Advancing Aquatic Ecosystem-Based
Management with Full Consideration
of the Social-Ecological System
Gerjan Piet, Gonzalo Delacámara, Marloes Kraan, Christine Röckmann,
and Manuel Lago

Abstract In this study we present an integrated Ecosystem-Based Management
(EBM) approach that attempts to reconcile several concepts including integrated
ecosystem assessment (IEA), marine spatial planning, resilience thinking, and complex adaptive systems. The approach builds on the IEA process but enhances it by
explicitly considering the full social-ecological system (SES) and the creation of a
generic framework for assessment of ecosystem status and management strategy
evaluation.

Lessons Learned
• This approach reconciles many existing concepts that describe the ecological
system, the social (or socio-economic) system and EBM into a unifying approach
• It consists of concrete steps which identify issues for the practitioner to consider,
gives examples that provide the basis for a common framework,
• It provides guidance on how to make the framework (more) operational and is
applicable to any aquatic ecosystem
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• It allows the incorporation and synthesis of interdisciplinary information on SES
into practical and useful linkage frameworks for EBM plan development and
implementation
Needs to Advance EBM
• Where consideration of the full SES can be overwhelmingly complex leading to
inaction, we propose to work with a subsection of the SES (called subSES). This
subSES can then be the starting point for building the knowledge base for EBM
decision making. We provide practical guidance how to construct such a knowledge base for both the ecological and the social system.
• The subSES, in conjunction with the available knowledge base, then drives
the development of the knowledge base and determines the type of risk
assessment(s) that can be applied. Science should then inform the process to
translate the high-level societal goals into operational objectives, identify the
main barriers that prevent achievement of these objectives, and guide the relevant
authorities that develop an EBM plan.
• A novel component of this approach is that the EBM plan distinguishes between
management measures (interacting with the ecological system) and policy instruments (interacting with social processes) that together harness the knowledge
base of the subSES.

1 Introduction
Conventional management of aquatic resources, based on a speciﬁc policy or
directed to a sub-sector or ﬂagship species, has often failed to deliver on the policy
objectives (Long et al. 2015). As an alternative, Ecosystem-Based Management
(EBM), which has a more holistic understanding of the ecosystem and its linkages,
is widely accepted as the key concept to guide contemporary decision-making
(Börgstrom et al. 2015; Cormier et al. 2017). The conventional management perspectives have assumed, either implicitly or explicitly, that effective policy making
is hindered by lacking or inadequate knowledge of ecological processes, functions,
and services (Ruckelshaus et al. 2009). Such an ecological focus has failed to
produce the full picture of best available knowledge for effective decision-making
(Christie 2011). Cormier et al. (2017) distinguish decision-making, which is essentially a speciﬁc choice among alternatives, from policy-making, which is a process of
identifying a problem and setting societal goals and objectives. In practice, the
policy is implemented through a management plan expected to ‘carry into effect’
the policy objective. An effective policy cycle requires the incorporation of social
and institutional processes, such as the involvement of various institutional actors
(Röckmann et al. 2015) and an understanding of the governance context (Bissix and
Rees 2001). The need for a more holistic approach that incorporates ecological and
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socio-economic factors (Bianchi 2008), however, can result in in-action due to
overwhelming complexity (DeFries and Nagendra 2017).
As a paradigm, EBM addresses uncertainty and complexity, it is an interdisciplinary visioning of multiple objectives, and as such, EBM can be categorised as a
‘wicked problem’ (Berkes 2012). ‘Wicked problems’ have no deﬁnitive formulation,
no clear stopping rule and no objectively right or wrong solutions and no ﬁnal
resolution (Rittel and Webber 1973); (Ludwig 2001). DeFries and Nagendra (2017)
suggest the following solutions for addressing wicked problems: multi-sectoral
decision-making; institutions that enable management to span across administrative
boundaries; adaptive management; markets that incorporate natural capital; and
collaborative processes to engage diverse stakeholders and address inequalities.
Integrating environmental and socio-economic processes (including institutional,
ethical and cultural) requires a single conceptual framework (Christie 2011). The
concept of social-ecological systems (SES) can provide such a framework (De Lange
et al. 2010). This SES can be split into smaller social-ecological sub-systems
(subSES) to address the issue of complexity.
Relevant information and processes can be considered in individual compartments that form the SES. Applying the concept of SES in aquatic EBM implies that
any distinction between social and natural systems is artiﬁcial and arbitrary by
deﬁnition, because they are connected (Berkes 2012).
Socio-Ecological Systems can be considered complex adaptive systems (CAS)
(De Lange et al. 2010) as the structure, functions, and dynamics of CAS emerge
from the interaction and connectedness of the system’s constituent parts and with
other systems (Hagstrom and Levin 2017). By acknowledging that SES are CAS,
management can overcome the drawbacks of conventional approaches. Instead of
searching for optimal solutions, linear dynamics, or marginal changes under complete information, a shift towards a more dynamic management approach can be
made, where non-linear changes, uncertainty, and surprise are intrinsic characteristics of the system. In addition to the known unknowns, e.g., lack of historic data of
species, CAS come with new uncertainties that cannot be tackled through standard
sensitivity analysis (Polasky et al. 2011).
Sustainability is among the ultimate objectives of EBM (Long et al. 2015).
Ostrom (2009) identiﬁed four core subsystems of SES sustainability: (1) resource
systems; consisting of (2) resource units; (3) governance systems; and (4) users.
When modelling a SES, it may be worth distinguishing these subsystems. In the face
of ongoing changes and their uncertain consequences as well as exposure to uncertain shocks, the key to sustainability is enhancing the resilience of a SES (Folke et al.
2005; Nelson et al. 2006; Biggs et al. 2015). Enhancing resilience in terms of
persistence, adaptability and transformability (Folke et al. 2010) means preserving
the SES’s adaptive capacity in order to remain within a certain range of conditions
that meet the sustainability goals. Resilience thinking promotes governance frameworks that are able to reconcile the conﬂicting interests and visions of different
stakeholders in a transparent and accountable way so as to foster cooperation among
them and enhance stakeholders’ ability to commit to legitimate and transparent
policy objectives (Dietz et al. 2003). In addition, these governance frameworks
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should also pave the way to achieve collectively agreed goals through robust
institutions, with stakeholders who are able to regularly adjust to changes in the
ecological and the social-economic systems (Nelson et al. 2006).
Linkage frameworks such as DPSIR, Driver-Pressure-State-Impact-Response
(OECD 1994; EEA 1995; Elliott 2002), are commonly used in the context of
environmental management to describe how human activities impact the state of
the ecosystem (Halpern et al. 2008; Knights et al. 2013) and hence the supply of
ecosystem services to human well-being (Elliott et al. 2017). Linkage frameworks
rely on accurate descriptions of linkages (e.g., stressor-receptor or pressure-state
relationships) and can be informed by qualitative, quantitative, or expert judgementbased assessments, or any combination of these (Knights et al. 2014). Such linkage
frameworks have been applied in an EBM context to guide the selection of management measures and their evaluation using risk-based approaches (Knights et al.
2015; Piet et al. 2015; Borgwardt et al. 2019; Teixeira et al. 2019; Culhane et al.
2019).
Few, if any, examples of EBM planning initiatives informed by advanced science
have been implemented across multiple sectors (Katsanevakis et al. 2011; Cormier
et al. 2017). In order to enhance the use of salient science (Röckmann et al. 2015)
into the policy-making process, Cormier et al. (2017) proposes four steps: strategic
goal setting; tactical objectives; management measures; and adaptive management.
Integrated ecosystem assessments (IEAs) have also been proposed as a tool to
operationalise EBM as they provide a framework for organizing science in order
to inform decisions in marine EBM at multiple scales and across sectors (Levin et al.
2009a; Walther and Möllmann 2014; Tallis et al. 2010; Harvey et al. 2017). It is
therefore not surprising that the IEA process described by (Levin et al. 2009b) is
closely aligned to the EBM processes described by Börgstrom et al. (2015) or
Ansong et al. (2017). The (further) development and operationalization of an
IEA/EBM approach is however hindered by the lack of a systematic, critical
appraisal.
In this study, we merge the existing IEA and EBM processes into a single generic
approach that can be applied in all aquatic systems. This approach is then enhanced
by explicitly considering the full social-ecological system (SES), which incorporates
both environmental and socio-economic processes (Christie 2011). In order to
advance this process, we provide the systematic criteria that allow critical appraisal
of its progress based on the aspects of EBM, identiﬁed in the review by Long et al.
(2015) together with additional practical guidance that emerges from concepts such
as resilience thinking and CAS. Further, we provide operational guidance on the
development of relevant subSES to inform this approach.
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2 Advancing EBM
EBM should be able to guide decision-makers by identifying trade-offs between
societal goals (Walther and Möllmann 2014). These trade-offs may involve the
choice between the conservation goals of speciﬁc ecological components (Aanesen
et al. 2014), between ecological and socio-economic objectives (ICES 2017),
between different ecosystem services (Turkelboom 2017; Dick 2017), or the
conﬂicting interests of speciﬁc stakeholders. While decision-making is often primarily aimed at effectively achieving speciﬁc conservation goals it ultimately
involves socio-economic considerations including: (1) the sharing of costs and
beneﬁts among stakeholders; (2) the balance between short- and longer-term beneﬁts; (3) the need to forgo current rents in exchange for future security; and (4) local
opportunity costs and regional and global beneﬁts.
EBM should be considered an incremental process as opposed to a single, giant
leap away from traditional management (DeFries and Nagendra 2017; Borgstrom
et al. 2015). As EBM revolves around a cyclical process, advancements can be made
with every iteration of the adaptive management cycle. In this study, we adopt the
IEA process and enhance earlier frameworks by incorporating the SES concept

Fig. 1 One cycle of the adaptive, cyclical ecosystem-based management approach built around a
balanced representation of the selected social-ecological sub-system (subSES). The ﬁgure depicts
the phases occurring in the science domain (identiﬁed in Fig. 2) but identiﬁes where in each phase
cross-domain interaction occurs (i.e., stakeholder involvement) with the wider society. In each
phase, the main contributions of this study to advance EBM are indicated
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(Fig. 1) to shape the knowledge base and by providing practical guidance that allows
an appraisal of progress. We assess progress in developing the knowledge base by
looking at the key principles of EBM according to Long et al. (2015) and their
alignment to relevant concepts such as IEA (Levin et al. 2009b; Samhouri et al.
2014), wicked problems (DeFries and Nagendra 2017), EBM phases (Borgstrom
et al. 2015), policy-making processes (Cormier et al. 2017), ecosystem-based marine
spatial planning (Ansong et al. 2017), and resilience thinking (Folke et al. 2010). We
build a common framework around these concepts and organise them into four
operational phases (identiﬁcation of societal goals; developing the knowledge base
and risk assessments; EBM plan development; implementation, monitoring, and
evaluation), which differ in the scientiﬁc expertise required.

2.1

Phase I: Identiﬁcation of Societal Goals

Phase I involves the scoping of societal goals, policy objectives, and perceived
threats form the starting point of the IEA (Levin et al. 2009b, 2014) and EBM
(Ansong et al. 2017; Cormier et al. 2017). It includes the analysis of policy
synergies, conﬂicts, and an understanding of opportunities and challenges for developing EBM alternatives as well as stakeholder participation to help identify and
prioritise among them. A possible issue is that policy objectives, mostly applying to
global or regional scales, often refer to conditions of the ecological system only
while at the local level, the objectives often aim to restore the sustainability of the
whole SES. This may require reconciling objectives at different scales.

2.2

Phase II: Setting up the Knowledge Base and Conducting
a Risk Assessment

Phase II builds on the inventory of societal goals in the previous phase and identiﬁes
relevant social-ecological sub-systems (subSES), similar to the ‘focal SES’ (Ostrom
2009). Such subSES should consist of one or more linkages in the linkage framework tied to one or more societal goals and are the basis to elaborate those subSES
into what is to become the EBM knowledge base (Fig. 2), and which may contain
both qualitative and/or quantitative information. The linkage framework is
constructed using consistent typologies of the activities, their pressures and the
ecosystem components affected by them (see e.g. Knights et al. 2015; Borgwardt
et al. 2019) and with categories that resonate with stakeholders. If needed hierarchical typologies can be applied. For example the activity ‘ﬁshing’ can be divided into
speciﬁc types of ﬁshing (e.g. demersal or pelagic) or an ecosystem component can be
divided into functional groups or even species. The application of the linkage
framework should ascertain that those subSES cover all the elements that matter to
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Fig. 2 The social-ecological system (adopted and modiﬁed from (Gómez et al. 2016)) consisting of
an ecological system-based supply-side where the ﬂow of ecosystem services into the social system
contributes to human well-being and a social-system-based demand-side where the human activities
and their pressures impact the ecosystem components and their functioning

the problem identiﬁed in Phase I, as well as any additional issues that have emerged
through stakeholder consultation. Note, however, that with the introduction of more
detailed categories, the complexity of the linkage framework (i.e. number of linkages) and thus information demand increases.
Different types of data, generally covering different subSES, are to be used in
EBM phases II and III. Information on SES complexity is a requirement for
diagnosing why some SES are sustainable while others are not (Ostrom 2009).
Therefore, the inherent complexity of the SES and subSES should be harnessed,
rather than eliminated. In practice, this implies that different subSES can be analysed
at the appropriate level of detail without being hindered by the complexities and
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requirements of the full SES. At the same time the full SES, in which this subset
operates, helps with interpretation of the outputs and their communication to
stakeholders.
Table 1 provides a suite of system-oriented criteria to determine the suitability of
the (sub)SES knowledge base to describe the ecological system and guide EBM. A
similar list of process-oriented criteria for the social system is given in Table 2. As
IEA/EBM is supposed to be an adaptive process, the aim is to gradually improve the
knowledge base of the ecological system or the institutional set-up of the social
system against those criteria in each of the subsequent iterations of the EBM cycle.
With the structure of the knowledge base established, we can consider the three
IEA steps: (1) development of ecosystem indicators; (2) identiﬁcation of reference
levels; and (3) conducting risk analyses (Levin et al. 2014). For risk analysis, we
suggest to consider the Environmental Risk Assessment (ERA) approach, which
distinguishes the different levels of risk analyses and classes of system complexity
(Holsman et al. 2017). Level 1 of the ERA consists of a qualitative evaluation that is
often based on expert opinion. Level 2 consists of semi-quantitative ERAs based on
estimates of exposure and severity, and Level 3 consists of fully quantitative
assessments based on a mechanistic understanding of the system (see Holsman
et al. (2017) and Stelzenmüller et al. (2015) for additional examples). The complexity of the system can be described using three nested classes. Class 1 encapsulates the
direct impact of a single pressure on a given social or ecological subject (e.g., bottom
trawl ﬁsheries catching cod). Class 2 measures the direct and indirect effects of a
single pressure on multiple interacting subjects (e.g., ﬁshing impacts on ecosystems
as in (Hobday et al. 2011)) or the effects of multiple pressures on a single subject.
Class 3 refers to the direct and indirect effects of multiple interacting pressures on
multiple interacting subjects (e.g., bottom trawl ﬁshing, dredging and contaminants
affecting the seabed habitats and the ﬁsh foraging there).
It is important to distinguish between the overall, less detailed ERA of the whole
SES and the detailed ERAs conducted on the subSES. Within the overall ERA of the
whole SES, the qualitative or semi-quantitative ERAs of the full SES (i.e., Class 3)
can be used to identify the linkages that introduce the greatest risk to the ecosystem
(aligned to the threats in Phase I). These Level 1 or 2 ERAs are primarily aimed at
guiding decision makers on which sector-speciﬁc management measures to focus
(Cormier et al. 2017).
The levels of risk analyses and classes of system complexity described above
determine the type of ERA required. Formal description of the SES, through a
linkage framework, can provide further characterisation of the classes. This linkage
framework can then also be used to assess the quality of the ERA for each level of
the analytical tools. Ultimately, the aim is to advance from a qualitative ERA
towards an increasingly quantitative ERA that is more elaborate and realistic in
terms of the ‘reciprocal and cumulative interactions among multiple (interacting)
pressures and multiple interacting subjects’ (Holsman et al. 2017) that make up the
full SES. Distinguishing the subSES and the full SES, each with complementary
ERAs can reduce the level of complexity in order to ensure salient information into
the policy cycle (Folke et al. 2005; Biggs et al. 2015).
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Table 1 Ecological EBM criteria based on the EBM principles in Long et al. (2015) for assessing
the knowledge base of the ecological part of the social-ecological system (SES) and hence the core
sustainability SES subsystems: resource systems and resource units (Ostrom 2009). Guidance is
provided to assess to what extent the knowledge base has advanced in order to support EBM. Links
to other criteria in this table or Table 2 are in italics
EBM criteria
Ecological integrity and
biodiversity

Consider ecosystem
connections

Account for dynamic nature
of ecosystems

Acknowledge uncertainty

Appropriate spatial and temporal scales

Generic assessment guidance and considerations
This can be achieved by deﬁning and conserving a diversity of
species traits or functional groups that support the integrity of the
ecosystem, or check the three aspects: variety; balance; and disparity. Are these explicitly considered in the knowledge base?
The ecological structural components determine the functioning
of the ecological system. Hence the link to the ‘Consider ecosystem connections’ criterion: a knowledge base that covers more
relevant components or detail is better.
This is determined by the ecological part of the SES (e.g., by
mapping critical connections) and is linked to the ‘Ecological
integrity and biodiversity’ criterion as more components and/or
detail increase this aspect (e.g., in terms of taxa considered in the
food web) this can be improved with an indication of the importance of a connection (e.g., pressure-state relationships, predatorprey relationships). Knowledge on the ecological functioning of
the ecological structural components determines the provisioning
of ecosystem services which contribute to human well-being and
as such can be incorporated into (economic) markets.
Variation in the ecological part of the SES (e.g., due to perturbations) should be considered. Longer time-series are better.
Question the assumption of perfect foresight. Include exogenous
scenarios of socio-economic drivers or environmental change
(e.g., climate scenarios). Strengthen feedbacks that maintain
desired regimes, break or disturb feedbacks that maintain
undesired regimes; look for non-linearity in the system as these
are often the cause for the dynamic nature.
This requires transparency on the quality of the knowledge base
which could be reﬂected, for example, through the assessment of
uncertainties, reporting of crucial (model) assumptions and conﬁdence intervals in the output. Uncertainty is inherent to complex
adaptive systems (such as the marine) and their management. In
addition to the known unknowns (e.g., lack of historic data of
species), complex systems come with new uncertainties that
cannot be tackled through standard sensitivity analysis (Polasky
et al. 2011). The social EBM criteria ‘Adaptive management’ and
‘stakeholder participation’ (see Table 2) become increasingly
important if uncertainty in the current knowledge base is high.
What are the appropriate spatial and temporal scales of the (eco)
system? For example, resolution of spatial grid and temporal units
(e.g., years, months). Which scales to consider? Not just spatial/
temporal but also in different domains (e.g., ecological, jurisdictional, administrative or political). Use a systems framework to
address relevant scales and how they interact. Assessment should
occur at the ecosystem scale. If other scales are relevant and do
not match with the ecosystem scale this needs to be identiﬁed.
(continued)
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Table 1 (continued)
EBM criteria
Distinct boundaries

Recognise coupled SES

Consider cumulative impacts

2.3

Generic assessment guidance and considerations
Acknowledge boundaries and thus the ﬂuxes and inﬂuences from
outside of the boundaries of the ecosystem. Consider both jurisdictional boundaries as well as ecosystem boundaries (see
Appropriate Spatial and Temporal Scales). Are transboundary
issues considered? For example: Terrestrial run-off into rivers and
lakes or inﬂow of rivers into the coastal/marine ecosystem. The
deﬁnition of boundaries should allow the adaptation of institutions in a good social-ecological ﬁt (see recognise coupled SES).
Are all relevant ﬂows considered between the social and the
ecological system that make up the SES? How many linkages, or
how much of the activities, pressures, ecosystem components and
the ecosystem services they provide is covered in the subSES
(used in the management strategy evaluation) compared to the full
SES. Is it understood how these link to the actors that drive the
relevant social processes (see Table 2)?
Apply an integrated perspective, including all relevant activities
and their pressures acting on the ecosystem (see recognise
coupled SES). Consider whether synergistic or antagonistic
cumulative effects apply (Crain et al. 2008).

Phase III: Planning of EBM

This phase should result in a comprehensive EBM plan that can mitigate the threats
and achieve the policy objectives identiﬁed in Phase I. In building a comprehensive
EBM plan, the Phase II knowledge base is used to ﬁrst guide the design of the EBM
plan, and then evaluate the plan’s potential performance before implementation in
Phase IV.
Most examples of management plans have focused on ecological outcomes (e.g.,
Rademeyer et al. 2007; Ansong et al. 2017; Samhouri et al. 2014). Since EBM is
concerned with the management of SES, the EBM plan that is developed and tested
in this phase should cover both the ecological and social components of the system.
To that end, the EBM plan consists of two interconnected, structured, yet differentiated sets of decisions, management measures, and policy instruments, each primarily addressing a speciﬁc aspect of the SES (see Fig. 3):
• Management measures are integrated into a Programme of Measures, a combined
set of actions aimed at achieving environmental objectives and thus to enhance
and protect the ecological system. Potential management measures can be classiﬁed according to the three ISO 31,000 risk management categories: prevention;
mitigation; and recovery controls (Cormier et al. 2013, 2018) that can be aligned
to the EBM management measure typology outlined in Piet et al. (2015),
depending on where in the linkage framework the measure intervenes.
• Prevention controls manage the causes of the risk and are aimed at the human
activity and/or the pressure. Examples are input control (e.g., scrapping
schemes to reduce the capacity of the ﬁshing ﬂeet), output controls that
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Table 2 Social EBM criteria for assessing the knowledge base of the social part of the socialecological system (SES) and hence the core sustainability SES subsystems: governance systems and
users (Ostrom 2009). These criteria are based on the key EBM principles identiﬁed by Long et al.
(2015) and link to the relevant governance actors. Guidance is provided to assess to what extent the
institutional set-up and its governance processes can support EBM. Links to other criteria in this
table or Table 1 are in italics
EBM criteria
Use of scientiﬁc
knowledge

Actors
Science

Inter-disciplinarity

Stakeholder
involvement

Integrated
management

Adaptive
management

Management

Generic assessment guidance and considerations
This includes the scientiﬁc use of all types of knowledge
including local knowledge, traditional knowledge or citizen science. Has the knowledge been produced according
to the scientiﬁc standards? Is the methodology appropriate? Are procedures transparent? Peer-reviewed? Is there
consensus on the quality of the available (scientiﬁc)
knowledge? This requires both the interaction between
scientists and decision-makers to foster salience in scientiﬁc input as well as the interaction between scientists and
other actors to foster credibility in knowledge production
(see Röckmann et al. 2015). Ultimately the outcome of the
process should be perceived as evidence-based.
Was the appropriate expertise in terms of relevant disciplines applied when producing the knowledge? Can
stakeholder knowledge be integrated? The aim is to progress from multi- to inter- to transdisciplinary science. See
Stakeholder Involvement.
Science could beneﬁt from knowledge available with
other stakeholders, notably the business sector. Stakeholders can play a role in providing knowledge (see ‘Use
of Scientiﬁc Knowledge’) collecting data (monitoring;
cooperative research). The feedback of stakeholders on
making choices under uncertainty is also important. Reed
(2008) identiﬁes eight best practices that improve the
quality and effectiveness of stakeholder participation.
In this context integrated can be interpreted as crosssectoral, inter-disciplinary and/or holistic (i.e.,
encompassing the whole SES). Which of these (or other)
perspectives are incorporated into the management process? Compliance of the SES aspect Human activities and
their pressures is a requirement. The Decision-making
across administrative boundaries is tightly linked to the
Distinct boundaries criterion where jurisdictional boundaries may be different from ecosystem boundaries. Building resilience requires a governance capable of balancing
heterogeneity, redundancy, modularity and connectivity at
Appropriate temporal and spatial scales (Elmhirst et al.
2009; Levin et al. 2013)
The management should be adaptive as it needs to deal
with the inherent uncertainty of EBM. Learning-by-doing
is needed when outcomes of decisions are uncertain
because of complex system dynamics. This is linked to
ecological EBM criteria: Acknowledge uncertainty,
Account for dynamic nature of ecosystems and
(continued)
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Table 2 (continued)
EBM criteria

Actors

Apply the precautionary approach
Stakeholder
involvement

Appropriate
monitoring

Decisions reﬂect
societal choice

Policy
making

Stakeholder
involvement

Sustainability

Stakeholder
involvement

All resource
users

Generic assessment guidance and considerations
Appropriate monitoring. Rather than choosing optimal
paths and decision rules in a deterministic framework,
facing current risks and considerable uncertainties requires
governance frameworks able to adapt to the multiple circumstances that may prevail in the foreseeable future.
Does the institutional set-up allow the application of the
precautionary approach? This requires compliance to the
SES aspect Changes and Uncertainty.
Managers depend on the input from science but could
beneﬁt from knowledge available with other stakeholders,
notably the business sector. Also, the feedback of stakeholders on making choices (or co-decision making) under
uncertainty is important. As compliance of the SES aspect
is a requirement; stakeholder involvement in policy
implementation can be instrumental.
A requirement of Adaptive management is adequate
monitoring. The quality of the monitoring is reﬂected in
the proportion of the relevant components of the SES for
which sufﬁcient data is collected at appropriate spatiotemporal scale and the level of uncertainty to allow scientiﬁc knowledge to guide informed decision-making.
Monitoring programs can be developed in collaboration
with the other stakeholders, i.e. multi-sector actor resulting
in cooperative research.
The monitoring data should be transformed into salient
and legitimate scientiﬁc knowledge to guide informed
decision-making. The degree to which that actually occurs
needs to increase in order to advance EBM.
Specifying clear goals increases efﬁciency and efﬁcacy of
the MSP process and allows the identiﬁcation of potential
trade-offs of proposed management strategies. Specify
what trade-offs should be considered, e.g. amongst stakeholders, or between short- and longer-term beneﬁts.
‘Stakeholder involvement’ is required speciﬁcally in order
to make decision-making inclusive and reﬂect societal
choice (i.e., legitimacy).
For rationale see Röckmann et al. (2015). Check if the
‘typology of eight levels of participation’ (Reed 2008) is
applied. The degree of stakeholder interaction should be
appropriate for the speciﬁc context. Also, the feedback of
stakeholders on making choices (or co-decision making)
under uncertainty is important. Is there information on
compliance? Stakeholder involvement in decision making
can be instrumental to ascertain compliance.
All three pillars of sustainability (i.e., ecological, economic and social) should be considered in the trade-offs
informing the decision-making process.
The participation and involvement of all the resource users
is the backbone of a successful EBM process. This may be
(continued)
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Table 2 (continued)
EBM criteria

Actors

Generic assessment guidance and considerations
through a top-down process initiated by the government or
a bottom-up process where the users self-organize. In case
of a top-down process stakeholder participation should
reﬂect and be based on all sectors which are affected by the
plan, local community actors and environmental
non-governmental organizations (NGOs) in addition to the
stakeholder groups speciﬁcally mentioned (i.e., science,
policy makers and managers). This to ascertain all relevant
societal claims, values and relevant aspects and impacts
can be considered in the process and involved at each
stage and that implementation and monitoring of strategies
are effectively done.
The likelihood of self-organization of the users to achieve
a sustainable SES was found to depend on several aspects
of the SES covered by the other EBM criteria, see (Ostrom
2009).

Fig. 3 Diagram explaining the elements that make up an ecosystem-based management plan.
PI ¼ Policy Instruments, M ¼ Management Measure, MS ¼ Management Strategy

prevent the pressure from entering the system (e.g., catch controls in ﬁsheries)
or spatial- and/or temporal distribution controls (e.g., marine protected areas or
real-time closures).
• Mitigation and recovery controls are implemented to reduce the likelihood and
magnitude of each consequence as a result of the risk event occurring. We
distinguish mitigation controls that target the pressure once it is present in the
system (e.g., beach cleaning after oil spills) and recovery controls targeting the
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ecosystem component (state) that is impacted (e.g., habitat restoration or
stocking programs). For both mitigation controls there may be a lag in the
response depending on the persistence of the pressure or the resilience of the
species. For recovery controls, the lag is only determined by the resilience. The
choice of the type of management measure thus determines the time horizon
when results can be expected.
• Policy instruments are integrated into an Implementation Plan. This consists of
all the arrangements or reforms that are required in the governing system
(as part of the social system) for the implementation of the Programme of
Measures and the overall performance of the full EBM plan. The following
types of policy instruments can be distinguished (see Lago et al. 2015; FrelihLarsen et al. 2016):
• Legislative instruments, including various (inter)national conservation laws or
regulations
• Regulatory instruments, including the setting of targets or standards aimed at
maintaining a certain level of environmental quality, prohibits (i.e., bans) or
allows (i.e., permits) an individual or business to perform certain acts, or to
have a certain portion (or amount) of a product
• Economic instruments such as pricing mechanisms (e.g., tariffs, taxes and
charges, trading of permits), payments, or liability schemes
• Instruments involving information, awareness-raising, and public engagement
such as training and qualiﬁcations (e.g., obtaining certiﬁcates or proof of qualiﬁcation) related to environmental protection, public information programs, stakeholder and public participation, or innovation groups that aim to build capacity
and knowledge about a particular environmental, economic, or practical issue
• ‘Nudges’ are possible alternatives to the instruments mentioned above, whereby
the behaviour of actors (e.g., industry, civilians) is inﬂuenced (or nudged)
towards the preferred choice via positive reinforcement and indirect suggestions
such as changing the default option in a form (Valatin et al. 2016)
• Monitoring and research aimed at improving the SES knowledge base. This may
include the collecting of additional data or developing an understanding on
speciﬁc gaps that may correspond to speciﬁc nodes or linkages in the linkage
framework that hampered this EBM cycle but may be useful in the next EBM
cycle.
The design step of the EBM plan commences with the selection of appropriate
candidate management measures. This is guided by the ERA, which identiﬁes the
linkages contributing most to environmental impact risk indicating the potential
management measures following the approach developed by Piet et al. (2015).
Those candidate management measures should cover all the major threats and are
considered most likely to reduce the environmental impact risk. A pre-screening
exercise using the ‘10-tenets of adaptive management’ (Barnard and Elliott 2015)
may be conducted to ascertain a priori that all possible issues are considered that
may prevent the success of management measures or policy instruments. Failure to
comply to any one of the tenets should be reason to re-consider a particular
management measures or policy instrument. By applying these tenets as screening
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criteria for the list of potential issues, those issues that do not tie directly to a tenet,
should be removed from further testing in the evaluation step.
In this evaluation step, the future performance of an alternative EBM plan is
compared to that of the existing (e.g. baseline, business-as-usual) management plan.
Both the alternative and baseline management plans may result in different outcomes
depending on exogenous drivers (e.g., socio-economic or climate scenarios). For the
evaluation of the alternative EBM plan(s) against baseline, we propose three
outcome-oriented criteria:
• Effectiveness: Does the plan achieve the pre-determined target? This is what
usually constitutes effective evaluation of a management strategy (see Punt et al.
2016 for best practices) and involves the simulation of speciﬁc indicator trajectories with their error distributions relative to policy targets (e.g. ﬁshing mortality
indicator relative to the target of Maximum Sustainable Yield). Effectiveness of
an individual measure, or of a programme of measures, along with its implementation plan, is deﬁned by the contribution it makes to bridge the information gap
between understanding baseline conditions and target conditions.
• Efﬁciency: Is the plan conducive to enhance human wellbeing? This refers to the
capacity of citizens and social institutions to take advantage of existing opportunities (as determined by technology, resource endowments and actual availability, physical and human capital, etc.) to improve human wellbeing in a sustainable
way. It is a concept that applies to the users of a particular service (i.e., those who
may have the opportunity to utilise the service without making anyone else worse
off), the stakeholders in a particular decision context (i.e., who may have the
option to cooperate in the preservation of a resource and share the beneﬁts
amongst them), or the government (i.e., who may have the possibility of improving the environment without worsening opportunities in terms of economic
activities). This criterion is ultimately an assessment of sustainable development,
where each generation should aim at improving its wellbeing within the available
opportunities as long as this does not compromise the options available to future
generations. The beneﬁts and costs are deﬁned as any positive or negative impacts
on human wellbeing, irrespective of whether the affected individuals are aware of
them, or whether they can be valued through market prices or any other ad-hoc
valuation exercise. When comparing beneﬁts and costs, the issue is that costs are
often monetised and are relatively certain, whereas beneﬁts may be difﬁcult to
monetise and are deﬁnitely more uncertain (though mostly just as real).
• Equity: Are the beneﬁts being shared in a socially just way? The distribution of
beneﬁts and costs across stakeholders must be perceived as fair. Besides the
contribution of the EBM plan, to social equity, the legitimacy of the EBM plan
requires the perception that its consequences are fairly distributed among the
affected parties both in the present as well as the future (i.e., intergenerational
equity).
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Phase IV: Implementation, Monitoring and Evaluation

This is the phase where EBM becomes operational based on the planning in the
previous phases. According to Cormier et al. (2017), it is the competent authorities
of speciﬁc sectors that are accountable to implement the measures that are designed
to manage their speciﬁc operations. The role of science is to: (1) inform those sectorspeciﬁc authorities on the detail of the measures before implementation; as well as
(2) design the monitoring programs; and (3) conduct and inform the subsequent
evaluation of the performance of those measures after implementation. The performance is evaluated testing indicators against a benchmark as a measure of achieving
an objective. When the benchmark is not met, the goals and objectives needs to be
re-examined and/or the management regime re-assessed (Behn 2003; Poister et al.
2010) in phases I and III of the next EBM cycle.
While a monitoring program is primarily intended to assess the status of the SES
and the performance of the EBM plan, it can also feed relevant information into the
knowledge base and hence need to be aligned with system-oriented criteria of
Table 1. The implementation of any future alternative EBM plan is determined by
the governance context and the institutional processes captured in the Phase II
knowledge base with the process-oriented criteria in Table 2. The performance of
the EBM plan can then be used to guide the planning (Phase III) in the next EBM
cycle, which builds on the previous EBM plan by adopting those management
measures or policy instruments that performed well, and modifying or replacing
those that failed. Incorporating the feedbacks from Phase IV and integrating it into
the next EBM cycle is crucial to a successful EBM process.

3 Discussion and Conclusions
The EBM approach presented here is an attempt to combine or reconcile many
existing concepts that describe the ecological system, the social (or socio-economic)
system and EBM into a unifying approach with guidance on how to make it (more)
operational in any aquatic ecosystem based on a diverse existing literature incorporating concepts from IEA, Marine Spatial Planning, ERA, resilience and CAS (Long
et al. 2015; Cormier et al. 2017; Levin et al. 2009b; Samhouri et al. 2014; Levin et al.
2009b; Samhouri et al. 2014; Ansong et al. 2017; Folke et al. 2010; Hagstrom and
Levin 2017). We have attempted to translate these concepts into concrete steps,
identify issues for the practitioner to consider, give examples that provide the basis
for a common framework, and suggest practical guidance for the incorporation and
synthesis of interdisciplinary information on SES into practical and useful linkage
frameworks for EBM plan development and implementation. One example of a
practical application of this framework can be found in (Piet et al. 2019).
Integrated ERAs have been included in environmental impact assessments for
many decades but it was not until the work of Halpern et al. (2008) that the
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cumulative effects of multiple stressors received much attention. Since then, many
other such integrated assessments have taken place in marine waters (e.g., Coll et al.
2012; Knights et al. 2013; Korpinen et al. 2012) and are now also covering inland
and transitional waters (e.g., Borgwardt et al. 2019). These integrated assessments all
apply different methodologies which may differ on their ability to inform EBM and
associated monitoring requirements (Borja et al. 2016). Even within a speciﬁc
integrated assessment there are methodological choices to be made depending on
the chosen subSES and/or the application of the ERA (Piet et al. 2017).
The EBM process consisting of four phases (I–IV) has been built around the SES
concept that brings together the natural and social scientiﬁc disciplines involved in
EBM. The contribution of this study to advance EBM occurs primarily in Phase II
and Phase III. Advancements in Phase II consists of: (1) approaches to reduce a
complex suite of SES to one or more focused subSES to avoid inaction from
overwhelming complexity, a common problem when resolving wicked problems
such as EBM; and (2) practical guidance based on key EBM principles (Long et al.
2015) involving both the ecological system as well as the social system. Advancements in Phase III consists of the organizing the structure and typology of an EBM
plan that is explicitly linked to both the ecological system as well as the social
system. Even though the ﬁndings of this study are primarily relevant for the science
domain, it explicitly acknowledges the interaction with wider society. This approach
structurally incorporates consultation with other stakeholder groups in order to
enhance the credibility in knowledge production and ascertain salient scientiﬁc
input in the domain of policy-makers, decision-makers, and managers (Röckmann
et al. 2015).
Despite the many issues that are still unresolved, this study provides the theoretical and conceptual basis to apply some of the methodological studies in this volume
(Borgwardt et al. 2019; Teixeira et al. 2019) in order to advance the implementation
of EBM toward and achievement of policy objectives in support of the societal goals
for our aquatic systems (see Piet et al. 2019).
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