workshops, the main target groups should be identified
e.g., (i) key stakeholders (national and statutory authorities
implementing and reporting the MSFD, BHD, CFP, Biodiversity

Strategy and Regional Seas Conventions, EEA, DG-ENV and
DG-MARE), (ii) scientists working on cumulative pressures and
impacts (e.g., in working groups in ICES and elsewhere), including
experts providing services, from private consultancies, and early
career researchers, (iii) society at large, and (iv) young people
and educators.

8 Challenges to complete the
proposed framework

Here, we have proposed a framework for an adaptive EBM of
multiple human activities and pressures at sea. As identified here
and in the accompanying references, this builds on a large body of
knowledge, experience and expertise. However, we are conscious
that each of the steps explored in each section, presents multiple
challenges that can prevent completing the objectives. For each
step, some of the most important challenges have been identified
and listed below.

- Stakeholder involvement in a co-creation process: stakeholder
fatigue, which can result in a lack of engagement, is one
of the most common challenges in science-policy projects,
needing specific actions to overcome this problem (Durham
et al., 2014). Another could come from not involving the most
influential stakeholders, in terms of legitimacy of the solutions
proposed, due to the complex relations in the science-policy
interface (Støttrup et al., 2019).

- A conceptual framework to solve problems: difficulty to
determine quantitatively the assimilative capacity of the
systems (Elliott et al., 2018), and, as such, not being able to
determine when it has been exceeded.

- Understanding the mechanisms of cumulative effects:
inability to assess the individual characteristics or link in
the chain of activity-pressure-impact-welfare, especially
when integrating across multiple activities and pressures and
climate change (Gissi et al., 2021). Also, the knowledge on
reference conditions, thresholds, and tipping points, is still
poor (Dudney and Suding, 2020; Hillebrand et al., 2020).

- Developing a software tool for assessing the status of the

ocean: from previous assessment tools development, we
are aware of some challenges (Borja et al., 2019), which
can include: (i) combination of different tools into a
unique software, (ii) solving the types of relationships
between pressures and ecosystem components (linear,
non-linear, unidirectional, etc.), (iii) defining the adequate
hierarchical structure to integrate species, indicators,
ecosystem components or areas, (iv) how to set weighting
factors in an objective way, (v) how flexible should be the tool,
to meet the stakeholder expectations, or (vi) technicalities
linked to the use of existing massive datasets and outputs
from the software, among others. However, recent advances
in Artificial Intelligence to interrogate large data sets may
indicate solutions.

- Learning together, by testing together: one of the most
common challenges could be the lack of actual qualitative or
quantitative suitable data (either from pressures, ecosystem
components or services) (Borja et al., 2019). But also,
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TABLE 1 Description of the expected results toward the outcomes and impacts required by the European Commission, including the indicators to

measure the success and final impact.

Required outcome (OUT) Expected results Expected outcomes Expected impact Indicator

OUT1- Policy implementing authorities
at national and regional level can assess
and predict impacts (including tipping
points) of multiple stressors on coastal
and marine biodiversity, ecosystems
functioning and relevant services
(including CC).

Capacity-building on the use
of a validated, tested and
demonstrated toolbox,
including holistic assessment
of pressures, impacts on
biodiversity and ecosystem
services delivery, taking into
account CC.

Key stakeholders master the
use of the toolbox that
facilitates the reporting for
MSFD, Regional Seas
Conventions, BHD and
Biodiversity Strategy.

Policy implementing
authorities are able to more
efficiently report in a
comparable and flexible way
across MSs and Regional Seas
Conventions, and they
anticipate and respond to
tipping points.

Number of MSs and
Regional Seas
Conventions
experts trained and
capable to use the
toolbox by 2026.

OUT2- Better management and impact
assessment of invasive species, harmful
algal and jellyfish blooms.

Proposal for better
management of these impacts,
based on the results from
Learning Sites, which include
transverse testing across
Regional Seas Conventions.

Adoption of approaches by
implementing authorities.

Most accurate assessment of
invasive spp., HABs and
jellyfish, having harmonized
monitoring and assessment
methods.

DG-ENV
incorporates the
suggestions in the
guidelines for MSs
and Regional Seas
Conventions and
they adopt them.

OUT3- Implementation of the MSFD
by determining pressure levels that
clearly equate to acceptable levels of
environmental impact on the GES.

A proposal for a systemic
approach for the integrated
impact assessment of
cumulative pressures, based
on the validated, tested and
demonstrated toolbox.

Use of the approach and
toolbox by key stakeholders to
assess and predict impacts
from multiple pressures and
reporting.

Policy implementing
authorities are able to
determine pressure levels that
prevent GES and favorable
status from being achieved.

Number of MSs,
Regional Seas
Conventions, EEA,
scientists, and
consultancies using
the systemic
approach by 2026.

OUT4- EBM approaches and policy
measures for activities to reduce
pressures to ensure GES and will enable
the sustainability of coastal and marine
ecosystems to deliver services and be
resilient to rapid climate and
environmental changes.

Proposal, after testing in
Learning Sites, of an EBM
approach and policy measures
for activities to reduce
pressure impacts, including
effects from CC, to ensure
GES.

Use by key stakeholders of the
EBM approach and policy
measures, including its use for
CFP.

Contribution to attaining
GES, by MSs, Regional Seas
Conventions and EEA
adopting the EBM approach
and policy measures proposed

Number of MSs and
Regional Seas
Conventions
adopting EBM
proposal by 2026,
and DG-MARE.

D, Deliverable; CC, climate change; MSFD, Marine Strategy Framework Directive; EEA, European Environment Agency; MSs, Member States; BHD, Birds and Habitats Directives; HABs,

Harmful Algal Blooms; EBM, Ecosystem-BasedManagement; CFP, Common Fisheries Policy; GES, Good Environmental Status; DG-ENV, Directorate General of the Environment; DG-MARE,

Directorate General of Maritime Affairs; MS, Member State.

FIGURE 9

An example of applying the Lasswell’s communication model to disseminate, exploit and communicate activities within the proposed framework.
Only main channels are included. EBM, Ecosystem-based management; PAB, Practitioner Advisory Board; HABs, Harmful Algal Blooms.
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there are difficulties for harmonizing data for an effective
intercomparison in support of decision-making, the
difficulties in cooperation among partners and stakeholders
(e.g., cultural drawbacks, transboundary issues, etc.), or a
difficulty to validate the toolbox (not only from a scientific
point of view, but also by the influential stakeholders, deciding
on methodologies to be used officially by Member States or
Regional Seas Conventions).

- Enhancing the impact of the outcomes: they can be various,
but we consider the most important the challenge to reach
key stakeholders, and an inadequate identification of key
messages, which can hamper the dissemination and future
exploitation of the tools.

Some of these challenges can be overcome with collaboration
among partners, stakeholders, different national and international
projects working in the same topics, and with Regional Seas
Conventions. New techniques aimed at extracting, combining and
interrogating data and information, even using textural analysis
and Artificial Intelligence, may help to overcome some of these
challenges. Similarly, it is noted that the many marine projects
currently underway as part of the European Horizon Europe
programme will create data, skills and tools that may help to
overcome these challenges.

9 Final considerations

Despite the challenges identified, with this proposed approach
we aim to advance considerably the knowledge of cumulative effects
of multiple pressures on marine ecosystems and their services,
to provide a toolbox to stakeholders which can allow them to
assess pressures, impacts and provision of goods and benefits. More
importantly this will allow them to support the sustainable use
of the seas and to take EBM decisions to reverse the situation if
their assessment areas are failing to achieve GES. This policy and
practice review paper serves to set the scene of knowledge on these
topics and, throughout the methodology proposed and already in
the process of being developed, envisage the potential achievements
and the impacts they can have on marine management in Europe
and worldwide. Once the outputs currently being developed have
been finalized, this policy paper can serve to measure the success
of the research and implementation carried out and the progress of
the topic in implementation of the proposed framework.
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