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About AQUACROSS

Knowledge, Assessment, and Management for AQUAtic Biodiversity and Ecosystem
Services aCROSS EU policies (AQUACROSS) aims to support EU efforts to protect
aquatic biodiversity and ensure the provision of aquatic ecosystem services. Funded
by Europe's Horizon 2020 research programme, AQUACROSS seeks to advance
knowledge and application of ecosystem-based management (EBM) for aquatic
ecosystems to support the timely achievement of the EU 2020 Biodiversity Strategy
targets.

Aquatic ecosystems are rich in biodiversity and home to a diverse array of species
and habitats, providing numerous economic and societal benefits to Europe. Many of
these valuable ecosystems are at risk of being irreversibly damaged by human
activities and natural pressures, including pollution, contamination, invasive species,
overfishing and climate change. These pressures threaten the sustainability of these
ecosystems, their provision of ecosystem services and ultimately human well-being.

AQUACROSS responds to pressing societal and economic needs, tackling policy
challenges from an integrated perspective and adding value to the use of available
knowledge. Through advancing science and knowledge; connecting science, policy
and business; and supporting the achievement of EU and international biodiversity
targets, AQUACROSS aims to improve ecosystem-based management of aquatic
ecosystems across Europe.

The project consortium is made up of sixteen partners from across Europe and led
by Ecologic Institute in Berlin, Germany.

Contact
Coordinator
Duration

Website
Twitter
Linkedin
ResearchGate
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] Background

To fight increasing pressing challenges (e.g. pollution, contamination, invasive
species, overfishing and climate change) and build resilience to those pressures, EU
environmental protection policy is taking action on multiple fronts to safeguard the
status of aquatic ecosystems, as illustrated (among other policy initiatives) by the
implementation of the Birds and Habitats Directives, the Water Framework Directive
(WFD) and the Marine Strategy Framework Directive (MSFD). However, despite
progress towards the individual objectives of these policies, EU directives as a whole
have been unable to halt and reverse the trend of declining biodiversity of aquatic
ecosystems. Actually, biodiversity is declining worldwide, and at a much faster rate
in aquatic than in most terrestrial systems (Vaughn, 2010). This is compelling
scientists and policy-makers to act together to identify effective policy solutions.
Current and forecasted trends of biodiversity in aquatic ecosystems are raising
substantial concerns over the consequences of biodiversity loss on ecosystem
processes and functions, which subsequently affect the provision of ecosystem
services (ESS), and ultimately affect human well-being (Maes et al., 201 3).

International and European policy have quickly moved to set targets for the
protection of ecosystems and biodiversity. At the international level, efforts are
coordinated by the Convention on Biological Diversity (CBD), the main objective of
which is to promote the development of national strategies for the conservation and
sustainable use of biological diversity, mainly through articles 6, 7, 10 (conservation
of biodiversity and sustainable use of biodiversity), and 17 (exchange of information)
at national and European levels. Further efforts include a host of relevant protocols
(e.g. Cartagena Protocol on Biosafety; Nagoya Protocol on Access to genetic
resources and the fair and equitable sharing of benefits arising from their utilisation)
and conventions (e.g. Convention on International Trade in Endangered Species;
Bonn Convention on Migratory Species; Bern Convention on the conservation of
European wildlife and natural habitats).

Efforts in Europe are framed under the objectives of the EU 2020 Biodiversity
Strategy (EC, 2011), which aims to implement the Strategic Plan for Biodiversity
2011-2020 and the Aichi Targets (CBD-UNEP, 2010 and 2013). This strategy
identifies six targets that cover the main factors driving biodiversity loss and aim to
reduce existing pressures on nature. These are, in summary, (EC, 2014):

» Target 1: conserving and restoring nature through better application of the Birds
and Habitats Directives with the goal of halting biodiversity loss and restoring
biodiversity by 2020.

2 The AQUACROSS Innovative Concept



Target 2: maintaining, enhancing and restoring (15% as minimum by 2020)
ecosystems and their services, by integrating green infrastructure into land-use
planning.

Target 3: ensuring the sustainability of agriculture and forestry through enabling
existing funding mechanisms to assist in the application of biodiversity
protection measures.

Target 4: ensuring sustainable use of fisheries resources by 2015 with the goal
of achieving MSFD targets by 2020.

Target 5: combating invasive alien species.

Target 6: addressing the global biodiversity crisis and meeting international
biodiversity protection obligations.

The “Mid-term Review of the EU Biodiversity Strategy to 2020”, which has been
recently published by the European Commission (EC) in October 2015, takes stock of
progress made towards the strategy’s targets and actions since it was adopted in
2011. Whilst the report recognises some improvement in the knowledge base
generated and the achievement in the development of some policy frameworks, in
relation to the key target of the Strategy, the review concludes that “at the current
rate of implementation, biodiversity loss and the degradation of ecosystem services
will continue throughout the EU” (EC, 2015a). This fact is illustrated by the
comparison of current data observations and the EU 2010 biodiversity baseline
indicators (EC, 2015a). The review identifies three main reasons for this failure: i) the
weak level of implementation and enforcement efforts by Member States, ii) the need
for more effective integration of relevant policies, and iii) the setting of “coherent
priorities underpinned by adequate funding” (EC, 2015a).

In contrast to the level of certainty about the gloomy future depicted in the
aforementioned mid-term review, the EC report is vague about proposing ways
forward to halt biodiversity loss. The document merely states that implementation
and enforcement efforts have to become “considerably bolder and more ambitious”
and that there is a need to intensify the implementation of measures across all
relevant policy targets (EC, 2015a). Overall, the lack of success in EU biodiversity
protection policy can be seen as the sad result of the current static view towards EU
environmental protection policies, their fragmented implementation, and the
management divide between the public and private sector (EC, 201 3).

The AQUACROSS project proposes the following actions as ingredients of the final
recipe for implementation success in aquatic ecosystems to the specific objectives of
the EU Biodiversity Strategy 2020 and the implementation of the Strategic plan for
Biodiversity 2011-2020:

The AQUACROSS Innovative Concept



,ifj“ dCross

S

» Delivering a consolidated and coherent outlook on EU policy for aquatic
ecosystems (Target 1 of the EU Biodiversity Strategy);

» Increasing knowledge on biodiversity and drivers of aquatic ecosystem change
(Targets 2, 3, 4, 5, 6);

» Carrying out integrated assessments for all aquatic ecosystems including
freshwater, coastal and marine systems and their linkages (Target 4) and
delivering explicit mapping of ecosystem service provision (Target 2);

» Better understanding and uptake of (i) the application of blue/green
infrastructure (Target 2) and (ii) broader EBM for aquatic ecosystems (Targets 3,
4,5, 6);

» Supporting the management of Natura 2000 sites (Target 1) and invasive alien
species (Target 5); and

» Testing business models for the provision of ecosystem services that will
contribute to ecosystem protection (Targets 2, 3, 4, 5, 6).

Ultimately, the key concept in the AQUACROSS project is Ecosystem-based
Management (EBM). EBM is understood as any management or policy options
intended to restore, enhance and/or protect the resilience of the ecosystem. This
encompasses any course of action purposely intended to improve the ability of
ecosystems to remain within critical thresholds, to respond to change and/or to
transform to find a new equilibrium or development path. Thus, EBM sets the
foundations for the development of effective and widely applicable management
concepts and practices for aquatic ecosystems. The EBM concept is concerned with
ensuring that management decisions do not adversely affect ecosystem functions
and productivity, so that the provisioning of aquatic ecosystem services (and
subsequent socio-economic benefits) can be sustained in the long-term. EBM is also
relevant for maintaining and restoring the connection between social and ecological
systems. AQUACROSS also recognises EBM as a way to address uncertainty and
variability in dynamic ecosystems in an effort to embrace change, to learn from
experience and to adapt policies throughout the management process. EBM
measures will need to be supported by an effective policy and governance framework
that enables their adoption amongst a wide range of actors from public authorities
to businesses, civil society organisations and citizens.

1.1 EBM definitions and policy application

Recent years have seen a vast number of policy related research and development
(R&D) initiatives promoting a range of concepts, methods, and models that aim to

4 The AQUACROSS Innovative Concept
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support the achievement of EU and international biodiversity targets. By explicitly
considering the full range of ecological and human interactions and processes
necessary to sustain ecosystem composition, structure and function, EBM has
become one of the most promising approaches (Tallis et al., 2010), encompassing a
whole range of decision-making support tools (e.g. the EBM Tools Network'). EBM
has, in that context, permeated scientific and policy practice related to the
management of (aquatic) ecosystems (Nobre and Ferreira, 2009).

Several policy initiatives explicitly promote the application of EBM. In Europe, EBM is
unambiguously mentioned for the implementation of marine and climate change
adaptation policies and the design and assessment of subsequent management
practices towards the achievement of the stated objectives (see Box 1).

Box 1: Example of policy definitions of EBM

EBM definition

Reference

Convention "The ecosystem approach is a strategy for the integrated Conference
on management of land, water and living resources that of the
Biological promotes conservation and sustainable use in an equitable Parties
Diversity way" and which aspires to maintain the natural structure and  (decision
(CBD) functioning of ecosystems. V/6)
Marine The marine strategies shall apply an ecosystem-based EC, 2008
Strategy approach, which the MSFD broadly defines as “management
Framework  of human activities, ensuring that the collective pressure of
Directive such activities is kept within levels compatible with the
(MSFD) achievement of good environmental status and that the

capacity of marine ecosystems to respond to human-induced

changes is not compromised, while enabling the sustainable

use of marine goods and services by present and future

generations”.
EC Climate “Management, conservation and restoration of ecosystems, as Based on
Adaptation part of an overall adaptation strategy that takes into account  EC, 2013
Strategy the multiple social, economic and cultural co-benefits for

local communities. Adaptation is facilitated through both
specific ecosystem management measures (e.g. managed

T http://www.ebmtools.org/about_ebm.html
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EBM definition Reference

realignment) and through increasing ecosystem resilience to
climate change (e.g. watershed management, conserving
agricultural species genetic diversity)”.

Common The Common Fisheries Policy defines EBM as “ecosystem- EC, 2014

Fisheries based approach to fisheries management' means an

Policy (CFP) integrated approach to managing fisheries within ecologically
meaningful boundaries which seeks to manage the use of
natural resources, taking account of fishing and other human
activities, while preserving both the biological wealth and the
biological processes necessary to safeguard the composition,
structure and functioning of the habitats of the ecosystem
affected, by taking into account the knowledge and
uncertainties regarding biotic, abiotic and human
components of ecosystem”.

All of these policy definitions promote integration across ecological and social
systems, the use of environmentally friendly practices/sustainability, and the
consideration of environmental limits and thresholds. Fundamentally, they all have in
common that they promote the need to adapt planning and management to the
dynamics of whole ecosystems to preserve and enhance their potential or capacity to
continue to deliver the services and benefits upon which human societies depend
(EEA, 2015). However, they differ in their view of the connections between society
and ecosystems; from the MSFD which defines EBM as a way to reduce pressure on
the marine environment; to the EU Biodiversity Strategy that focuses the definition of
EBM on integrated management; to the Adaptation Strategy that emphasises the
resilience dimension (Gunderson, 2001); and the CFP which, arguably, could be seen
as the most comprehensive of all reviewed definitions and establishes linkages with
the ecosystem services concept.

These policy initiatives have ignited a number of useful tools and products for
decision-making, but a major challenge remains in the establishment of an
operational framework that links, in a cost-effective way, the assessment of
biodiversity and ecological processes and their full consideration in public and
private decision-making. EBM remains challenged by conceptual and implementation
limitations, in particular regarding i) the lack of explicit consideration of the
ecosystem services concept (Jordan et al., 2012), which would critically help link
ecological assessments with the achievement of human well-being, thereby
enhancing the relevance of achieving biodiversity targets for a range of public and

6 The AQUACROSS Innovative Concept
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private actors; ii) a primary focus on ecological dimensions rather than on social-
ecological processes (Berkes, 2012), which would enhance the integrated
understanding of relevant dynamics and feedbacks; and, in this context, iii) the lack
of attention to trade-offs, uncertainties, and thresholds inherent in the management
of (aquatic) ecosystems (Curtin and Prellezo, 2010).

In summary, there is a policy need for a consolidated practical definition that
addresses the different dimensions in the interpretation of EBM. These dimensions
are: i) understanding complex/integrated social-ecological systems (SES), ii)
factoring in resilience, and iii) accounting for ecosystem services.

1.2 Expanding knowledge in the practical
application of EBM approaches for the
achievement of biodiversity targets in aquatic
ecosystems

Sustainable and innovative management solutions to achieve biodiversity targets for
aquatic ecosystems are most effective and efficient if coordination and cooperation
between different policy areas are ensured. At the same time, innovative business
solutions and engagement with private efforts working with policy and other relevant
societal actors are essential to protect aquatic ecosystems and to ensure that
biodiversity is maintained at levels needed to provide ecosystem services and human
well-being (OECD, 2012).

Ultimately, an advanced understanding and new science to assess aquatic
ecosystems and the complex interactions they hold is needed to generate better
descriptions and quantifications of the linkages between socio-economic and
ecological systems, so that practitioners can begin to consider the practical
application of EBM approaches across aquatic ecosystems. In practical terms, this
includes a better understanding of the aquatic ecosystem state (and functioning), the
services these ecosystems deliver, the pressures that impact them, and the causes of
these pressures (economic and social, as well as the outcomes of ecosystem
processes), including their thresholds and tipping points when impacted by changing
drivers and pressures (Barbier et al., 2011; Borja, 2014; Dolbeth et al., 2016). Data
and information from different European initiatives need to be compiled and
combined with new findings and research to enhance the impact of research and to
ensure the efficient use of state-of-the-art knowledge and science for policy,
management, business, and society. This approach is in line with the goals of the EU

7 The AQUACROSS Innovative Concept
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2020 strategy -‘A strategy for smart, sustainable and inclusive growth’ (EC, 2010),
foreseeing Europe to emerge stronger from the economic and financial crisis.

The AQUACROSS concept introduced in this deliverable aims to make EBM an
ecosystem-service and resilience-oriented concept that can be made fully
operational in the context of the management of aquatic ecosystems (inland, coastal
and marine). The AQUACROSS Assessment Framework (AF) will, for the first time,
generate consistency of analysis across aquatic realms. These conceptual
developments will be uniquely embedded in practice and ground-proofed via
integrated and coordinated policy assessments, as well as stakeholder engagement
and the consideration of management options through case studies.

1.3 Objectives of this Deliverable

In order to reach AQUACROSS’ ambitious workplan, a critical first step consists of
developing the AQUACROSS innovative concept: a structured set of ideas and
hypotheses aimed at steering research efforts.

The key purposes of the AQUACROSS innovative concept are:

» Representing scientific consensus on ecosystem services, structure and functions
and their connections with socio-economic systems in such a way that can be
understood and taken up by end-users and policy-makers;

» Integrating scientific fields with different concepts, data, information tools,
methods and approaches into a holistic framework to inform policy-making;

»  Facilitating collaborative model development  through meaningful
communications between scientists, stakeholders and other end-users, and
policy-makers;

» ldentifying opportunities linked to biodiversity conservation, protection and
restoration of ecosystems processes and functions, which can improve human
well-being, and are socially relevant to foster cooperation amongst stakeholders
across policy domains;

» Assessing barriers, trade-offs and synergies of the different alternatives available
to change current practice and to design and implement EBM approaches;

» Assessing drawbacks of traditional approaches and making the advantages of
holistic approaches more visible;

» Representing and analysing uncertainty about scientific outcomes and developing
criteria and methods to assess the robustness of alternative courses of action;

8 The AQUACROSS Innovative Concept



Supporting the development of articulated targets in terms of managing
ecosystems and the services they deliver, as well as to manage risks in the long-
term.

The particular objectives of this document as part of the AQUACROSS strategy are:

Reviewing available concepts and approaches that are relevant to the project
objectives, as above;

Examining key concepts and knowledge gaps aimed at improving EBM
approaches along the continuum of freshwater-coastal-marine systems;

Developing a glossary of terms to (i) foster common understanding and
agreement and further applications across multiple disciplines, areas of
expertise, and the relevant realms and (ii) to ensure that these concepts are
consistently used;

Specifying key research questions for the achievement of the practical objectives
of the project and paving the way for a smooth uptake of outcomes by end-
users;

Using these concepts to build the basic structure of the AF, a collectively built
knowledge base that will be the conceptual and operational backbone of the
project.

Box 2: The AQUACROSS concept and beyond

The above-mentioned objectives will be collectively pursued from the beginning to the end of
the project.

According to the Description of the Action (DoA), the innovative AQUACROSS concept is part
of Task 3.1 (Framing the AQUACROSS Assessment Framework), and aims at providing a solid
foundation for the initial scientific consensus within the project consortium (Deliverable 3.1:
The AQUACROSS Innovative concept - this document).

The output of this task will be used as the foundation for the development of the Assessment
Framework (AF) to be delivered at the end of month 15 (Task 3.2). The AF will ultimately
present the scientific consensus on the AQUACROSS concept and on the methods and tools to
be developed in the different Work Packages (WPs) and implemented in the project’s Case
Studies (CSs).

The AF will be updated and upgraded on the basis of lessons learnt and the findings and
experiences from WPs and CSs, as well as on expert judgements and recommendations from
end-users, stakeholders, including the AQUACROSS Science-Policy-Business Think Tank
(SPBTT).

The AQUACROSS Innovative Concept



9quaCross

In brief, this document presents the basic concepts and outlines the research
strategy to be followed. Section 2, below, focuses on the AQUACROSS innovative
concept itself. It aims at mobilising and weighing up existing scientific knowledge to
provide a comprehensive view of social and ecological systems and on the way they
interact. On the basis of this, Section 3 presents the AQUACROSS architecture, a
comprehensive analytical structure to make the AQUACROSS concept operative so as
to better inform policy-making processes regarding biodiversity conservation and
ecosystem services delivery. Section 4 presents the key conclusions and the way
forward.

10 The AQUACROSS Innovative Concept
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2 The AQUACROSS Concept

AQUACROSS’ holistic approach to sustainability considers social (including economic)
and ecological systems as being complex, adaptive, and mutually interdependent.
Hence, AQUACROSS builds upon the understanding of both systems and their
interlinkages to develop innovative management approaches and tools focused on
the restoration and protection of critical aquatic ecosystem components as a means
to sustain biodiversity and the delivery of ecosystem services in the long-term.

Over the past century, socio-economic and ecological systems have become
increasingly interconnected and a wide majority of environmental issues have
unveiled their global nature. The growing scale of economic activities, market
globalisation, population change, coupled with progress in poverty mitigation and
improvements in living standards in wide areas have led to gradually more complex
developmental issues associated with a declining resource base, mounting
uncertainties and a range of environmental and human development challenges (i.e.
climate change, biodiversity loss, floods, droughts and other risks).

This has revealed the reliance of society and the economy on the environmental
services provided by ecosystems (MEA, 2005; TEEB, 2010; MAES, 2013 and 2014)
and has made the importance of those ecosystems to shape production and
consumption patterns at local and global scales even more evident than ever before.
In actuality, the transformations on Earth induced by economic and social change
might have turned humankind into a major force able to shape nature both at local
and global scales (Folke, 2005) to such extent that it may have defined the dawn of a
new geological era: the Anthropocene (see Steffen et al., 2007; Hamilton et al.,
2015). All this brings forth the discussion of mankind’s collective capacity to manage
the transition towards a sustainable balance between humankind and nature (Steffen
et al., 2011; Chakrabarty, 2009) and the need for new forms of governance, better
suited to the new circumstances.

2.1 Complex adaptive systems

The challenges above are difficult to handle, as social and ecological systems are
mutually interdependent and form complex adaptive systems (Levin et al., 2013),
whilst being components of the whole system as such. A holistic approach may
provide the basis to analyse how society and nature, as complex adaptive systems,
are linked to each other both at the micro and the macro levels and how these
linkages give rise to the dynamics we observe at the system (macro)level. In addition,

11 The AQUACROSS Innovative Concept



it may help analyse the role of mutual adaptation/co-evolution. Moreover, the study
of social and ecological systems as complex and adaptive ones is still an emerging
research programme.

The comprehensive assessment of all the pathways and feedback loops through
which society and nature may interact at local and global scales remains an
impracticable task. However, a holistic approach is still feasible and may result in
promising research developments when applied to specific policy challenges in well-
defined temporal and spatial contexts and taking into consideration a set of
significant ecological and social interlinkages (as it is the case of AQUACROSS
project).2

Within this context, a good starting point to set up the basis for an ambitious
analysis of the interlinkages between society and nature is to question what social
and ecological systems have in common and whether or not using shared concepts
and methods could pave the way for their study. From AQUACROSS’ standpoint,
complexity and adaptive systems’ theory provides this common ground.

Box 3: What does a complex adaptive system stand for?3

Complex adaptive systems (such as an economy or an ecological system) consist of many
local or micro-level adaptive agents making predictions of one another's behaviour and
responding to information and signals from their neighbouring environment. The structure,
functions and dynamics of the system at the macro-level are not planned by a central control
but emerge from the interaction and interconnectedness of their constituent parts and of the
system with other complex adaptive systems. Complex adaptive systems are self-organising
entities.

The notion of complexity refers to the interaction, interrelationships and
interconnection amongst the multiple parts of a system and between a system and
its environment. Actually, both social and ecological systems are shaped by micro-

2 The notion of complex adaptive systems combined with the resilience approach for their study and
management have served to structure a multi- and transdisciplinary research program that advances
through the application of emerging concepts and methods towards an increasing number of domains
and places (such as marine ecology, river ecology, coastal management, etc.). For an account on how
these concepts have co-evolved through applied research since they were coined in the early 60s, see
for example Folke (2005).

3 The notion of complex adaptive systems has its origins in information theory but its extension to the
analysis of “real” natural and social system is attributed to the 1969 Nobel prize-winning physicist
Murray Gell-Mann (1994).

12 The AQUACROSS Innovative Concept
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level interactions amongst, for example, buyers, sellers, firms and households in the
different markets or between individuals from the same and different species
throughout different space and time scales in an ecosystem. Both systems can be
represented as networks formed by many individuals or units acting in parallel and
responding to the signals, stimuli or additional information received from their
surrounding environment.

Ecological systems, like contemporary economies, do not have a central governing
unit in control of the system’s behaviour. Rather, to a significant extent, the system’s
control is scattered and decisions are largely made by individual units. Each unit
behaves according to simple rules of thumb - for example, buying or not a good or
service depending on its price in the case of a customer; following the herd, the
stream or a heat gradient in the case of migratory species; finding the fastest way
downhill in the case of water runoff. This implies that all these simple actions or
decisions are interconnected and that all elements in the system could change based
on the interactions among their parts and between each part with its neighbouring
environment. At this micro level, rather than by static equilibrium, the system is
characterised by the continuous change induced by actions and reactions of its
constituent elements.

Most individuals, either actively or passively, adapt to changes in their environment
and to others’ adaptive changes by changing behaviour, migrating, dying, mutating,
etc. Thus, it is important to understand how short-term, local, individual behaviour
leads to system level and/or longer-term consequences. However, the interaction
and interconnection of individual units within the system and between the system
and its environment creates a complex system overall.

Complex systems can be represented and described by their fundamental
components, the structure and the functions performed by each of them or the
overall performance of the entire system. The lack of central control does not entail
chaos, and the system still shows order. Coherence may result from the constant
non-equilibrium movements and actions despite the fact that each agent follows its
own interest, as in the market economy, or reacts only to its closer environment. In
this sense, ecological systems are relatively autonomous, self-organised systems,
just as economies and markets (Krugman, 1996).

2.1.1 Interlinkages between ecological and socio-economic
systems (and the cost of overlooking them)

The increasing interconnections between socio-economic and ecological systems
challenge the conventional separation of natural and social sciences. Evolution in

13 The AQUACROSS Innovative Concept



biological sciences is not tractable anymore, if restricted to the study of undisturbed
environments. Similarly, the study of economic development is increasingly
uninformative and meaningless, if considerations about resource availability and
environmental conditions are not factored in the analysis of the other. Plausibly, the
increasing interdependence of nature and society highlights the well-established
idea that social and ecological systems are only the interacting components of a
whole SES shaped by the mutual adaptive dynamics of its parts.4

The AQUACROSS concept considers the two main components of this whole system
(i.e. social and economic system on one side and the ecosystem on the other), and
comprehends them as complex adaptive systems in themselves. Therefore, all
analytical models should account for trade-offs implied by the interaction between
these two intertwined adaptive systems.

AQUACROSS aims at mobilising and integrating knowledge, so as to understand how
social and ecological systems are linked, both at the micro- and macro-levels.
Elaborating these linkages enables the understanding of how these linkages give rise
to the dynamics seen at the SES level and to deepen the knowledge on the role of
mutual adaptation/co-evolution. Furthermore, AQUACROSS aims at contributing to
bridge this knowledge gap without ignoring the basic fact that yielding analytical
results on, and modelling of, all complex processes involved in social and ecological
systems is a chimera.

Rather than setting our research questions at this ambitious and abstract level, the
AQUACROSS strategy turns the spotlight on a more practical question: making the
best out of existing knowledge to develop a comprehensive understanding of both
social and ecological systems and their mutual interactions, what are the practical
lessons to be taken into account to provide a better political response to current
sustainability challenges in all policy domains linked to water and biodiversity? This
entails considering the inherent limitations and challenges of existing knowledge so
as to develop a better response to how a complex adaptive system -characterised by
self-organisation and nonlinear dynamics- must be managed and to overcome
common attempts at controlling selected variables that are doomed to failure.

Opportunities linked to a holistic approach, such as the one adopted by AQUACROSS,
take the benefits of accounting for the mutual interdependencies between social and

4 See for example Gual and Norgaard (2010) for a review of the theory of coevolution of ecological and
social systems, an old intuition that can be traced back to Darwin (see Hodgson, 2010) but that still is
an important foundation for future research (Waring, 2010).
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ecological systems to the policy arena. At these early stages of the project, the best
prospects must be found in cases where the costs of ignoring the critical adaptation
feedbacks are more evident and have already led to major detrimental effects over
biodiversity and human well-being.

One important hypothesis is that economic (and decision support) models that do
not consider complex adaptive natural and social systems may well lead to socially
and ecologically undesirable outcomes. In fact, disregarding these interconnections -
as it commonly happens both in individual and collective decisions - may often
exacerbate problems.

Figure 1: Ecological and socio-economic systems as two interconnected complex
adaptive systems

e olomical Social Social
cologica Ecological processes
processes feedbacks

Source: Own elaboration based on Biggs et al. (2015), p.8

Prevailing best practice consists in optimising the delivery of particular ecosystem
services (food, energy, safety, etc.) and seeks to maximise the production of specific
components of the system (such as water quantity or fish biomass), through
controlling others (water storage, flood risk, etc.), at a limited scale (mostly local),
and for a limited time frame (mostly in the short-term). This practice sets aside or
assumes that no changes in the functions and structure of ecosystems occur on
broader spatial scales and through the medium- and longer-term (Walker and Salt,
2006; Levin et al., 2013).

Despite what optimal resources management models may suggest, dynamic systems
cannot stay steadily in an ideal optimal status chosen to deliver maximum
sustainable yields of fish, freshwater or wood, just to mention a few examples.
Furthermore, ecosystems and natural resources are not affected by single
disturbances, like extraction rates or pollution loads, but rather by disturbance
regimes represented by the pattern and dynamics of disturbances that shape the
ecosystem itself in the long-term (see Pickett and White, 1985).
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Although minor changes in complex systems are often linear and incremental,
ecosystems are only stable within critical thresholds and might change into
alternative stable states due to disturbance regimes (Beisner et al., 2003; Beisner,
2012). Permanent disturbances and extreme events such as droughts, floods and
storm surges are able to reorganise system properties and affect biodiversity. For
instance, different studies of aquatic, forest and other ecosystems show that smooth
changes can trigger sudden variations in regimes, and lead to the irreversible loss of
ecosystem services (Scheffer et al., 2001). Similarly, minor changes in sediment
transport may trigger a catastrophic drift of stream invertebrates (Gibbins et al.,
2007).

These perspectives widen the opportunities for targeting policy interventions but
also come along with new policy-relevant research questions. One of these questions
refers to the complex feedback between ecosystem structure, functioning and
services and biodiversity and, in particular, on how disturbance determines
community diversity, and in turn, how diversity, in turn, determines the reactions to
disturbance severity (Hughes et al., 2007).

Hence, common practice to manage aquatic ecosystems -mostly focused on single
major pressures, with partial analysis focussing on single provisioning services, and
assuming marginal incremental changes and linear dynamics- increased the risk of
leading the system close to a critical threshold (non-linearity), and then to be
exposed to a regime shift in the face of an extreme event. For instance, agricultural
subsidies and water scarcity may have led to the overallocation and overexploitation
of water use rights and might have increased water scarcity and droughts exposure
(Gémez and Pérez, 2012). In a similar way, business and policy models of
commercial fisheries management led to demand and supply levels that exceeded
the natural productive potential. This has increased pressures over new fishing
grounds located in biodiversity hot spots (World Bank, 2004).

In a similar way, acknowledging SES as dynamic and adaptive should lead to a
redefinition of realistic and forward-looking management targets. Therefore, rather
than focussing on sustained yields and static equilibrium, management strategies
should focus on persistence or the ability of the SES to stay within critical thresholds
and to adapt and reorganise when necessary, in order to provide essential functions.

2.1.2 Policy implications of complex adaptive social-ecological
systems

The notion of complex adaptive systems represents a radical departure from
managing single control variables aiming at optimal deterministic state variables. It
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helps overcome some relevant drawbacks of conventional mechanistic and
deterministic approaches. These approaches consider optimal solutions, linear
dynamics, and marginal changes in the surroundings of a single equilibrium under
complete information and almost perfect foresight on resource and environmental
management.

Holistic approaches call for a shift towards a more dynamic and organic way of
thinking in which non-linear changes, uncertainty, and even surprise are intrinsic
characteristics of the system. Whilst making this approach operational is still work in
progress (see Biggs et al., 2015), the notion of social and ecological systems as
complex adaptive systems already sheds light on the limitations of deep-rooted
approaches to governance and policy-making, let alone on the risk of going further
with traditional approaches to respond to new environmental and social challenges
(see Levin et al., 2013).

This is the case of the many risks linked, for instance, to assuming perfect foresight
in freshwater management. The usual practice of projecting past rainfall and runoff
patterns into the distant future, and using these projections as the baseline to
design and assess policy interventions, is the equivalent of leaving the main drivers
of current changes in water ecosystems aside from the policy-making process; in
practice, this will result in increasing exposure of the economy and ecosystems to
climate and weather extremes, and water-related disasters and regime changes.

Similarly, assuming linear dynamics will render the analysis unable to explain sudden
regime shifts, such as in coral reefs affected by turbidity (Crépin, 2007), and more
generally in lakes, rivers and marine environments (e.g. Haghighi and Klave, 2015;
Naeem and Wright, 2003). Non-linear dynamics imply that multiple potential steady
states and transitional dynamics outside equilibrium and among alternative regimes
may be analysed, as they are all relevant to decide the type of policy intervention.
Thus, policy options may be aware of initial conditions, past actions, etc., and may
lead to opening or broadening choices in the future.

Additionally, neglecting the interconnectedness of the components of an ecosystem
may lead to ignoring the risks of managing single species (i.e. flagship species) or
individual ecosystem services, while ignoring how they are connected with other
components of the system. For instance, ignoring the interaction of species in
fisheries management may leave uncertainties out of the policy-making process and
increase the risk of collapse of commercial and non-commercial species (Carpenter
and Brock, 2004; Crépin, 2007). More generally, neglecting the interconnectedness
between social and ecological dynamics can lead to wrong assessments of the
likelihood of a regime shift as shown in Lade et al. (2013) and/or to design and
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implement policy responses that are prone to failure due to neglecting adaptive
responses at both the social and ecological level (Hill et al., 2015).

Overlooking spatial patterns and dynamics may lead to incorrect policy responses. In
actuality, choosing the adequate scale of intervention in complex systems is a critical
factor that may determine the outcome of policy options. For example, managing
water at a farm level may lead to undesirable outcomes if the links with the
catchment hydrology are ignored. This happens, for instance, when shifting towards
a more water efficient irrigation technique; while desirable at a plot level, this
reduces physical return flows, hence groundwater recharge and surface runoff
downstream (Ward and Pulido-Velazquez, 2008).

Besides leading to wrong policy recommendations, regulating part of a system
without regard of the interlinkages to the other parts may lead to the neglect of
opportunities to improve well-being linked to the protection of ecosystems and
biodiversity. For example, when ecological and economic components are factored
into the analysis, marine protected areas (MPAs), even in areas of low net primary
productivity and low fishing costs, may become effective marine spatial management
instruments to increase revenue and profits of fisheries locally, but also at regional
and global scales (Sanchirico et al., 2006).

Uncertainty is inherent to complex adaptive systems and their management. In
addition to the known unknowns in consolidated management approaches that are
burdened by the lack of data on species and past trends, complex systems come
with new uncertainties. Under this new perspective, the role of ecosystem features
and components such as water interfaces (e.g. ecotones) on biodiversity and
ecosystem resilience needs to be properly understood and mainstreamed into
policy-making. Furthermore, appropriate policies should be assessed, defined and
implemented at relevant spatial scales. Yet, limited knowledge on ecosystem
functions and dynamics and how systems adapt to policy interventions, (e.g. how
close they are or may be to critical thresholds) are good examples of the new
unknowns that cannot be tackled through standard sensitivity analysis5 (Polasky et
al., 2011a and 2011b).

5 Also known as irreducible uncertainty.
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2.2 Resilience as a management criterion to build
sustainability

In the face of ongoing changes and their uncertain future consequences, given the
inescapable exposure to uncertain shocks, the key to sustainability consists in
enhancing the resilience of the whole social-ecological system (SES). Within this
context, the main governance challenge lies in preserving the capacity of SES to
remain within a certain range of conditions to meet collective and individual
development goals, and to ensure the continuous provision of a desired set of
ecosystems services we and our economy depend on.

Box 4: What are resilience and resilience thinking all about?

o Resilience is a general characteristic of a system that results from its ability to respond to
change, perturbations and disturbance regimes (adaptability), and transform when
necessary. It is closely connected with the diversity of ecosystems and species
(heterogeneity), the capacity of a system to contain or spread a perturbation along its
constituent parts (which depends on the system modularity), and the capacity of a
particular part or population to recover after a shock has taken place (which is linked to
the system connectivity).

e Persistence is the tendency of a SES’s ability to change to remain within a stability domain,
continually changing and adapting yet remaining within critical thresholds.

e Adaptability, a defining component of resilience, is the capacity of a SES to adjust its
responses to changing external drivers and internal processes and, thereby, allow for
development within the current stability domain along the current trajectory.
Transformability is the capacity to create new stability domains for development and a new
stability landscape, and to cross thresholds into a new development trajectory.

e Resilience thinking is a framework approach to sustainability that emphasises the
interdependency of humans and ecosystems, in which SES are complex adaptive systems
and that cross-scale dynamics matter to support the deliberate transformation of SES.
Resilience thinking aims at: 1) assessing the relative merits of the current versus
alternative, potentially more favourable stability domains, and 2) fostering resilience of the
new development trajectory. It focuses on the three aspects of SES: resilience as

persistence, adaptability, and transformability (Folke et al., 2010).6

6 Biggs et al. (2015b) identified 7 elements that must be enhanced through deliberate transformations.
3 are characteristics of the social-ecological system to be governed: diversity (which includes
redundancy), connectivity (which includes modularity), and managing slow variables and feedbacks. The
other 4 are characteristics of the governance system (complex adaptive systems thinking, learning,
participation and polycentric governance).
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In other words, this is equivalent to building the resilience of SES as a means to make
human development sustainable (Biggs et al., 2015b). The following three defining
characteristics of resilience and resilience thinking (see Box 4) are of particular
relevance for the AQUACROSS concept and for the project research strategy:

1 Resilience thinking is a framework to support policy decision-making processes
aimed at overcoming the vulnerability and the long-term negative consequences
of current practices over human development.

Since adaptability and the value of preserving options for the future have been
largely ignored in traditional policy decisions, these choices have resulted in
reduced diversity and heterogeneity. Market conditions have favoured most
profitable crops and animals at the expense of less productive ones. Land use
practices, driven by policy and market forces, have fostered uniform
ecosystems at the expense of valuable environmental services such as water
regulation, pollution control, health security, or biodiversity support.

These practices are nevertheless vulnerable to a change in current
environmental conditions, as they promote the reduction of biodiversity levels
interfering with ecosystem function and the services they deliver (Altieri,
1999). For instance, the transition to simplified invertebrate fisheries,
favoured by fishing practices aimed at maximising the production of targeted
species, has triggered severe shifts to ecological states that are undesirable
against both economic and ecological criteria. Further, they accelerate
biodiversity decline in broader marine areas, threaten food security and leave
the species remaining exposed to the risk of collapse due to disease, invasion,
pollution and climate change (Howarth et al., 2014).

2 Resilience thinking is a framework to mobilise existing knowledge and to identify
critical knowledge gaps that may enhance the capacity to manage the
transformation of SES by deliberate interventions over specific components at
selected scales but with the potential to enhance the resilience and the
sustainability of the entire SES.

It favours the combination of different sources of information and knowledge
to surf over different scales, to halt detrimental pathways, and to foster a
regime change in the desired direction.

Resilience thinking supports taking advantage of focused interventions at
smaller scales with the potential to activate resilience at larger scales. For
instance, even small marine reserves in remote and relatively well-conserved
areas could allow for the restoration and protection of essential marine
ecosystem services. As a result of that, the impacts may spill over to
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biodiversity and fish populations in the broader ocean (Sumaila et al., 2015;
Thurstan et al., 2013) and that may be the source of economic benefits at
local and global scales to an extent that, in fact, may exceed the foregone
rents of fishing effort in the area (Sumaila et al., 2015).

On the other hand, resilience at higher scales can improve the capacity to
transform at smaller scales. Change in larger scales may favour interventions
at lower ones. Besides contest from stakeholders that may bear the
opportunity costs of high seas marine reserves, such as those around Pitcairn
and the Eastern Islands, their implementation was actually largely impeded by
the lack of means to deter industrial illegal trawling until a global governance
breakthrough based on innovative satellite monitoring technologies (such as
the “Eyes of the Sea” project based on the Catapult software) allowed a regime
shift and both reserves were recently declared and enforced.?

3 Resilience thinking stresses upon the importance of governance and institutions
as the keystone that explains the adaptive capacity of socio-economic systems.

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.

This leads to the promotion of governance frameworks 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 their ability
to commit to legitimate and transparent policy objectives (Dietz et al., 2003). In
addition, they should also pave the way to achieve collectively agreed goals through
robust institutions with stakeholders able to adjust regularly to changes in the
ecological and the socio-economic systems (Nelson et al., 2006).

Yet, whilst the notion of building resilience may be generally accepted as the
backbone of sustainability, the means and ends of a resilience strategy are far from
being the outcome of a technical or a scientific deliberation. This issue actually
belongs to the policy-making process, hence to the social and economic side of the
system. The following reasons explain why choosing the means to build
sustainability and enhance resilience is, after all, a governance challenge:

7 See, for example: http://www.pewtrusts.org/en/about/news-room/press-releases/2015/01/21/pew-
unveils-pioneering-technology-to-help-end-illegal-fishing
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Building a sustainable future requires deliberate transformation of the SES as a
whole. Required transformations must encompass changes in both the socio-
economic system, to enhance its adaptive capacity, or the ability of institutions
and individuals to respond to change, and also in the ecological system, to
enhance its capacity to seamlessly deliver critical environmental services.

Choosing the means and tools to build resilience implies making a decision over
different governance Catch-22s. Trade-offs stem from different sources, such as
the conflicting interests amongst stakeholders, the balance between short- and
longer-term benefits, the need to forgo current rents in exchange of future
security, or the local opportunity costs and the benefits.

Actually, changing detrimental trends and making a system more adaptable
entails significant trade-offs that can be factored in with the help of the
resilience thinking approach, applied to both social and ecological systems (see,
e.g. Janssen and Anderies, 2007; Stepanova and Bruckmeier, 2013; Villamayor-
Tomas et al., 2014).

Restoring or preserving the ability to absorb change may have sizeable
opportunity costs in the short-term that should ideally be weighed against
long-term benefits of sustainability. For example, soil conservation practices
may contribute to resilience by reducing flood and drought risks (through
natural water retention), by stabilising farmers’ income and might also have
significant co-benefits in terms of water quality and terrestrial and aquatic
biodiversity. Nevertheless, they might also reduce crop yields while increasing
production costs and exposure to pests (Rodriguez-Entrena et al., 2014).

For instance, when improving the connectivity and decreasing the intensity
and frequency of flooding in urban floodplain restoration, there are trade-offs
with drinking water production as the risk of contamination might increase
(Sanon et al., 2012). Similarly, building dikes to cope with flood risk would
increase short-run resilience to small periodical floods and investment
security, but would not be effective at all to tackle large floods, making the
same people more vulnerable to climate change in the long run (Palmer et al.,
2008).

Adaptability also implies a tension between the benefits of adapting economic
and social decisions to current priorities and demands and/or preserving the
options for the future to maintain sufficient variation to respond to new
environmental challenges (Norberg et al., 2001; Levin et al., 2013).

Likewise, adaptability implies a trade-off between modularity, which prevents
harmful properties to spread throughout a system, such as invasive species in
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ecosystems and recessions in economies (May et al., 2008), and connectivity
of local populations that may help recover depleted populations after an
extreme event, such as a storm or a wildfire. This may also be the case for
economies that may smooth the downturn after a financial crash, but can also
contribute to systemic risk through spreading disturbances (Biggs et al., 2012;
Crook et al., 2015).

Globalisation reshapes the connection between ecosystems and socio-economic
systems in positive and negative ways. It may favour a more efficient allocation of
critical resources by conveying information about water and energy scarcity into
global markets and by creating incentives for resource efficiency and innovation,
in particular if local and global prices reflect current scarcities. However, it may
also ignite detrimental dynamics like freshwater overexploitation, water quality
degradation, invasion of alien species, damming, land use in floodplains and
mining. In many cases, globalisation can result in scale mismatches causing
disconnections between the scales of economic drivers and environmental
pressures (Cash et al., 2006; Henle et al., 2010; Veldkamp et al., 2011).

Additionally, mainstreaming the resilience thinking approach into policy-making
requires the design and implementation of innovative research strategies that are
able to deal with crucial methodological challenges involved in operationalising the
resilience thinking approach, such as the following ones:

Assessing the resilience of a complex system involves a basic trade-off between
the analytical approaches required to understand critical linkages, particular
disturbances at local scales, etc., with the ambition of understanding systemic
interactions at a global scale. Any attempt to make resilience thinking
operational comes along with the dilemmas that are inherent to scientific
research (analysis-synthesis, general-specific approaches, etc.). Some authors
have pointed to the difference between “specified resilience”, from “something to
something” and “general resilience” that neither focuses on a particular system’s
component nor on a set of disturbances (see, e.g. Carpenter et al., 2001; Folke et
al., 2010).

Applied resilience thinking is only feasible when dealing with particular
environmental problems (specified resilience). These specific problems may arise,
for example, from well-defined disturbances offering opportunities to the analyst
to balance the need to find meaningful explanations about the critical
interlinkages at play with the ambition to frame his/her research into a holistic
framework.

Nevertheless, resilience thinking sheds light on the disadvantages of being too
specific. In particular, it brings to the forefront the risk involved in making policy
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decisions based upon research outcomes that leave relevant scales, critical
thresholds, linkages to other systems, etc., aside and ignores irreducible
uncertainties and surprises leading to wrong policy responses. This actually
entails a compromise between the apparent accuracy of fully specified models
and tools and the need to frame policy-making into holistic frameworks (hence,
conforming with abstract models, qualitative analysis, unbounded uncertainties,
responses that are not necessarily operational at the scale or to the process to
which they must be implemented, etc.).

Summing up, a resilience approach to sustainability assumes a close and strong
interaction between socio-economic systems and ecological systems, which are both
complex adaptive systems subject to sudden and unpredictable non-linear changes.
It also recognises that ecological and social processes are interconnected across
multiple scales, both in time and space. Hence, resilience thinking calls for
governance approaches able to deal with uncertainty, to curb down unsustainable
trends, to build capacity to sustain human well-being in the presence of uncertain
changes by absorbing shocks, and adapting or transforming in response to change
(Biggs et al., 2015b; Walker and Salt, 2006). Building resilience for a particular
system, thus, implies policy decisions on balancing heterogeneity, redundancy,
modularity and connectivity at appropriate temporal and spatial scales (EImhirst et
al.,, 2009; Levin et al., 2013). Within this context, research strategies aiming at
supporting policy-making must cope with the challenge of making a holistic
approach operational and to support managing specific ecosystems and processes
within existing institutional setups at local scales relying on imperfect and
incomplete information.

2.3 Ecosystem-based Management

Managing complex interactions between socio-economic and ecological systems
calls for governance approaches to focus on ecosystem resilience, that is to say, on
the capacity of ecosystems, including their structure and functions, to continue
delivering ecosystem services in the event of gradual variations and abrupt changes.

Ecosystem-based Management (EBM) stands for any management or policy options
intended to restore, enhance and/or protect the resilience of an ecosystem. This
encompasses any course of action purposely intended to improve the ability of the
ecosystems we care about to remain within critical thresholds, to respond to change
and/or to transform to find a new equilibrium or development path.

EBM must be assessed, designed and implemented to maximise contributions to the
resilience of the overall socio-economic and ecological systems.
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Box 5: Ecosystem-based Management: one concept, several definitions

Ecosystem management is “an approach to maintaining or restoring the composition,
structure, function, and delivery of services of natural and modified ecosystems for the goal
of achieving sustainability. It is based on an adaptive, collaboratively developed vision of
desired future conditions that integrates ecological, socioeconomic and institutional
perspectives, applied within a geographic framework and defined primarily by natural
ecological boundaries” (MEA, 2005).

“The ecosystem approach is a strategy for the integrated management of land, water and
living resources that promotes conservation and sustainable use in an equitable way. It is
based on the application of scientific methodologies focused on levels of biological
organization, which encompass the essential processes, functions and interactions among
organisms and their environment. The ecosystem approach aspires to maintain the natural
structure and functioning of ecosystems and recognizes that humans and their action are an
integral component of ecosystems” (Naumann et al., 2011).

“An approach to maintaining or restoring the composition, structure, function and delivery of
services of natural and modified ecosystems for the goal of achieving sustainability. It is
based on an adaptive, collaboratively developed vision of desired future conditions that
integrates ecological, socioeconomic and institutional perspectives, applied within a
geographic framework, and defined primarily by natural ecological boundaries." (MEA, 2005;
Meffe and Carroll, 1997; Kettunen et al., 2007).

The Ecosystem Approach is a resource planning and management approach that integrates
the connections between land, air, and water and all living things including people, their
activities, and institutions (Farmer et al., 2012).

Hence, EBM consists of actions to enhance, restore and/or protect the ability of
ecosystems to contribute to sustainability through the secured provision of a
valuable set of ecosystem services, when facing either gradual changes or sudden
and unexpected perturbations (see Box 5). It includes strategies to maintain and
restore natural ecosystems, protect vital ecosystem services and reduce water and
land degradation and the management of habitats to ensure reaching biodiversity
targets (World Bank, 2006).

Though EBM approaches are designed to improve the structure and function of an
ecosystem to enhance its resilience, they are assessed against criteria linked to
human well-being, such as sustainability, efficiency, equity and legitimacy.

EBM approaches differ from traditional management approaches that are not rooted
in holistic approaches over SES (see below for a comparison). To stress this
difference, AQUACROSS will provide examples of policy failures linked to common
practice and also evidence on the consequences of ignoring critical linkages, as well
as the interaction between multiple stressors.
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Traditional approaches to manage ecosystems and EBM fundamentally differ in the
following aspects:

Their focus on flagship species, hotspots, single pressures, specific impacts, etc.
Despite achieving measurable outcomes, these approaches face the risk of
degrading resilience and increasing ecosystems’ vulnerability. For instance, if
applied to conservation, EBM requires selecting optimal focal species, currently
mostly chosen according to socio-economic criteria such as charismatic value,
high public interest or market value (such species are often expensive to
preserve and ineffective as indicators to restore their living environment), or
keystone species (selected by the critical role they play in an ecosystem)
(Shannon et al., 2004).

The fact that they are based upon sectoral and partly conflicting policies (water,
energy, climate change, food security, spatial development, etc.) that pursue
biased objectives at the expense of worsening prospects in other policy realms
may result in unsustainable cumulative pressures. Within this context, EBM rather
than sectoral policies has the promise of making visible the multiple co-benefits
linked to the improvement of an ecosystem’s condition. Subsequently, it opens
new opportunities of pursuing different policy objectives simultaneously (in water
provision, energy, land use, food, climate change adaptation, etc.). EBM also
contributes to designing cooperative instruments and policy synergies to take
advantage of these opportunities (i.e. the current research on the water, energy,
food and climate change nexus; Biggs et al., 2015a, 2015b; Howells et al., 2013),
or the recent interest in the contribution of nature-based measures for EU
policies on biodiversity, freshwater or the marine environment (EC, 2012).

Maximising the provision of some ecosystem services (drinking water, water for
irrigation, urban soil, dilution of pollutants, etc.) whilst impairing the capacity of
the ecosystem to deliver other valuable services in the present and in the future
(including those services linked to self-regulation and support). In contrast, EBM
seeks to maximise the value of natural assets and, thus, the joint value of all the
flows of ecosystem services it could provide in the future. Traditional
management has gone too far in transforming ecosystems for a single purpose;
emerging strategies find more relevant opportunities in the benefits attached to
restore natural features, for example, to reduce flood risk, contribute to
groundwater recharge or soil formation, improve water quality or support life and
other simultaneous benefits linked to the recovery of ecosystems’ structure and
functions (EC, 2015b).

The neglect of the inherent uncertainties of social and ecological systems and the
attachment to a basically deterministic perception of future challenges. In
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contrast, instead of focusing on optimal solutions, EBM acknowledges irreducible
uncertainties. Hence, EBM acknowledges the importance of building adaptation8
capacities not only through restoring critical ecosystems but also through
building social abilities to respond to a range of possible futures, as well as to
preserve the option to make decisions adapted to the condition that may prevail
in the future. EBM highlights the trade-offs between the benefits of foresight and
planning for the distant future and the risk of being caught by an irreversible
decision, institutional and technical lock-in and lack of adaptability (e.g.
Marshall, 2013; Lukasiewicz et al., 2015). Within this context, EBM belongs to the
kind of policy actions that are able to maintain the provision of ecosystem
services through the maintenance of ecosystem processes and functions. EBM
enhances and restores ecosystems to reduce social vulnerability and preserve the
multiple co-benefits of preserving the environment, such as flood mitigation,
protection of livelihoods, and ensuring the delivery of ecosystem services in a
wide range of future conditions (Munang et al., 2013).

EBMs and aquatic ecosystems

The above-mentioned arguments support the idea that ecosystems, and particularly
those providing water related services, need to be governed. In particular, aquatic
ecosystems have distinctive traits that can only be sustainably managed through
planned, collective and coordinated decisions made and implemented by governing
institutions, rather than by spontaneous, individual, and uncoordinated decisions
made by self-interested individuals acting in an unregulated socio-economic system
(Hanemann, 2006; Lund, 2015; Ostrom, 2009).

Implementing a holistic approach thus requires building up a fundamental collective
agreement (i) on the set of ecosystem services that must be sustainably provided,
and (ii) on the structure and functions of the ecosystem that must be aimed at by any
resilience-building strategy (see Robards et al., 2011). Therefore, successful EBM
requires encompassing objectives regarding robust governance in the social system
and ecosystem enhancement and protection in the ecological system (Leslie and
McLeod, 2007).

8 Adaptation is the ““adjustment in natural or human systems in response to actual or expected climatic
stimuli or their effects, which moderates harm or exploits beneficial opportunities’” (IPCC 2007).
According to Lukasiewicz et al. (2015) in terms of land and water management, adaptation actions
involve reducing non-climate threats that increase the resilience of populations to a changing
environment in situ as well as enabling the species concerned to migrate to a more suitable habitat
under a changing climate (CBD, 2010).
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EBM is only feasible within a strong and enabling institutional setup. Decisions on
which ecosystem services to sustain are inherently political and should be made in a
transparent and inclusive way. Indeed, these decisions are based upon existing
knowledge of complex links and on the capacities of social actors within the
institutions in place to assess complex trade-offs, to arrive to cooperative responses
and to balance diverse perceptions and vested interests.

Additionally, focusing on ecosystems rather than on single species or resources
requires defining specific spatial and temporal scales of supply of ecosystem
services. This, along with rivalry and excludability, has implications for the scales
and structures of appropriate management institutions.

However, all the above-mentioned requirements (transparency, inclusiveness,
knowledge based, design appropriate for the scale of intervention, finding a way to
manage public goods, and non-rivalry and non-excludability), are not exclusive of
EBM, but rather defining characteristics of good governance overall. EBM measures
require good governance and an enabling institutional setup.®

Whilst traditional measures can be and have been effectively implemented in a
variety of governance setups, EBM can only be the outcome of robust institutions.
Gradually improving current decision-making processes is an integral part of
building individual and collective capacities and improving governing institutions is
an integral part in the transition towards enhancing sustainability. In other words,
the effective implementation of EBM requires adapting prevailing institutions and
policy-making processes, and overcoming significant barriers to be able to meet
policy-making challenges, such as:

First of all, defining the objectives of EBM. This requires an identification of what
set of ecosystem services may be sustainably provided and their importance. As
these services are asymmetrically valued by different users this implies trade-
offs between users. Trade-offs amongst ecosystems services are pervasive and
inherent to any resource management decision. What is special about EBM is that
this approach gives prominence to this social decision. It thus favours
transparency and a better framework to confront people, businesses and
governments with the consequences of their own decisions.

9 For this reason EBM, sensu stricto, is defined as any alternative intended to restore and enhance the
functions or the structure of an ecosystems (Maes 2013; MEA, 2005).
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Secondly, balancing trade-offs implies finding the best way to meet any
environmental objective. As above, the defining components of resilience and the
trade-offs amongst modularity, connectivity, heterogeneity and redundancy,
must be considered in the decision-making process.

Third, choosing between manifold alternatives. Besides the objectives of EBM,
assessing individual alternatives involves complex social choices and trade-offs
(i.e. short-term opportunity costs vs. long-term benefits; reduced pressures and
lower provision of commercial services vs. enhanced security, reduced risk,
better adaptation prospects, etc.).

Fourth, taking advantage of the array of different opportunities linked to EBM.
While traditional measures (such as flood prevention infrastructures) are
designed to respond to a particular problem, EBM is linked to multiple co-
benefits and may simultaneously contribute to various policy objectives, such as
biodiversity conservation, water quality and quantity, health, flood and drought
risk reduction, climate change adaptation, and energy savings. Their advantages,
compared to traditional approaches, rely on the actual opportunity to seize the
benefits of synergies or simultaneous advances across different policy and
biophysical realms. However, current methodologies, such as single-purpose
cost-effectiveness or optimisation models, might be blind to EBM co-benefits.
Additionally, advantages of EBM may remain hidden in institutional silos, where
sectoral policies are currently made.

Moreover, despite their multiple benefits, the existing institutional setups and
assessment methodologies explain why EBM is often ignored or discarded in favour
of traditional options:

Institutional lock-in: opportunities are linked to synergies of multiple benefits
across stakeholders and policy domains that can only be reaped through
cooperation instead of competition. Yet, alternative courses of action are defined,
assessed and selected on institutional silos (such as water, energy, agriculture,
fisheries, transport, land planning and other policy domains) where co-benefits
are overlooked, if not completely ignored. Rather than sectoral measures, EBM’s
advantages are better appreciated in the so-called nexus across policy domains
(such as the water, energy, climate change, risk reduction and biodiversity
nexus).

Technological lock-in: rather than calling for radical changes in individual and
social responses, dynamic, social and ecological problems call for improving
control over natural resources and for going beyond in harnessing existing
technologies.
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» Analytical lock-in: traditional cost-benefit and cost-effectiveness approaches are
designed to focus on single benefits and costs rather than on sets of ecosystem
services - EBM poorly competes with specialised traditional alternatives.

EBM requires institutional changes to build cooperation to foster collective action, to
share the array of ecosystem services obtained across different stakeholders and
policy domains, and to break institutional silos along with disciplinary borders and
short-sighted, short-term, commercial interest.
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Box 6: EBM definition and principles

The following definition proposed by Long et al. (2015), based upon a thorough revision of
the extensive literature around EBM, comfortably fits within the AQUACROSS concept:

“Ecosystem-based management is an interdisciplinary approach that balances ecological,
social and governance principles at appropriate temporal and spatial scales in a distinct
geographical area to achieve sustainable resource use. Scientific knowledge and effective
monitoring are used to acknowledge the connections, integrity and biodiversity within an
ecosystem along with its dynamic nature and associated uncertainties. EBM recognizes
coupled SES with stakeholders involved in an integrated and adaptive management process
where decisions reflect societal choice”.

According to the recurrence of its presence in peer-reviewed papers, this figure shows the
relative importance given so far to the principles of EBM (Long et al., 2015).

Acknowledge uncertainty

Appropriate monitoring

Interdisciplinary

Distinct boundaries

Decisions reflect societal choices

Recognise coupled social-ecclogical systems
Ecological integrity and biodiversity

Account for dynamic nature of ecosystems
Sustainability

Integrated management

Stakeholder involvement

Use of scientific knowledge
Appropriate spatial and temporal scales
Adaptive management

Consider ecosystem connections

Importance (based on literature review) Low ==p High
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3 AQUACROSS Architecture:
Information, Models & Tools

AQUACROSS architecture stands for the methodological approach that allows us to
operationalise the aims highlighted by the AQUACROSS concept, and integrate as
well as synthesise scientific knowledge in a fashion that is familiar to stakeholders
and managers and that is suitable to inform EBM approaches to jointly manage
complex SES.

This architecture or heuristics of the AQUACROSS project is primarily oriented
towards improving management. Beyond taking stock of existing knowledge and
synthesising the state-of-the-art of different fields (i.e. marine and freshwater
realms, socio—economic and ecological systems), it aims at mobilising scientific
knowledge for improving social capacities to provide better responses to ecosystems
and biodiversity management challenges.

In practical terms, AQUACROSS architecture aims at mobilising knowledge to (1)
confront stakeholders and institutions with the outcomes of their current decisions
and (2) to support collective decision-making to integrally manage ecosystems by
comparing and assessing alternative courses of action.

Along these lines, the main methodological challenge to realise the first general
objective consists in making a conceptually holistic approach truly operational
through the identification, effective design and successful implementation of EBM
approaches to respond to the challenges of biodiversity across freshwater, coastal
and marine ecosystems.

This first aim is linked to the following specific objectives of the AQUACROSS
architecture:

» Integrating diverse disciplines that cover the wide spectrum of natural and social
sciences and (which have different concepts, definitions, methods, assessment
criteria, analytical models and research programmes) into a comprehensive
framework to make the different pieces of knowledge suitable to serve to a
common social purpose.

»  Standardising and integrating concepts and metrics across different scales across
time, space and policy domains. This improved communication is expected to
help overcome knowledge and institutional barriers, facilitate the identification of
new opportunities linked to ecosystem-based approaches and foster the
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cooperation between stakeholders and policy areas required to take advantage of
synergies and co-benefits associated with biodiversity and ecosystems
improvement and protection across different water realms.

Representing the outcome of cumulative pressures of biodiversity and
ecosystems as a means to confront stakeholders with their own decisions. This is
expected to result in a better understanding of impacts on ecosystem structures,
processes, and functions and of the ensuing detrimental effects on human well-
being. This comprehensive analysis would contribute to increase the visibility of
the opportunity costs of ecosystem degradation and declines in biodiversity
along with the benefits of their preservation.

Developing a common understanding of SES and a shared vision of the current
trends and vulnerabilities as per ecosystems and biodiversity with a special focus
on the economic and institutional failures that must be addressed in the social
system and the evaluation of non-linear feedback loops, critical thresholds and
the existing risk or hysteresis and irreversible regime shifts.

Supporting the identification of well-defined targets in terms of biodiversity,
ecosystem services, functions and structures, and the development of
appropriate indicators, and information and decision systems to support their
achievement in a cost-effective, efficient and equitable manner.

Providing a framework to represent and convey uncertainty on scientific
knowledge, the foreseeable dynamics of SES and the impact of individual and
collective policy responses.

The second general objective consists of developing a management framework by
making the above-mentioned architecture operational, so as to fulfil the following
decision support objectives:

Framing management challenges (such as decline in biodiversity and fish
populations) within precise ecological (geographic area, relevant ecological
processes, etc.) and institutional boundaries (stakeholders, regulations in place,
property rights, development trends, etc.).

Identifying and agreeing on the management objectives, considering primary
EBM objectives as well as ulterior objectives within the SES.

Identifying opportunities and barriers linked to alternative ways to pursue
management objectives (such as synergies among policy domains, opportunities
linked to reinforced ecological processes, barriers linked to crowding out or
rebound effects, co-benefits, and forward and backward linkages).
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Evaluating gaps and deficits in the ecosystems’ structures and functions as well
as in social institutions and capacities that need to be bridged in order to make
reaching the management objectives feasible.

Assessing available alternatives to cope with management challenges in terms of
cost-effectiveness, cost-benefit analysis, multi-criteria decision and other
relevant methodologies to assess policy alternatives with effectiveness,
efficiency, fairness, legitimacy and other socially and environmentally relevant
criteria.

Developing management-oriented indicators to support the assessment of
challenges, objectives, policy options, etc., and guaranteeing the standardisation
of definitions and metrics to make assessment and comparisons relevant for
management.

Conveying evidence-based information relevant to policy-making in a way that
can be understood and used by stakeholders to screen out policy alternatives
and understand the foreseeable consequences of the different courses of action
(including business as usual and management scenarios).

Supporting the construction of a shared understanding of foreseeable
consequences, as well as the uncertainties linked to the different management
alternatives and reinforcing collective decision-making in the face of uncertain
outcomes.

Favouring learning by doing, development of individual and institutional
capacities to EBM, fostering cooperation and agreement and unveiling other
social adaptation processes oriented towards the development of robust
institutions and governance setups.

Meeting these ambitious objectives implies a series of methodological challenges
and, therefore, requires a comprehensive analytical framework able to inform on the
multiple interactions between system components and, in particular, on the two-way
links and the feedback loops between its social and ecological components. It also
entails the need to highlight and prioritise critical information gaps and to integrate
current and new knowledge into a new research programme, purposely designed to
understand the complexities of SES and to inform decision-making processes.
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The AQUACROSS architecture is the first step in the research project strategy
designed to develop this far-reaching analytical framework.10

These methodological challenges are vast and, perhaps, not within the reach of
existing knowledge. The diversity of scientific perspectives involved has led to
fragmented and scattered pieces of knowledge that limit our ability to understand
the relevant social-ecological linkages.

Yet, the right methodological approach to improve current and future decisions does
not consist of waiting until a better knowledge base is available, but rather of
conveying the best available knowledge into the policy arena to generate the positive
feedback loops that may improve current environmental responses and drive a new
research agenda.

The focus of the AQUACROSS architecture is, therefore, on providing a basis for the
operational framework to put the diverse and scattered pieces of knowledge into
value to inform policy-relevant decisions and to improve human well-being through
enhancing resilience and long-term sustainability of SES.

3.1 Choosing the right foundations

The integration of ecosystems and social information in a way that is familiar to
stakeholders and managers is an integral part of strategies intended to remediate
negative environmental impacts and to realise environmental policy goals, such as
those defined in the EU WFD, the MSFD and the EU Biodiversity Strategy to 2020.
Such strategies are also shown in different conceptual models that have been
developed to support the implementation of EBM (Ogden et al., 2005 and Kelble et
al., 2013).

The first conceptual models developed for this purpose followed the pressure-state-
impact pathway to conceptualise baseline management. Subsequently, the response
dimension was added to mainstream policy responses (as in the canon PSR model,
Gentile et al., 2001). In these first approaches, the whole social system was
embedded in the “pressure” dimension and the ecological one under “state”. These
models offered few insights to understand social processes leading to multiple

10 The AQUACROSS Assessment Framework (Deliverable 3.2) will make the project concept operational
by mobilising existing data, analytical models and assessment tools and by bridging identified
knowledge gaps. All this according to the concepts, the structure and the roadmap provided in this
document (Deliverable 3.1).
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pressures. Additionally, their consideration of the ecological systems was limited to
the affected structural parameters, rather than considering a comprehensive analysis
of ecological processes and functions.

The first basic models rapidly evolved into the DPSIR (Driving forces, Pressures,
States, Impacts, Responses). Advances resulted from adding the anthropogenic
“drivers” of ecosystem change, to provide a better understanding of the functioning
of the social system, and, also from including the “impact” dimension to understand
the deeper consequences of socially-driven pressures over ecosystems (Sekowski et
al.,, 2012). These models contributed to enhance the science-policy interface and
have been extensively applied to the assessment of terrestrial, freshwater and
marine ecosystems (Kristensen, 2004; Atkins et al., 2011; Tscherning, 2012; Kelble
et al., 2013).

Whereas the family of such conceptual models have supported outstanding progress
in the understanding of impact pathways through which human action affects nature,
in both negative and positive ways, the main shortcoming is that DPSIR application
mostly focuses on single, respectively most relevant pressures in ecosystems and
neglects simultaneously-acting pressures. Furthermore, these models are of limited
use to convey information on the importance of nature for human welfare, i.e.
integrating the linkage between ecosystem functions and ecosystem services. DPSIR
models have rather favoured impact mitigation strategies and might fail to initiate
structural responses such as those implied by EBM.

For instance, approaches based on the DPSIR logical sequence:

Mostly focus on top-down analysis and are not fitted to inform about feedback
loops and cumulative forward and backward processes, hence favouring
responses that are reactive and remedial rather than proactive and pre-emptive.

Are better suited to assess responses that reduce or modify pressures, regardless
of how the socio-economic system and stakeholders adapt their decisions and
behaviour and the drivers themselves of ecosystem change.

Neither do they explicitly take ecosystem services into account nor their impact
on human welfare. They are, therefore, unable to accommodate the rationale of
EBM that balances the costs and benefits of enhancing natural assets or
ecosystems to improve resilience and adaptability.

However, the solution to integrate ecosystem services, nevertheless, should not only
rely on adding one more clog within impact pathway analysis. From our viewpoint,
the goal of the conceptual model should be to represent how ecosystems function in
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connection with the socio-economic system, delivering ecosystem goods and
services and contributing to social welfare.

When the ecosystem approach came into play in the early 2000s, the analysis of
ecosystem services and their importance for human welfare shifted the focus from a
“‘what shall we do to nature?” towards a "what does nature do for us?” perspective.
The impact dimension became relevant as it could inform about the negative
consequences of nature degradation over people, rather than only over nature itself.
Additionally, economic progress and human well-being were added to the criteria to
favour nature preservation that was previously dominated by conservationist
approaches.

The ecosystem services approach led to a more comprehensive frame including
economic perspectives and served to call for social action more effectively. This new
approach has led to new perspectives based upon the potential of ecosystems to
provide society with the valuable services they demand and to new conceptual
frameworks to integrate these new concepts on the previous DPSIR (Turner, 2000;
Cheong, 2008; Weinstein, 2009).

Ecosystem services provided the missing analytical block to proceed from the
biophysical to the human dimensions of science. As above, Ecosystem services are
the main and most welfare-relevant outcome from the interaction of social and
ecological systems. Therefore, they can serve as the missing analytical block to
proceed from the biophysical to the human dimensions of science. In order to ensure
the policy relevance of the conceptual model, endpoints are to be (mainly) placed in
those ecosystem functions and services people do care about (Kelble et al., 201 3).

The integration of both traditions, the impact pathway analysis on the one hand and
the ecosystem services approach on the other, has fostered the emergence of a
growing number of alternative SES analytical frameworks (Binder et al., 2013).
Nevertheless, their success and their capacity for a smooth integration of knowledge
may have been impaired by the mismatch resulting from mixing pieces built in
different “factories” and for diverging purposes.

Indeed, analytical models and indicators have notably improved our understanding
of two important links between social and ecological systems (Niemeijer and de
Groot, 2008). Nevertheless, to some extent, both approaches share the drawbacks of
common practice and may only offer a partial view of the complex links between
social and ecological systems that are actually relevant. To our understanding, the
integration between both traditions is still partial.
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Posing the two basic questions these two traditions have tried to solve is especially
clarifying. On one side, it is now possible to build operational models to understand
how social outcomes (pressures and responses) affect ecosystems’ conditions; it is
also possible to get a good grasp of how ecosystems’ outcomes (or services) affect
human welfare.

It is not yet clear, though, how both pathways can be linked in a meaningful way. In
other words, the main research gaps to overcome on both ends are:

»  First, there are important knowledge gaps to be filled on the ecological side, so
as to improve our understanding of how an impaired or recovered ecosystem
structure, including its self-adaptive processes, ends up with a given potential to
sustainably provide more or less valuable ecosystem services of any kind.
Similarly, understanding how biodiversity and ecosystem processes are linked to
each other and to the delivery of ecosystem services is an important element for
the assessment of EBM responses (e.g. Cardinale et al., 2012).

» Second, on the social side, it is still unclear how individual and collective
decisions are affected by environmental changes and how the improved or
degraded supply of ecosystem services affect human-driven pressures and
responses over the environment. Both links are required to transfer the social-
ecological linkages into real feedback loops (e.g. Dolbeth et al., 2016) and to
help us assess the positive and negative impacts of ecosystem degradation and
EBM.

» Third, ecosystem services have complex links amongst themselves and with
biodiversity levels that must be properly understood to get a deeper insight on
how socio-economic processes affect the structure and function of ecosystems,
let alone their resilience and the provision of ecosystems services (e.g. Bennett et
al., 2009).

Therefore, albeit useful to provide more comprehensive sets of data and indicators
(Cooper, 2013), assembling well-established but partial frameworks may be of
limited use to support the analytical elements required to understand meaningful
social-ecological interactions and feedback loops (Binder et al., 2013; Box 7).

Box 7: Failed interventions and the missing links of conceptual models

A comprehensive approach should go beyond adding bottom-up and top-down approaches
and should also be able to ascertain feedback loops and two-way interactions that are
relevant to understand the status and dynamics of the whole SES and to identify and assess
potentially more effective pathways towards sustainability.
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Actually, most of the uncontrolled factors that hinder the achievement of biodiversity policy
objectives (such as the Aichi 2020 targets), may lie in those interstices of the SES that are still
poorly analysed by specialists and/or not yet streamed into policy-making (see: Tittensor et
al., 2014; Hill et al., 2015). For instance, effectiveness of biosecurity measures to eradicate
invasive species may be undermined by global trade and tourism (Koblentz, 2010;
Rodriguez-Labajos et al., 2009). The lack of effective mechanisms that enforce compliance
may render fishing regulations dysfunctional (Laxe, 2010). Additionally, many effective and
efficient actions to prevent the extinction of threatened species may become unfeasible, if
they challenge existing demands of ecosystems services and usual land use patterns
(Schneider et al., 2012).

Under this basis, our strategy to build the AQUACROSS architecture suggests to take
stock of the better of the two traditions. Subsequently, we make them fit into the
analysis of complex adaptive systems to build a comprehensive framework. The
project’s conceptual model consists of three building blocks: the impact pathway
analysis (or the DPSIR in its different alternatives), the ecosystem services approach,
and the interplay of both through the processes that take place in the social and the
ecological systems.

3.2 The AQUACROSS Architecture I: setting the
structural components

The analysis of the relationship between social and ecological interactions can be
based on the distinction between two closely interrelated sets of links. The first
refers to how ecosystems are linked to human welfare; the second to how social
systems shape and change ecosystems. Both links are connected to each other
through the complex adaptive processes taking place in ecological and social
systems. These two sets of links, from ecosystems to society (‘supply-side’) and the
other way around (‘demand-side’), can be interpreted as two complementary ways to
analyse environmental services.

» The supply-side relationship goes from the ecological to the social system. It
represents and elucidates the potential of ecosystems to supply and effectively
deliver ecosystem services to the social system. It includes the capacity of the
social system to transform those services delivered into benefits for people and
society. This is all contingent on the state of the ecosystems’ structure and on
those processes taking place in the biophysical system from which ecosystem
services are the most socially relevant outcomes.

» The demand-side relationship goes from the social to the ecological system. It
represents and explains the demand and the effective use of ecosystem services
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and the impacts on ecosystems. The demand of ecosystem services depends on
income, tastes, technology, institutions, and other social and economic factors.
Beyond pressures on ecosystems, this demand-side relationship also considers
social and individual decisions towards protecting and restoring ecosystems in
order to preserve their benefits depending on the governance institutions in
place. Both detrimental pressures and incremental responses are the most

ecologically relevant outcomes of the social system.

3.2.1 The supply-side relationship (from ecosystems to human

welfare)

Figure 2: AQUACROSS Architecture. Supply-side relationship.
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The link between ecosystems and human welfare can be built through analysing the

status and the processes that take part in an ecosystem. This effort seems
meaningful to ascertain the actual potential of the ecosystem to deliver a bundle of

services (or the functions performed by the ecosystem in connection to human
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welfare),’”" to identify each of the services actually provided and the benefits
stemming from these services and their value'2 (Figure 2). Sometimes this analytical
pathway is dubbed as a supply-side approach to the analysis and assessment of
ecosystems (see Maes et al., 2015 and 2016, and Figure 2).13

Ecosystems and their services: concepts and methodological challenges

By definition, all human activities are (directly or indirectly) dependent on
ecosystems. They are important for individuals (that enjoy access to multiple services
including essential ones, such as drinking water), for the performance of all
economic activities (that allow transforming natural resources into valuable goods
and services to meet human needs and aspirations). Therefore, linking ecological
and social systems to human welfare through the notion of ecosystem services is
essential to understand and assess the multiple trade-offs involved in individual and
collective decisions in a clear and consistent manner.

The supply of ecosystem services depends on the capacity of the ecosystem (i.e. its
physical properties, ecological structure and/or functions) but also on social values,
available infrastructures, human capital and institutions in place to put them into
value for human well-being (Ernstson, 2013). As above, ecosystem services are the
key emerging outcome of the interaction between ecological and socio-economic
systems (Biggs et al., 2012). These services are certainly ‘produced’ and delivered by
ecosystems. However, these ecosystems are continually shaped by their interaction

11 Reports on status or ecosystems’ condition under EU water (Water Framework Directive/WFD), nature
(Habitats Directive/HD) and marine (MSFD) directives provide an information basis on on-going efforts
to assess ecosystems potential, such as for instance in Culhane, et al. (2014). These are insightful
efforts to assess critical knowledge gaps (see State of Europe’s Seas report (EEA, 2015) for an
application to marine ecosystems).

12 To see how this sequence would be integrated into the AQUACROSS assessment framework, please
see next section. Following TEEB (TEEB, 2010): “Clearly delineating between functions, services and
benefits is important to make ecosystem assessments more accessible to economic valuation, although
no consensus has yet been reached on the classification”.

13 Maes et al. (2015) is based on Maes et al. (2012) conceptual framework, which in turn is rooted in the
ecosystem service cascade. It represents how ecosystem functions define a (potential) supply of
ecosystem services which, depending on the demand, results in a realised use (effective supply) of
services. A wealth of literature does not use the term supply but a set of synonyms such as stock,
potential services or capacity of ecosystems to deliver services (see Maes et al., 2015; Baré et al., 2015;
Culhane et al., 2014).
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with socio-economic systems and these may favour detrimental, transformative or
restorative processes (Biggs et al., 2015b).14

Within the contemporary interface of social and ecological systems, ecosystem
services should not be considered as “gifts from nature” but rather, to a large extent,
as co-produced by humans and nature. Human actions and institutions shape
ecosystem services in landscapes or seascapes by management and uses, which in
turn shape human behaviour and institutional settings. For example, the time,
quantity and quality of freshwater flows provided by ecosystems at any specific place
depend on rainfall, which is affected by anthropogenic changes in weather and
climate, and runoff, which in turn is increasingly shaped by land use (see Box 8).
Freshwater flows are subject to hydrological risks which depend on past water uses
and current water demands (Bunn and Arthington, 2002; Vorésmarty et al., 2010).
This all has an impact on human welfare that depends on the social capabilities to
match water supply and demand through building water storage facilities and water
governance institutions.

Box 8: Aquatic ecosystems and their services: are these clear-cut concepts?

Water realms are the source of valuable ecosystem services (Maes et al., 2014). Nevertheless,
the same notion of “aquatic ecosystem” is particularly elusive. For instance, if water processes
are in the interface of virtually all of the Earth’s ecosystems, what are the boundaries of an
“aquatic ecosystem” Moreover, this has not prevented the extensive use of the concept of
water ecosystem services.

Actually, the different versions of “water ecosystem services” derive from their practical use
and are not necessarily compatible with each other. For instance, “water ecosystem services”
are defined as those “delivered by water bodies” (allowing for the distinction between

14 Disentangling interlinkages and contributing to disambiguation between ecological and social
systems that are relevant to manage ecosystems require distinguishing the driver of ecosystems’
change and the pressures and responses from the social system, as well as to understand how these
outcomes impact over ecosystems’ structures. After all, once considered the ecological processes of
adaptation, these results in changes in the functions performed by the ecosystem in general and in the
ability to provide ecosystems services in particular. While terms such as functions, processes, structure,
driver, pressure, responses, benefits and values have become common in this specific literature their
definitions, meanings and differences are still far from being consensual (see below for an attempt to
define these concepts in an unambiguous manner).
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freshwater ecosystems and marine ecosystems)!> “or by water dependent habitats” (such as
riparian zones or floodplains: Grizzeti et al., 2015). Although convenient for policy
implementation in specific domains, the exclusion of other water related services (such as
runoff regulation, soil formation, water provision for rainfed agriculture, etc.) have led to, for
example, the definition of “hydrological ecosystem services” as those provided in the
“conjunction of water ecosystems services and some terrestrial ones” (Brauman et al., 2007;
Grizzeti et al.,, 2015). AQUACROSS will take stocks of these discussions to produce a
consistent definition of the ecosystems services across the water realms relevant throughout
the whole project.

The notion of ecosystem services as “the benefits people obtain from ecosystems”
(MEA, 2005) encompasses all possible ways in which ecological systems are
important for human welfare. It includes the direct provision of valuable goods and
services, such as water, food or clean air, whose link to human well-being is
straightforward. This also holds true for other ecosystem services such as soil and
water regulation. Their importance must be traced through complex ecological and
social processes, such as soil formation, water retention and land use in order to
understand how they contribute to social welfare. Examples of this are reduced flood
and drought risks, improvements in human health or water quality and supporting
biodiversity. The variety of all the potential services provided by ecosystems and the
multiple ecological processes and structures that may produce them, challenges the
possibility of making a comprehensive as well as a precise classification (see Box
9).16

Ecosystem services are valued by their contribution to human welfare. Some
contributions to economic welfare may be represented by their market value (like
fossil fuel prices and water productivity in agriculture), but this value does not reflect
their full contribution to human well-being (for example the external effects of fossil

15 For Maes et al. (2014) freshwater ecosystems include: “Lakes, rivers, wetlands and groundwater that
deliver clean water for multiple purposes and are thus vital to human well-being”. Marine ecosystems
are: “Oceans, seas and especially coastal zones”. The report recognises the difficulties involved in
applying the CICES classification to marine and freshwater ecosystems (Grizzetti et al., 2015).

16 The Millennium Ecosystem Assessment MEA (2005) distinguishes between support, provisioning,
regulating and cultural services. To avoid double counting in assessing ecosystems structure, function
and services, The Economics of Ecosystems and Biodiversity (TEEB), suggest distinguishing between
habitat services and ecosystems functions instead of supporting services (See e.g.TEEB, 2010). Further
discussions around the classification of ecosystems services can also be found in: Daily 1997; Boyd and
Banzhaf, 2007; Wallace, 2007; Costanza, 2008; Costanza et al., 2014; Fisher and Turner, 2008; Fisher
et al., 2009; Granek et al., 2010; Haines-Young and Potschin, 2013; Robinson et al., 2013, among
others.
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fuel consumption or the environmental impact of water abstractions are not factored
in in market prices). Some others may be valued in monetary units (such as water
purification services in streams, or the security added by the flood regulation of a
river basin or a flood defence for coastal areas). However, many relevant ecosystem
services cannot be measured in monetary terms, e.g. the option value of biodiversity
(e.g. uses of biodiversity potentially be discovered in the future) and cultural identity
values.

Box 9: Ecosystems services: alternative classifications

Ecosystem services were first defined as “the benefits people obtain from nature” (MEA, 2005;
Ernstson, 2013). According to that, they include (i) provisioning services (e.g. biomass,
energy flows and water), (ii) the self-regulating and supporting services of the ecosystem
(including climate, biodiversity support, pollution control and soil formation), and (iii) cultural
services (e.g. aesthetic, spiritual and recreational services).

The Common International Classification of Ecosystem Services (CICES) was developed from
the work on environmental accounting undertaken by the European Environment Agency
(EEA). It supports their contribution to the revision of the System of Environmental-Economic
Accounting (SEEA), which is currently being led by the United Nations Statistical Division
(UNSD).

Due to the need to shed light on the distinction between services, benefits and the values
associated to them, ecosystem services can be more precisely defined as “the direct and
indirect contributions of ecosystems to human wellbeing”. This concept builds upon the MEA
(2005) definition and makes a distinction between services provided by nature and the
benefits to human well-being so that a given ecosystem service may lead to different benefits
depending on the way they are used and appropriated within the social system; these
benefits affect welfare of different people in multiple direct and indirect ways (TEEB, 2010).
TEEB classifies ecosystem services in 4 main categories: (i) provisioning, (ii) regulating, (iii)
habitat and (iv) cultural & amenity services. As compared to the MEA (2005), TEEB (2010)
does not consider supporting services such as nutrient cycling and food-chain dynamics, as
proper ecosystems services but as ecological processes.

Ecosystem services are the outcome of complex ecosystems. Their benefits go far
beyond their individual use and too often spread out over the socio-economic and
the ecological systems. For instance, the provision of water for irrigation is the
critical input that allows farmers in semi-arid areas to benefit from their comparative
advantages and to build up a wealthy economy based upon irrigated agriculture with
benefits that spill over complementary industries such as food processing, transport
and input production. Some relevant contributions of ecosystem services to human
welfare are indirect. This is, for example, the case of wider macroeconomic impacts
(through multiplier effects) over economic growth and employment derived from
primary sectors heavily dependent on the provision of ecosystems services (namely
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commercial fisheries, offshore and onshore aquaculture or irrigated agriculture) that
extend over local economies and regional and global markets.

The ability to manage ecosystems depends on the perception of their importance for
human well-being. Decisions over ecosystem management, both private and public,
are affected by the external benefits and costs associated to the provision and use of
ecosystems services, as well as to the public good character of these services.

Due to their own nature, the provision of ecosystem services is linked to significant
externalities, such as the degradation of the structure of ecosystems as a result of
the way water provisioning services are delivered or to the reduction in future water
availability when water services are supplied in excess of freshwater ecosystem
capacities at a local level. Benefits of water provision in the short term, such as
measurable benefits for crop production, households or manufacturing, are
perceived in a clearer way than all the uncertain foregone ecosystem services. This
asymmetric or unbalanced perception leads to management options that give priority
to use over conservation, and then to short-sighted financial profits over broader
welfare benefits. In addition, they lead to the relative neglect of co-benefits (or
positive externalities) associated to ecosystem restoration.

Ecosystem goods and services are strictly different from private commodities and
services. For the latter, production and use decisions can be left to the spontaneous
and decentralised decisions that characterise the market economy. Indeed, to some
extent, all ecosystem services are non-rival and/or non-excludable goods, so that
competitive markets cannot efficiently decide their provision. Hence, their
management requires collective decisions and cooperation.

Services such as flood protection, water quality regulation, recreation, biodiversity
support or pest control are largely non-excludable. Providing these services to
someone implies making it available to anyone else in the area leading to the well-
known problems of common access (to fisheries in distant seawaters), or to free
riding (the free enjoyment of public goods, such as landscape or security against
storm surges, when excluding those who overfish or do not have a license is
unfeasible).

Furthermore, many ecosystem goods and services are to some extent non-rival. This
means that, unlike private goods, the use of ecosystem services by someone does
not necessarily reduce the amount or the quality of the service available to anyone
else. This is, for instance, true for natural beauty, flood protection, air quality or to
the potential future benefits of biodiversity in contrast to the services of exhaustible
resources, such as freshwater, that are rival.
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Levels of rivalry and excludability result in a spectrum of features from common pool
services, such as high sea fisheries, which are rival but not excludable, to close to
public goods, such as the reduced flood risk provided by floodplains at a local scale
(which are neither rival nor excludable).'” This includes, for instance, the information
contained in biodiversity (that is non-rival but may be made excludable through
patents over seeds or drugs).

The economic features of ecosystem services, such as their degree of excludability
and rivalry, are critical in designing institutional structures and mechanisms for their
conservation, use and management.

Similarly, the direct or indirect links between ecosystems services and benefits are
critical to define the right scale of intervention. In fact, the negative impact of
ecosystems’ overexploitation and degradation, and the external effects associated to
their use have detrimental impacts. These are more likely to be ignored when their
contribution to human welfare is indirect (as in the case of regulation and support
services provided by ecosystems: TEEB, 2010), or when the connections between the
production of the service and the enjoyment of their benefits are distant in time and
space (such as the global climate control and air quality regulation services). These
circumstances explain why many ecosystem services remain undervalued,
particularly when they are produced in distant places (the so-called distance decay of
value or the spatial discounting of ecosystems services, as in TEEB, 2011).

3.2.2 The demand-side relationship (from social systems to
ecosystem condition)

This approach focuses on understanding ecosystem degradation and restoration as
processes triggered by the demand of ecosystem services arising in the social
systems and by the particular way these demands are met '8 (see Figure 3 below).

17 See e.g. Fisher et al. (2009) for an account on how gradients of rivalry and excludability can be
applied to position ecosystems services in a spectrum from pure private (excludable and rival) to pure
public goods (non excludable and non rival).

18 Unlike the supply-side analysis, the term demand of ecosystem services is less common in the
literature. This might be explained by the many ways the demand for ecosystem services is defined and
used. In a recent survey, Bard et al. (2015) show that Burkhard et al. (2014) define it as “services
currently consumed or used in a particular area over a given time period, not considering where
ecosystem services actually are provided”. Alternatively, for economists, ecosystem services demand is
defined as “the amount of a service required or desired by society” (Villamagna et al., 2013) depending
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It takes stock of the DPSIR framework, which represents the best known and most
relevant approach to address the impacts of drivers and pressures on ecosystem
states and to establish management responses. The evaluation, how drivers and
pressures act on ecosystems, is directly linked to adequate metrics (see below).

Under the demand-side analysis, the link between society and ecosystems starts by
analysing social processes and identifying all the social, policy and economic
processes which outcomes might result in a relevant change in the structure of
ecosystems. These social outcomes constitute the human drivers of ecosystems
change.

Therefore, a useful distinction can be made between the two kinds of consequences
these drivers might have for ecological systems: detrimental (pressures) and
incremental (responses).

» Detrimental pressures over ecosystems are spontaneous results of the way the
economy works and of how social issues are managed.

» Incremental responses are the result of collective decisions that arise as
responses to ecosystem challenges and that are expected to have a positive
impact over ecosystems’ structure.

Finally, the negative and positive impacts of both pressures and responses must be
assessed in terms of changes over the structure and function (or the status) of
ecosystems.

This analytical approach can be integrated into the AQUACROSS architecture by
bringing in the abundant research on impact pathway analyses and, more recently,
on their use for the design and implementation of policy responses to environmental
degradation.

on “the individual agents’ preferences for specific attributes of the service” (Schroter et al., 2014) as
well as on their incomes, the incentives in place, regulations and other demand driving factors”.
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There is an evident need to understand how social-ecological systems evolve over
time and respond to policy interventions. For that purpose, conceptual models valid

for large scales can provide synthetic pictures addressing linkages between single

The causes of ecosystem change may be found in any natural or human-induced
factor that directly or indirectly triggers a change in an ecosystem. Accordingly, the
ecological

comprehensive explanation of ecosystem changes involves all parts of the social and

systems. Consequently, this is the main purpose of building the

AQUACROSS architecture and the heuristics on information flows and analytical

models that in common allow for a holistic understanding of ecosystem change.
Within this structure, the notion of drivers of ecosystem change must be bounded to

a precise definition that is instrumental to the analysis of how social systems shape
distinction between

important notions such as drivers,

ecological systems (see Box 10). Otherwise, it might be impossible to make a clear

ecosystem functioning, services and benefits.’9 For the sake of accuracy, the notion

19 It has become increasingly frequent to make a distinction between direct and indirect drivers (Alcamo
et al., 2005; Nelson et al., 2005; MEA, 2005). In such a way, we avoid mixing up pressures, which are
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of drivers will be limited to the outcomes of the social system that are at the origin
of ecosystem change. They can be summarised and categorised in the following five
groups, which can be further sub-classified into several sectors: (i) demography, (ii)
economy, (iii) socio-politics, (iv) science and technology, and (v) culture and religion.

Pressures, sometimes referred as direct drivers of ecosystem change, are changes in
an ecosystem’s status or structure that result from (social) drivers. They represent
physical, biological or chemical changes that directly influence ecosystem processes
and then trigger shifts in ecosystem functions and over the actual provision of
ecosystems goods and services (Alcamo et al., 2005; Nelson et al., 2005; MEA,
2005). Important pressures include habitat changes due to land cover change, shifts
in thermal regimes due to climate change, eutrophication due to plant nutrient
availability, or invasive species and diseases in all water realms. In marine
ecosystems, fishing represents the most overwhelming pressure.

Freshwater ecosystems have been directly impacted by water abstractions or
pollution (particularly high organic and nutrient load and toxic substances). The
excessive loads of nutrients also represent a pressure that acts across the
freshwater-marine continuum. Furthermore, the pressure of invasive species affects
the different aquatic realms.

Changes in ecosystem services are almost always caused by multiple, interacting
drivers that work throughout time (such as population and income growth
interacting with technological advances that lead to climate change) and over
different levels of organisation (such as local zoning laws versus international
environmental treaties), and are triggered by extreme events (such as droughts,
wars, and economic crises).

Box 10: Causes and drivers of ecosystems change

The underlying causes of change in ecosystems pervade all the processes that take part in
the complex and adaptive SES. The notion of drivers is more specific, and with conceptual
precision and avoiding double counting, results from the basic concept, common to all the
frameworks developed in the impact pathway tradition, that environmental status or its
change is ultimately driven by humans (see Cooper, 2013, for a review of these frameworks
since they were first proposed by the EEA in 1999 up to 2013). These (human induced)
drivers result in identifiable pressures over ecosystems.

the underlying causes of impacts that trigger ecosystems adaptation processes, resulting in changes of
ecosystems functions and changes in the supply of ecosystems services, benefits and so forth with the
drivers of ecosystems change.
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One important methodological challenge that must be addressed in developing the
demand-side analysis stems from the need to efficiently link the different sectors for
which environmental policies have been designed and implemented. A consequence
of that is the asymmetry in concepts and methods that might need to be reconciled
to serve the purposes of EBM. One clear example of this can be found in the
alternative definitions and reference lists established for concepts such as pressures,
drivers and impacts.

In fact, once a particular area of interest is abandoned, it might be impossible to
define these common concepts in an unequivocal way. For instance, for water
management, it makes sense to classify the significant pressures over water bodies
in four categories: point-source pollution, diffuse pollution, water abstractions and
water flow regulations and morphological alterations (see for instance the CIS WFD
guidance: EC, 2009). However, for the implementation of the Habitats Directive (HD),
the relevant pressures are clearly linked to land use practices such as grazing, forest
and mining that affect the concerned habitats.20 None of these purposely built
classifications is fully functional and might need to be adapted for the
implementation of the MSFD, which classifies pressures as physical (losses, damages
and other disturbances) interferences with hydrological processes, contamination by
hazardous substances, releases of substances, matter enrichment and biological
disturbance (Directive 2008/56/EC; Table 2).2' A comparison of pressures
throughout the freshwater-marine continuum may be facilitated by a sub-set of
pressures found on the HD-list, which represents the more comprehensive
classification as it targets all realms, at least in a basic manner. In most cases, the
nomenclatures classify the pressures on two levels: the upper-level pressure
category (e.g. agriculture, climate change), which enable the link to the drivers, and
the single-pressure level (e.g. urban wastewater, water flow regulation), which
enable the link to the impacted ecosystem processes.

20 The list of WFD relevant pressures can be found in EC (2009), Table 6.b page 51, and the one of the
Habitats Directive can be consulted at the Reference Portal of the European Topic Centre on Biological
Biodiversity.

21 The MFSD list of pressures is closer to AQUACROSS’ definition of pressures (as “the primary
alterations over the relevant ecosystem resulting from human driver factors”) with the advantage that
the Directive builds the link between these pressures and their resulting impacts (see the Table 2 in the
Annex of the MFSD). The WFD is consistent with our project’s definition of pressures but over water
bodies and not over proper ecosystems. The Habitats Directive leads to misleadingly mix up pressures
with the economic activities from which these pressures result.
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Traditional pressure-impact analyses focus on single pressures or on additive
impacts of single pressures, respectively. Recently, more attention has been paid on
potential synergistic (more than purely additive) and antagonistic (less than purely
additive) impacts of the cumulative effects of multiple pressures (Piggott et al.,
2015).

3.2.3 Linking the demand and supply side analysis of ecosystem
services

The identification of change and responses of both social and ecological systems
need to be integrated to effectively design strategies for sustainability (Gual and
Norgaard, 2010).

The global SES is changing in diverse dimensions, such as peace and security,
urbanisation and migration, affluence and public health, consumption and
technology, governance and institutions, and condition of the biophysical
environment. Global changes from human activities include overwhelming alterations
of ecosystems and the services they provide to humanity.

Drivers of environmental change are likely to intensify as human population grows
and per capita consumption increases. Some of the changes to the Earth system have
led to substantial gains in human well-being and economic development through
improved access to food, water and other basic needs. At the same time, there has
been degradation of many ecosystem services, increased risks of abrupt changes
such as diseases and pests, and increasingly vulnerable livelihoods.

The process of identifying change entails detecting the rate of occurrence and the
relevant spatial and temporal scales, as well as examining changes in quantity and
quality of ecosystem functions and services. Minor changes may lead to large-scale
impacts and larger changes may induce small-scale impacts, which need to be
considered (Costanza et al., 1997). To get to the “root” of change, it is critical to
identify the agents or drivers of these changes, which are embedded in the way
humans live.

The challenge of sustainable development is to grasp this opportunity and transform
SES to provide food, water, energy, health and well-being in a way that is
economically, ecologically and socially sustainable, i.e. feasible for many generations
into the future and for people in all parts of the world.

Both challenges are linked to each other by complex processes taking place in the
ecological system (that link the demand side to the supply side of ecosystems

51 The AQUACROSS Innovative Concept



[

services), and in the social system (that link the supply of ecosystems services with
the demand side; see Figure 1).

In other words, assembling all the pieces into a unique structure requires building

two important linkages:

First, it is essential to improve our understanding of ecological processes, not
only to account for non-human drivers of ecosystem change but also to link the
impacts of human decisions back to human well-being. The only way to progress
towards this consists in improving our understanding of how ecological systems
work and transform the modifications induced by socially driven pressures and
responses into changes in ecosystems structures and into a worse or better
supply of ecosystem services in particular. Summing up, ecological processes
allow us to go from the demand side to the supply side of ecosystem services
analysis (see Box 11).

Box 11: Ecological processes to bridge the demand and the supply side of ecosystem

services assessment

1

Ecological processes are natural transformations resulting from the complex interactions
between biotic (living organisms) and abiotic (chemical and physical) components of
ecosystems through the universal driving forces of matter and energy.

Structure of an ecosystem is formed by components and their layout within the
ecosystem. It includes biotic (living organisms) and abiotic components.

Ecosystem functioning is the capacity or potential of ecological processes and
components to provide goods and services that satisfy human needs, either directly or
indirectly. Ecosystem functions depend on ecological processes taking place within
ecosystems structures. They are classified in the following categories:

e Regulatory functions reflect the capacity of an ecosystem to regulate essential
ecological processes that serve (i) to maintain or adapt the structure of the
ecological system and (ii) to provide ecosystem services to the social system (i.e.,
clean air, water and soil, and biological control services).

o Habitat functions (sometimes considered as part of regulatory functions), reflect
the capacity of ecosystems to provide refuge and to create and maintain a
reproduction habitat to wild plants and animals, thereby contributing to the
conservation of biological and genetic diversity and the evolutionary process
within the ecological system.

e Production functions reflect the photosynthesis and nutrient processes that convert
energy, carbon dioxide, water and nutrients into a wide variety of carbohydrate
structures, which are used by secondary producers to create an even larger
variety of living biomass. Besides its intrinsic importance for ecological structure
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and processes, this biomass is linked to the provision of a wide array of
ecosystem services, including food, production inputs and genetic material.

e Information functions reflect the potential of ecosystems to provide opportunities
for spiritual enrichment, inspiration and cognitive development, recreation and
aesthetic experiences, as well as to develop social values such as identity,
cohesion, etc.

» Second, it is important to improve our understanding of social processes, not
only to understand the functioning of the economy and governing institutions
and the relatively autonomous processes that explain human development, but
also to link the provision of ecosystem services back to the drivers of ecosystem
transformation, and to the responses to environmental challenges as perceived
by individuals and institutions. The only way to progress consists in improving
our understanding on (i) how social systems work and transform the provision of
ecosystems services in new demand, and (ii) on how societies adapt to ecological
changes such as scarcity, drought, floods and other nature-driven risks and
climate change. Summing up, social processes allow us to go from the supply to
the demand side of ecosystem services analysis.

Figure 4: AQUACROSS Architecture
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All in all, the AQUACROSS architecture as a whole is formed by two analytical
pathways linking two complex adaptive systems (see Figure 4).

» One analytical pathway, or the supply-side analysis of ecosystem services,
explains how ecosystems services (the main outcome of ecological systems) are
connected to human well-being.

» The other analytical pathway, or the demand-side analysis of ecosystems
services, explains how the drivers of ecosystems change and the responses to
ecosystems challenges (the main outcomes of social systems) are linked to
ecosystems structures and conditions.

» One complex system, the ecological one, with its autonomous, complex and
adaptive processes, transforms the ecosystem modified by human-driven
impacts into new ones with a different ability to provide ecosystem services.

» The other complex system, the social one, with its autonomous, complex and
adaptive processes, transforms the actual and perceived capacity of the
ecological system into new drivers of ecosystem change and responses to
environmental challenges.

A closer look at ecosystems and biodiversity: some methodological
challenges

A better understanding of ecological processes is essential to bridge the knowledge
gap between the demand-side and the supply-side analysis of ecosystems services.
This is of paramount importance to generate the knowledge required to face
stakeholders with the consequences of their actions (drivers and responses) in terms
of their own welfare. The demand-side analysis informs us on how social outcomes
impact the environment, while the supply-side analysis shows how important
ecosystem services are for welfare and human development. Yet, substantial
knowledge gaps remain in our ability to explain how human drivers affect the
potential of ecological systems to continue providing the ecosystem services to
support human well-being.

The link between impacts over ecosystems and their potential to sustainably deliver
ecosystem services is mediated by ecological processes. Many of them are nonlinear
and lead to abrupt changes that are currently neither properly understood nor
integrated into policy-making. In addition, the trade-offs amongst ecosystem
services are not fully comprehended (Bennett et al., 2009).
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Besides their primary impact, the major anthropogenic drivers and pressures trigger
adaptive ecological processes in ecosystems that take them to alternative stability
domains (resulting, for example, in habitat changes and/or losses); lead to
cumulative changes in the structure, abundance and composition of species (leading
to extirpation or extinctions as well as to the proliferation of invasive species or
pathogens); affecting ecosystems at local, regional and global scales (from single
habitats to climate change), and with differentiated effects over time (with threats
over future ecosystems’ resilience, loss of options, irreversible changes and negative
legacy effects).

Within the past 20 years, several studies have started assessing how different
components of biodiversity affect ecosystem processes that are related to the
sustained provisioning of ecosystem services and services to society (e.g. see:
Balvanera et al., 2014; Cardinale et al., 2012; Gamfeldt et al., 2014; Hooper et al.,
2005 and 2012; Giller et al., 2004). Through a suit of meta-analyses of published
data, Hooper et al. (2012) showed that the ecosystem consequences of local species
loss are as quantitatively significant as the direct effects of several global change
stressors that have mobilised major international concern and remediation efforts.
These authors further stressed the need for more studies to unravel the interactive
effects of diversity loss and environmental changes.

The analysis of ecological process in AQUACROSS will shed light on the relationships
between biodiversity and ecosystem functions and services and particularly to solve
the following research questions:

To what extent does the protection of ecosystem services also guarantee the
protection of biodiversity?

What are the trade-offs between objectives for ecosystem services and other
policy objectives? For example, an increase in nutrients and phytoplankton would
represent an increase in waste treatment services, but this would be moving away
from policy objectives related to eutrophication; or a decrease in seafloor
integrity could increase the potential for seafood from some species, such as
plaice, but decrease it for others, like cod.

What are the synergies and trade-offs between different ecosystem services? In
particular, between provisioning services (actually the main driver of biodiversity
decline) and regulation and maintenance services (actually those ecosystem
services to which biodiversity can contribute the most) and cultural services.

How does biodiversity affect ecosystem function and services? (Positive and
negative links: soil biodiversity and nitrogen cycle, soil retention, pest risks, etc.,
and how these effects vary as biodiversity increases).
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» How does biodiversity affect ecosystem stability and resilience (i.e. functional
diversity and redundancy, diversity of crop species and resistance to pests,
marine biodiversity)?

» What is the role of water interfaces (ecotones) in relation to ecosystem resilience
and ecosystem flows at different levels (community, ecosystem)?

In AQUACROSS, this will be mainly tackled by using existing data from literature and
selected case studies to perform a global meta-analysis. Quantifiable measures
(metrics) will be used to track and assess the status or summarise the information
relevant to the identified indicators. The multidimensional nature of causal
relationships will be addressed with multivariate modelling approaches across large
regions. This will aid in:

» Identifying environmental issues linked to resilience, namely how different types
of biodiversity affect resilience;

» ldentifying biodiversity indicators and metrics suitable to forecast resilience;

» Identifying biodiversity aspects (through expert judgment) that might promote
resilience of ecotones at the following interfaces: land-freshwater, land-costal,
freshwater-marine; and

» Integrating resilience aspects in biodiversity causal links between biodiversity
and ecosystem functions and services.

3.3 The AQUACROSS architecture Il: Heuristics

AQUACROSS heuristics is defined as the accounting frameworks and analytical
models and their display over the AQUACROSS architecture that is expected to
support and inform the objectives of this research project as presented in the
introduction. It is important to make a clear distinction between accounting for
information frameworks on one side and for analytical frameworks on the other. The
first group helps to organise information and to conduct assessments to each of the
information layers or building blocks within the overall project architecture. The
second one is formed by the models and tools that allow navigating through the
project architecture, as its main purpose consists in providing the understanding of
how one thing leads to another across the different information layers.
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3.3.1

A closer look to the information layers and flows within
the AQUACROSS architecture

The project information system consists of a coherent system including data and
indicators organised around precisely defined concepts and coherent metrics that
allow for the integration of different disciplines in the AQUACROSS architecture at
the spatial and temporal scales required in the analysis. The information layers are
the building blocks of the conceptual model behind the AQUACROSS architecture and
can be represented as a circular information flow to inform the relevant linkages
explained above. This circular information flow, represented in Figure 5 as a grey

circle around the AQUACROSS architecture, can be dubbed as the AQUACROSS

heuristics or strategy to speed up the process of analysing the complex interaction

between social and ecological systems and find effective, efficient and socially
acceptable EBM responses.

Figure 5: AQUACROSS Heuristic I: information layers and flow
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Heuristic {from Eureka): Any approach to problem solving, learning, or discovery that employs a
practical method not guaranteed to be optimal or perfect, but sufficient for the immediate goals.
Where finding an optimal solution is impossible or impractical, heuristic methods can be used to
speed up the process of finding a satisfactory solution
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What follows is a basic description of the different layers that should be developed to
build the AQUACROSS information flow. AQUACROSS will take stock of all the
assessment exercises developed so far to evaluate each one of these information
layers.22

Ecosystem services: contains maps of the relevant biophysical flows of ecosystem
services provided by particular ecosystems. They include regulation and self-
supporting services that maintain the structure and function of ecosystems and
flows to the socio-economic system through the provision of goods and services
as well as cultural and aesthetic values.

Human well-being (or human welfare): it contains a map of the benefits for
human welfare obtained from ecosystem services and the way they are used by
the economy depending on the technology and institutions in place. It may
include information about the va/ue of these benefits in monetary terms.

Social processes: it gathers relevant concepts and methods to understand the
demand of ecosystems services as well as the governance institutions in place. It
includes the social impacts and responses to environmental challenges such as
resource scarcity, pollution, water-borne hazards, and climate change, and the
analysis of adaptive responses to these changes.

Drivers of ecosystem change: they refer to the decisions taken by social and
economic agents both individually and in a coordinated way, to meet their
demands and to satisfy the needs and demands of ecosystem services whilst
putting them into value for the market economy and the overall socio-economic
system. These drivers must be understood as the main outcome of social and
economic interactions and are mediated by policy institutions, technology and
social values.

Pressures over ecosystems: this information layer maps the relevant qualitative
and quantitative information about how the socio-economic system affects and
directly transforms the biophysical one. It includes, for instance, water

22 Social-ecological accounting frameworks, such as DPSIR, have been primarily concerned with the
definition of relevant types of information. “Their further development requires consideration of how to
incorporate information on the temporal lags between measures of different categories and the degree
of uncertainty in the relationship between information categories, as well as how these relationships
may be affected by other changes in future” (Cooper, 2013).
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abstractions, diversions, impoundments, pollution, land use, soil transformation,
alterations of nutrient and sediment balances.

» Responses to ecosystem’s challenges: it maps all the primary changes in the
ecosystems structure (or its components) resulting from policies and
management options intended to generate a positive impact on the ecosystem.
While pressures are measured over existing structures, responses are measured
as changes with respect to a baseline or no action scenario.

» The structure: it maps information representing the biophysical status of the
relevant elements of the ecosystem (i.e. their state). This information covering
quantity, quality, morphology, biodiversity and other indicators of the ecosystem
has a proven potential to improve communication between scientists, policy-
makers and stakeholders, as well as to help develop collaborative research and
build shared understanding on the importance of preserving critical ecosystem
functions.

» Ecological processes: it maps the natural transformations resulting from complex
interactions between biotic (living organisms) and abiotic (chemical and physical)
components of ecosystems through the universal driving forces of matter and
energy. Special attention is paid to the links between ecosystem structure and
function and biodiversity as an integral component of the ecosystem, as well as
to the link between biodiversity, the delivery of ecosystems services, and their
resilience.

» Ecosystem functions: it maps the potential of ecosystems to provide a flow of
ecosystems services, depending on the structure (condition or status) and the
ecological processes taking place in the ecosystem.

3.3.2 The analytical models: how does one thing lead to another
within the AQUACROSS architecture?

The information layers described in the previous section, and the standardised and
consistent information systems they conform, facilitate the description and the
assessment of each one of the building blocks of the AQUACROSS architecture.

Going one step further requires being able to build upon the causal links between
one layer and the other, as well as within the social and ecological systems
themselves through analytical models. Beyond description and assessment, the
distinctive character of analytical models relies on the fact that they allow navigating
through different information layers and building comprehensive scenarios,
storylines, assessments of the overall SES and the development of comprehensive
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decision tools and platforms to support the identification, design, implementation
and assessment of EBM options.

Figure 6: AQUACROSS Heuristics Il: Analytical models and tools, how one thing leads
to another

From pressures (and responses) to From ecosystem services to ecosystem
ecosystems’ structures benefits
To explain impacts over ecosystems’ Assess social (economic and policy) ability to

structures of pressures (and responses
outcomes in terms of improved

ecosystems structures) Hm?s! ollecoq;m b
upply and use o

put ecosystems services into value for human
well-being.

Resource efficiency models, water food energy,
climate change integrated models, etc.

Impact assessment models, etc.

Ecogystem funations Human w‘ﬁ”
Md [ vsystuu sbmﬂ Bancits and thelr

Social processes
. Assessing the status of the
Ecological processes ﬂ i economy, policy making
Analyse ecological processes mlca\ oo 1\t \\ i:?f@m institutions and explain the main
‘t’;"th emptass n the I'”kd 'r:?%hﬂ i on Sgemance, outcomes of social processes:
etween biodiversity an nalom drivers and responses.
ecosystems. Based U,an the ) Economic models: macro and micro.
status of ecosystems’ structure General Equilibrium, I/0, demand
models. Cost benefit analysis.
Devars of acosyshems change Risk assessment models. Decision
[p———— support platforms.

(Status) Palicy respanied

(Over ecosystems structure)

From ecosystem functions to

From drivers to pressures and
ecosystem services

reSpOnSeS
To explain how drivers are linked to
specific pressures over ecosystems

Assessment of the potential of
ecosystems to provide a portfolio of
services

Demographic models, agronomic models,
land use models, agent based models, etc.

AQUACROSS Models
What links? What for? Examples

Source: Own elaboration

More specifically, models involved in the AQUACROSS architecture (see Figure 4) are
purposely designed to explain specific critical links and can be classified accordingly
as follows (see Figure 6):

1 Analytical models that explain the drivers of ecosystem change as outcomes of
economic and social processes. They include:

» Behavioural models at different temporal and spatial scales that contribute to
explain the complex dynamics of socio-economic systems but may also try to
factor in how these dynamics are affected by ecosystem services and by
trends in the function and the structure of critical ecosystems.

» Behavioural models based on specific ecosystem services (such as water,
energy, fish demand models) towards models able to account for interlinkages
between different drivers (from energy, water, food, climate change, input-
output models to general equilibrium models).

» Rather than solely explaining pressures through economic drivers, these
behavioural models also have the ambition to inform how the economic and
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social systems respond to environmental challenges such as water scarcity,
exposure to droughts and floods, biodiversity losses, marine resource
depletion and climate change.

Institutional models that explain policy outcomes in the relevant areas (water,
energy, land planning, etc.) and that may explain institutional failures and
success of existing policy setups, as well as opportunities for cooperation,
synergies and trade-offs linked to the design and implementation of EBM.

These models provide the causal relationships required to link the supply to
the demand-side analysis of ecosystem services. They explain how social
decisions are shaped by the provision of ecosystem services, their
transformation into benefits and welfare as well as by the perception of how
changes in the supply of ecosystems services drive social responses.

2 Analytical models that explain the pressures resulting from the drivers of
ecosystem change (and the effectiveness of policy measures) and enable to shed
light on land use patterns.

They include, for example, agronomic models explaining the pressures
resulting from irrigated and rainfed agriculture. These models are intended to
show how changes in the economy and social behaviour would result in direct
changes in pressures and to analyse how the pressures might change
according to different economic and social behaviours to better understand
the pressures exerted on ecosystem services. For example, scenarios of future
land use depending on changes in energy demand, food diets or changes in
productivity. Other models focus on policy-driven changes that may result in
changes in land use (e.g. Common Agricultural Policy) or the prevention of the
conversion of land into artificial use (e.g. development of urban areas Natura
2000, Less Favoured Area, Birds and Habitats Directives).

3 Analytical models that explain how the state of ecosystem components are
impacted by pressures. This covers a wide array of environmental impact
assessment models that enable the transformation of pressures into a
representation of the status (or the structure) of the affected ecosystem. They
include hydrological models, biological models and pollution dispersion and
transformation models.

4  Ecological models that explain the adaptive processes taking place in the
ecological system. These models go one step further to explain how the direct
impact of existing pressures and responses over the ecosystem condition
(structure) trigger different adaptive processes and may result in major ulterior
changes in the structure and the resilience of the ecosystem. A particular set of
models within this class is designed to analyse the multiple causal links between
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ecosystems and, particularly, the complex connection between biodiversity and
the supply (potential and effective) of ecosystems services. This group of
analytical models link the demand- to the supply-side analysis by analysing how
the demand of ecosystems services is met shapes the ecological system and has
ulterior effects in the capacity of the affected ecosystems to supply ecosystems
services to the social system.

5 Ecosystem models that assess the functions performed by ecosystems. These
models are intended to assess the potential of particular ecosystems to provide
specific services on a regular basis. They include, for instance, the supply-side
analysis to assess the potential of marine ecosystems (Culhane et al., 2014), the
assessment of the long-term water resources available or the water retention
potential depending on soil conditions and the rainfall runoff models, as well as
different partial analysis models intended to measure the potential of particular
places for development, such as irrigation, electricity, fishing and recreation.

6 Economic models that explain how ecosystem services are transformed into
benefits. They include resource efficiency models that assess the potential to
obtain welfare gains, production and employment opportunities by the allocation
of critical resources, such as water, energy or land, as well as models that assess
the allocation of these resources in the economy. A variety of models serve to
measure the potential benefits of ecosystem services for recreation, tourism,
R&D, etc. Models also consider negative contributions to human well-being
(disservices) resulting from nature driven risks (as risk assessment models) or
environmental degradation trends (the welfare losses derived from water scarcity
or climate change, etc.)

This rather ambitious architecture should not be seen as a straightjacket, but as an
adaptable framework to represent knowledge and knowledge gaps, to favour
communication and cooperative research, to help build a common understanding
over relevant problems and to inform decision-making processes about relevant
environmental issues people care about.

As part of the AQUACROSS architecture, an intensive modelling exercise will be
made. Please refer to Annex 2 for a table with some of the most relevant models and
tools to be used.

A final note on building baseline and alternative policy scenarios

Scenarios are critical in order to evaluate the likely outcome of ecosystem
management and conservation measures against a business-as-usual or baseline
scenario and to assess their potential outcome in terms of the delivery of ecosystem
services and human welfare.
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The project heuristic will support the precise identification of information and
knowledge gaps for building scenarios in AQUACROSS. Scenarios may go from
representations based on detailed information and models to storylines based on
stylised data, qualitative information, and general models). Different scenarios need
to be considered: business-as-usual, counterfactual, policy, no-action scenarios and
their link to EBM approaches.

Building scenarios will mobilise existing knowledge within AQUACROSS. For instance,
trends in the wide range of drivers/pressures of aquatic ecosystems will allow
building scenarios to test the predictive power of the models used within the
AQUACROSS project, allowing the application of different types of models and
possibly the comparison of the outputs of different modelling approaches.

This is an aspect in which model robustness and detailed information trade-off, with
relevance and the need to make the overall AQUACROSS architecture operational. For
this purpose, it is worth taking stock of the following ideas about scenarios:

» Scenarios are based upon existing knowledge and bridge critical knowledge
gaps. They recognise what is available but focus on relevant information and
models.

» Scenarios are not precise and detailed explanations of what is actually happening
or of what will happen in the future, but explorations on what we know and what
will happen. They are structured narratives.

» In policy-making contexts, scenarios are not the end of something, but the start
of a social dialogue and an instrument to build a common understanding about
the challenges ahead and the options to cope with them.

» Scenarios foster discussions and trigger stakeholder engagement and
interactions.

» Scenarios do not represent the future, but serve as instruments to consider
possible futures and to think of the robustness of alternative courses of action,
which will make system regimes more resilient.
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4 Conclusions and road ahead

According to the objectives of Work Package 3, Deliverable 3.1 develops the
AQUACROSS project conceptual foundations on the basis of existing ecosystem and
SES assessment frameworks. A review of available concepts and approaches was
required not only to ensure internal consistency amongst consortium partners, but
mostly to jointly examine as a multidisciplinary group key concepts and knowledge
gaps aimed at improving EBM schemes, to identify key research questions, and to
provide the necessary (conceptual) architecture for the remainder of the work to be
developed in the project.

This concept will thus be used as the foundations for the practical development of
the AF, which will ultimately present the scientific consensus on the AQUACROSS
concept, but also on the methods and tools to be developed in the different project
work packages and implemented in the different case studies.

Accordingly, this concept aimed at building (scientific) consensus and common
ground for concepts, methods and approaches for facilitating collaborative model
development, identifying opportunities linked to biodiversity, ecosystem services,
and human welfare, and for assessing barriers, trade-offs, synergies, and drawbacks
of traditional approaches.

This deliverable already highlights some of the innovative aspects of AQUACROSS,
such as the ecosystem services-based MAES (Mapping and Assessment of
Ecosystems and their Services) conceptual framework as the basis for developing an
assessment framework routed in existing policy initiatives, the policy-relevant
principles for enhancing the resilience of SES as the basis for integrating operational
resilience thinking in EBM, or the determined attempt to generate a higher degree of
consistency of analysis across all aquatic realms.

The AQUACROSS concept also serves to make the advantages of holistic approaches
more visible, to represent and analyse uncertainty about scientific outcomes, to
develop methods to assess the robustness of alternative paths of action, and to
support the development of articulated targets in terms of managing ecosystems and
the services they deliver, as well as to manage risks in the long-term.

Three central concepts can be said to be the pillars of this document:

» Complex adaptive systems, as self-organising entities (such as an economy or an
ecological system), consisting of many local or micro-level adaptive agents
making predictions of one another's behaviour and responding to information
and signals from their neighbouring environment.
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Resilience thinking as the backbone to build up sustainability. It provides a
framework to support policy decision-making processes aimed at overcoming
the vulnerability and the long-term negative consequences of current practices
of human development. It allows mobilising existing knowledge and to identify
the critical knowledge gaps and stresses upon the importance of governance and
institutions as the keystone that explains the adaptive capacity of socio-
economic systems.

The AQUACROSS Architecture, as outlined in Chapter 3, is a methodological
approach to integrate scientific knowledge in a fashion that is familiar to
stakeholders and managers, suitable to inform EBM approaches to manage SES.
The concept and the AF are policy- and management-driven; thus, EBM is not
only the third critical concept but also actually the cornerstone of the project.

Deliverable 3.1 has provided the interdisciplinary project consortium with an
opportunity for disambiguation of concepts. In addition, the authors of the
document have agreed on the fact that some issues or notions “set in stone
upstream” in the assessment of the interactions between social and ecological
systems (i.e. the characterisation of linkages between drivers and pressures or the
relationships between biodiversity and ecosystem services) pose a number of
difficulties “downstream” for science and policy purposes.

As per the way forward, project partners have already identified some critical issues:

There is no need to go for radical change, in the sense that transitional
approaches are more realistic (i.e. sequencing reforms, making the best out of
available knowledge and management practices, etc.). Therefore, although very
ambitious, the scope of the project’s concept and AF will also be realistic
(including leeway for unknown drivers and pressures, recognition that EBM does
not necessarily require changing everything, etc.);

AQUACROSS will be (partially) building on MAES, for policy relevance, but also
recognises the constraints of that process;

AQUACROSS will bear in mind the difference between datasets, data flows, and
information layers on one side, and information that is actually needed for
analytical or assessment purposes on the other side. This stems from the belief
that even in the presence of data, sometimes there is lack of understanding;

There are clear opportunities to add value from AQUACROSS, as part of this
conceptual exercise: shedding additional light on the DPSIR logical chain (and
moving beyond); contributing to the discussion of links among ecosystem
structure, processes, functions, functioning, and services to ascertain
relationships between biodiversity and ecosystem services; etc.;
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» The challenge may be not so much to yield new indicators or metrics, but rather
to use insightful ones that are not part of common practice; and

» Further attention is needed for trade-offs, uncertainties, and critical thresholds.

66 The AQUACROSS Innovative Concept



9quaCross

References

Alcamo, J., van Vuuren, D., Ringler, C., Cramer, W., Masui, T., Alder, J., Schulze, K., 2005.
Changes in nature’s balance sheet: model-based estimates of future worldwide ecosystem
services. Ecology and society 10(2): 19.

Altieri, M.A., 1999. The Ecological Role of Biodiversity in Agroecosystems. Agriculture,
Ecosystems & Environment 74 (1-3): 19-31.

Atkins, J.P, Burdon, D., Elliott, M., Gregory, AJ., 2011. Management of the marine
environment: Integrating ecosystem services and societal benefits with the DPSIR
framework in a systems approach. Marine Pollution Bulletin 62: 215-226.

Balvanera, P., Siddique, I., Dee, L., Paquette, A., Isbell, F., Gonzalez, A., Byrnes, J., O’Connor,
M., Hungate, B.A., Griffin, J.N., 2014. Linking biodiversity and ecosystem services: current
uncertainties and the necessary next steps. BioScience 64(1): 49-57.

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C. and Silliman, B.R., 2011. The
value of estuarine and coastal ecosystem services. Ecological Monographs, 81(2), pp.169-
193.

Baré, F., Haase, D., Gomez-Baggethun, E., Frantzeskaki, N., 2015. Mismatches between
ecosystem services supply and demand in urban areas: A quantitative assessment in five
European cities. Ecological Indicators 55: 146-158.

Beisner, B.E, Haydon, D.T., Cuddington, K., 2003. Alternative stable states in ecology.
Frontiers in Ecology and the Environment 1(7): 376-82.

Beisner, B. E., 2012. Alternative Stable States. Nature Education Knowledge 3(10): 33.

Bennett, E.M., Peterson, G.D., Gordon, L.J., 2009. Understanding relationships among
multiple ecosystem services. Ecology Letters 12: 1394-1404.

Berkes, F., 2012. Implementing ecosystem-based management: evolution or revolution? Fish
and Fisheries, 13(4), 465-476.

Biggs, E.M., Bruce, E., Boruff, B., Duncan, J.M.A., Horsley, J., Pauli, N., McNeill, K., Neef, A.,
Van Ogtrop, F., Curnow, J., Haworth, B., Duce, S., Imanari, Y., 2015a. Sustainable
development and the water-energy-food nexus: A perspective on livelihoods.
Environmental Science & Policy 54: 389-397.

Biggs, R., Schliiter, M., Schoon M.L., 2015b. An introduction to resilience approach and
principles to sustain ecosystem services. In Principles for building resilience. Sustaining
Ecosystem Services in Social-Ecological Systems. UK, Cambrige University Press. pp: 1-31.

67 The AQUACROSS Innovative Concept



oQUAICross
R g
R g

Biggs, R., Schluter, M., Biggs, D., Bohensky, E.L., BurnSilver, S., Cundill, G., Dakos, V., et al.,
2012. Toward Principles for Enhancing the Resilience of Ecosystem Services. Annual
Review of Environment and Resources 37 (1): 421-448.

Binder, C.R., Hinkel, J., Bots, P.W.G., Pahl-Wostl, C., 2013. Comparison of Frameworks for
Analyzing Social-ecological Systems. Ecology and Society 18(4): 26.

Borja, A., 2014. Grand challenges in marine ecosystem ecology. Marine Ecosystem Ecology, 1,
1.

Boyd, J., Banzhaf, S., 2007. What are ecosystem services? The need for standardized
environmental accounting units. Ecological Economics 63(2): 616-626.

Brauman, K.A., Daily, G.C., Duarte, T.K., Mooney, H.A., 2007. The nature and value of
ecosystem services: An overview highlighting hydrologic services. Annual Review of
Environment and Resources 32: 67-98.

Bunn, S., Arthington, A., 2002. Basic Principles and Ecological Consequences of Altered Flow
Regimes for Aquatic Biodiversity. Environmental Management 30(4): 492-507.

Burkhard, B., Kandziora, M., Hou, Y., Miller, F., 2014. Ecosystem service potentials, flows and
demands-concepts for spatial localization, indication and quantification. Landscape Online
34: 1-32.

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., Venail, Narwani, A.P.,
Mace, G.M., Tilman, D.,.Wardle, D.A., Kinzig, A.P., Daily, G.C., Loreau, M., Grace, J.B.,
Larigauderie, A., Srivastava D.S., Naeem, S., 2012. Biodiversity loss and its impact on
humanity. Nature 486(7401): 59-67.

Carpenter, S.R., B.H. Walker, J.M. Anderies, Abel N., 2001. From metaphor to measurement:
resilience of what to what? Ecosystems 4: 765-781.

Carpenter, S.R., Brock, W.A., 2004. Spatial complexity, resilience and policy diversity: fishing
on lake-rich landscapes. Ecology and Society 9(1): 8.

Cash, D.W., Adger, W., Berkes, F. Garden, P., Lebel, L., Olsson, P., Pritchard, L., Young. O.,
2006. Scale and cross-scale dynamics: governance and information in a multilevel world.
Ecology and Society 11(2): 8.

CBD (Convention on Biological Diversity), 2010. Biodiversity and climate change. Montreal,
Secretariat of the Convention on Biological Diversity.

CBD-UNEP, 2010. Strategic Plan for Biodiversity 2011-2020 and the Aichi Targets “Living in
Harmony with Nature”. Montreal, Secretariat of the Convention on Biological Diversity.

68 The AQUACROSS Innovative Concept



oQUAICross
R g
R g

CBD-UNEP, 2013. Quick guides to the Aichi Biodiversity Targets. Montreal, Secretariat of the
Convention on Biological Diversity.

Chakrabarty, D., 2009. The Climate of History: Four Theses. Critical Inquiry 35(2): 197-222.
University of Chicago Press.

Cheong, S.M., 2008. A new direction in coastal management. Marine Policy 32: 1090-1093.

Cooper, P., 2013. Socio-ecological accounting: DPSWR, a modified DPSIR framework, and its
application to marine ecosystems. Ecological Economics 94: 106-115.

Costanza, R., R. d'Arge, R. de Groot, S. Farber, M. Grasso, B. Hannon, K. Limburg, S. Naeem,
R. V. O'Neill, J. Paruelo, R. G. Raskin, P. Sutton, and M. van den Belt. 1997. The value of the
world's ecosystem services and natural capital. Nature 387: 253-260.

Costanza, R., 2008. Ecosystem services: multiple classification systems are needed. Biological
conservation 141(2): 350-352.

Constanza, R., de Groot, R., Sutton, P., van der Ploeg, S., Anderson, S.J., Kubiszewski, I.,
Farber, S., Turner, R.K., 2014. Changes in the global value of ecosystem services. Global
Environmental Change 26: 152-158

Crépin, A.S. 2007. Using fast and slow processes to manage resources with thresholds.
Environmental and Resource Economics 36: 191-213.

Crook, D.A., Lowe, W.H., Allendorf, F.W., Erés, T., Finn, D.S., Gillanders, B.M., Hadwen, W.L.,
2015. Human effects on ecological connectivity in aquatic ecosystems: Integrating
scientific approaches to support management and mitigation. Catalysing transdisciplinary
synthesis in ecosystem science and management 534 (15): 52-64.

Culhane, F. E., White, L. J., Robinson, L. A., Scott, P., Piet, G., Miller, D. C. M., van Overzee, H.
M. J. and Frid, C. L. J., 2014. Development of an operational EU policy-based marine
ecosystem (services) assessment framework. Deliverable 9: Report to the European
Environment Agency from the University of Liverpool, University of Liverpool, Liverpool,
United Kingdom.

Cumming, G.S., Cumming, D.H.M., Redman, C.L., 2006. Scale mismatches in social-ecological
systems: causes, consequences, and solutions. Ecology and Society 11(1): 14.

Curtin, R., Prellezo, R., 2010. Understanding marine ecosystem based management: A
literature review. Marine Policy, 34(5), 821-830.

Daily, G., 1997. Nature's services: societal dependence on natural ecosystems. Island Press.

Dietz, T., Ostrom, E., Stern, P.C., 2003. The struggle to govern the commons. Science 302:
1907-1912.

69 The AQUACROSS Innovative Concept



U3aCross

[

Dolbeth, M., Stalnacke, P., Alves, F.L., Sousa, L.P., Gooch, G.D, Khokhlov, V., Tuchkovenko, Y.,
Lloret, J., Bielecka, M., Rozynski, G., Soares, J.A., Baggett, S., Margonski, P., Chubarenko,
B.V., Lilleba, A.l., 2016. An integrated Pan-European perspective on coastal Lagoons
management through a mosaic-DPSIR approach. Scientific Reports. 6:19400, 1-12.

EC, 2009. Guidance for reporting under the Water Framework Directive. Common
Implementation of the Water Framework Directive. Guidance Document No. 21. Technical
Report 2009-029. EC.

EC, 2010. EUROPE 2020: A strategy for smart, sustainable and inclusive growth.
[COM(2010)2020 final].

EC, 2011. Our life insurance, our natural capital: an EU biodiversity strategy to 2020.
European Commission 2011. Brussels

EC, 2012. EU Policies on Biodiversity, Nature, Water and Marine environment. "How to create
synergies and implement them together in the most efficient way?" Discussion Document
for the upcoming meetings of the Biodiversity/Nature Directors and Water/Marine
Directors [04/05/2012].

EC, 2013. Joint Meeting of the Nature, Marine and Water Directors: “Strengthening
consistency, coordination and cooperation between nature, biodiversity, water and marine
policy”. Outcome of the 1st joint Directors’ meeting.

EC, 2014. Biodiversity strategy for 2020: Summaries of EU legislation. European Commission
2014. Brussels. http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=URISERV:ev0029
Accessed: 11/11/2015

EC, 2015a. The Mid-Term Review of the EU Biodiversity Strategy to 2020 - Commission
Report. European commission 2015. Brussels

EC, 2015b. Towards an EU Research and Innovation policy agenda for Nature-Based Solutions
& Re-Naturing Cities Final Report of the Horizon 2020 Expert Group on 'Nature-Based
Solutions and Re-Naturing Cities'. Climate Action, Environment, Resource Efficiency and
Raw Materials. Brussels, European Commission.

EEA, 2015. State of Europe's seas (SOES). EEA Report 2/2015. Publications of the European
Union, Luxembourg.

Elmhirst, T., S.R. Connolly, Hughes, T.P., 2009. Connectivity, regime shifts and the resilience
of coral reefs. Coral Reefs 28(4): 949-957.

Ernstson, H., 2013. The social production of ecosystem services: A framework for studying
environmental justice and ecological complexity in urbanized landscapes. Landscape and
Urban Planning 109(1): 7-17.

70 The AQUACROSS Innovative Concept


http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=URISERV:ev0029

oQUAICross
R g
R g

Farmer, A., Mee. L., Langmead, O., Cooper, P., Kannen, A., Kershaw, P., Cherrier, V. 2012.
The Ecosystem Approach in Marine Management. EU FP7 KNOWSEAS Project.

Fisher, B., Turner, R. K., Morling, P., 2009. Defining and classifying ecosystem services for
decision making. Ecological economics 68(3): 643-653.

Fisher, B., Turner, R.K., 2008. Ecosystem services: classification for valuation. Biological
conservation 141(5): 1167-11609.

Folke, C., Carpenter, S.R., Walker, B., Scheffer, M., Chapin, T., Rockstrom, J., 2010. Resilience
thinking: integrating resilience, adaptability and transformability. Ecology and Society
15(4): 20.

Folke, C., Hahn, T., Olsson, P., Norberg, J., 2005. Adaptive governance of social-ecological
systems. Annual Review of Environment and Resources 30: 441-473.

Fox, J.W., 2013. The intermediate disturbance hypothesis should be abandoned. Trends in
Ecology & Evolution 28(2): 86-92.

Gamfeldt, L., Lefcheck, J.S., Byrnes, J.E.K., Cardinale, B.J., Duffy, J.E., Griffin, J.N., 2014. Marine
biodiversity and ecosystem functioning: what’s known and what’s next? Oikos 124(3):
252-265.

Gell-Man, M., 1994. Complex Adaptive Systems, in Cowan, G.; Pines, and Meltzer, D. (Eds.)
Complexity: Metaphors, Models and Reality. Studies in the Sciences of Complexity. Vol.
XIX, Addison-Wesley.

Gentile J.H., Harwell M.A., Cropper W., Harwell C.C., DeAngelis D., et al., 2001. Ecological
conceptual models: a framework and case study on ecosystem management for South
Florida sustainability. Science of the Total Environment 274(1): 231-253.

Gibbins, C., Vericat, D., Batalla, R. J., Gémez, C. M., 2007. Shaking and moving: low rates of
sediment transport trigger mass drift of stream invertebrates. Canadian Journal of
Fisheries and Aquatic Sciences 64(1): 1-5.

Gbémez, C.M., Pérez, C.D., 2012. Do Drought Management Plans Reduce Drought Risk? A Risk
Assessment Model for a Mediterranean River Basin. Ecological Economics 76: 42-48.

Granek, E.F., S. Polasky, C. V. Kappel, D. M. Stoms, D. J. Reed, J. Primavera, E. W. Koch, C.
Kennedy, L. A. Cramer, S. D. Hacker, G. M. E. Perillo, S. Aswani, B. Silliman, D. Bael, N.
Muthiga, E. B. Barbier, E. Wolanski, 2010. Ecosystem services as a common language for
coastal ecosystem-based management. Conservation Biology: 24: 207-216.

Grizzetti, B., Lanzanova, D., Liquete, C., Reynaud, A., 2015. Cook-book for ecosystem service
assessment and valuation in European water resource management. MARS Project
(Managing Aquatic ecosystems and water Resources under multiples Stress), 7FP. JRC

/1 The AQUACROSS Innovative Concept



oQUAICross
R g
R g

Science and Policy Report (Report EUR 27141 EN). Publications of the European Union,
Luxembourg.

Gual, M.A., Norgaard, R.B., 2010. Bridging ecological and social systems coevolution: A
review and proposal. Ecological economics 69(4): 707-717.

Gunderson, L.H., 2001. Panarchy: understanding transformations in human and natural
systems. Island press.

Haghighi, A.T., Klgve, B., 2015. A sensitivity analysis of lake water level response to changes
in climate and river regimes. Limnologica-Ecology and Management of Inland Waters 51:
118-130.

Haines-Yong, R., Potschin, M., 2013. CICES V4.3 - Revised report prepared following
consultation on CICES Version 4, August-December 2012. EEA Framework Contract No
EEA/IEA/09/003. EEA (European Environmental Agency).

Hamilton, C., Gemenne, F., Bonneuil, C., 2015. The Anthropocene and the Global
Environmental Crisis: Rethinking modernity in a new epoch. Routledge.

Hanemann, M., 2006. The economic conception of water, in Water Crisis: Myth or Reality?,
edited by P. P. Rogers, M. R. Llamas, and L. Martinez-Cortina, pp. 61-92, Taylor and
Francis, London, U.K.

Henle, K., Kunin, W., Schweiger, O., Schmeller, D.S. Grobelnik, V., Matsinos, Y., Pantis, J.,
Penev, L., Potts, S.G., Ring, I., Simila, J., Tzanopoulos, J., van den Hove, S., Baguette, M.
Clobert, J., Excoffier, L., Framstad, E., Grodzinska-Jurczak, M., Lengyel, S., Marty, P.,
Moilanen, A., Porcher, E., Storch, D., Steffan-Dewenter, I.M., Sykes, T., Zobel, M., Settele,
J., 2010. Securing the conservation of biodiversity across administrative levels and spatial,
temporal, and ecological scales. Gaia 19(3): 187-193.

Hill, R., Dyer, G.A., Lozada-Ellison, L.-M., Gimona, A., Martin-Ortega, J., Munoz-Rojas, J.,
Gordon, 1.J., 2015. A social-ecological systems analysis of impediments to delivery of the
Aichi 2020 Targets and potentially more effective pathways to the conservation of
biodiversity. Global Environmental Change 34: 22-34.

Hodgson, G., 2010. Darwinian coevolution of organizations and the environment. Ecological
Economics 69(4): 700-706.

Hooper, D.U., Adair, E.C., Cardinale, B.J., Byrnes, J.E.K., Hungate, B.A., Matulich, K.L.,
Gonzalez, A., Duffy, J.E., Gamfeldt, L., O/’Connor, M.l., 2012. A global synthesis reveals
biodiversity loss as a major driver of ecosystem change. Nature 486: 105-108.

Howarth, L.M., Roberts, C.M., Thurstan, R.H., Stewart, B.D., 2014. The unintended
consequences of simplifying the sea: making the case for complexity. Fish and Fisheries
15(4): 690-711.

72 The AQUACROSS Innovative Concept



oQUAICross
R g
R g

Howells, M., Hermann, S., Welsch, M., Bazilian, M., Segerstrom, R., Alfstad, T., Gielen, D.,
Rogner, H., Fischer, G., Van Velthuizen, H., Wiberg, D., Young, C., Roehrl, R.A., Mueller, A.,
Steduto, P., Ramma, I., 2013. Integrated analysis of climate change, landuse, energy and
water strategies. Nature Climate Change 3: 621-6.

Hughes, A.R., Byrnes JE, Kimbro DL, Stachowicz ]JJ., 2007. Reciprocal relationships and
potential feedbacks between diversity and disturbance. Ecoly letters 10(9): 849-864.

IPCC (Intergovernmental Panel on Climate Change), 2007. Impacts, adaptation and
vulnerability. Contribution to the Intergovernmental Panel on Climate Change Fourth
Assessment Report.. Parry ML, Canziani OF, Palutikof JP, van der Linden PJ, Hansin CE
(Eds). Intergovernmental Panel on Climate Change.

Janssen, M.A., Anderies, J.M., 2007. Robustness trade-offs in social-ecological systems.
International Journal of the Commons 1(1): 43-66.

Jordan, S.J., O’Higgins, T. and Dittmar, J.A., 2012. Ecosystem services of coastal habitats and
fisheries: Multiscale ecological and economic models in support of ecosystem-based
management. Marine and Coastal Fisheries 4(1): 573-586.

Kelble, C. R., Loomis, D. K., Lovelace, S., Nuttle, W. K., Ortner, P. B., Fletcher, P., Cook, G.,
Lorenz J.J., Boyer, J.N., 2013. The EBM-DPSER Conceptual Model: Integrating Ecosystem
Services into the DPSIR Framework. PLOS ONE 8(8): e70766.

Kettunen, M., Terry, A., Tucker, G., 2007. Preparatory work for developing the guidance on
the maintenance of landscape connectivity features of major importance for wild flora and
fauna (implementation of Article 3 or the Birds Directive (79/409/EEC) and Article 10 of
the Habitats Directive (92/43/EEC)) — A proposal for terms and definitions. IEEP.

Koblentz, G.D., 2010. Biosecurity Reconsidered Calibrating Biological Threats and Responses.
International security 34(4): 96-132.

Kristensen, P., 2004. The DPSIR Framework. European Topic Centre on Water, European
Environment Agency.

Krugman, P., 1996. The Self-Organising Economy, Oxford: Blackwell Publishing.

Kumar, P., 2012. The Economics of Ecosystems and Biodiversity: Ecological and Economic
Foundations. Routledge.

Lade, S.J., Tavoni, A., Levin, S.A., Schlater, M., 2013. Regime shifts in a social-ecological
system. Theoretical Ecology 6: 359-372.

Laxe, F.G., 2010. Dysfunctions in common fishing regulations. Marine Policy 34: 182-188.
Leslie, H.M., McLeod, K.L.,, 2007. Confronting the challenges of implementing marine

ecosystem-based management. Frontiers in Ecology and the Environment 5: 540-548.

73 The AQUACROSS Innovative Concept



oQUAICross
R g
R g

Levin S., Xepapadeas T., Crépin A.S., Norberg J., de Zeeuw A., Folke C., et al., 2013. Social-
ecological systems as complex adaptive systems: modeling and policy implications.
Environment and Development Economics 18(2): 111-132.

Long, R. D., Charles, A., Stephenson, R.L., 2015. Key principles of marine ecosystem-based
management. Marine Policy 57: 53-60.

Lukasiewicz, A., Pittock, J., Finlayson, M., 2015. Institutional challenges of adopting
ecosystem-based adaptation to climate change. Regional Environmental Change: 1-13.

Lund, J.R., 2015. Integrating social and physical sciences in water management. Water
Resources Research 51(8): 5905-5918.

Maes, J., Paracchini, M. L., Zulian, G., Dunbar, M. B., & Alkemade, R., 2012. Synergies and
trade-offs between ecosystem service supply, biodiversity, and habitat conservation status
in Europe. Biological conservation 155: 1-12.

Maes, J., Teller, A., Erhard, M., Liquete, C., Braat, L., Berry, P., Egoh B, Puydarrieux P., et al.,
2013. Mapping and Assessment of Ecosystems and their Services. An analytical framework
for ecosystem assessments under Action 5 of the EU Biodiversity Strategy to 2020.
Discussion Paper-Final, April 2013. Brussels, DG Environment.

Maes, J., Teller, A., Erhard, M., Liguete, Murphy, P., Paracchini, M.L., Barredo J.A, 2014.
Mapping and Assessment of Ecosystems and their Services. Indicators for ecosystem
assessments under Action 5 of the EU Biodiversity Strategy to 2020 (2nd Report, Final).
Technical Report-2014-080. Brussels, DG Environment.

Maes, J., Fabrega, N., Zulian, G., Barbosa, A., Vizcaino, P., lvits, E, Polce, C., Ine
Vandecasteele, I., et al.,, 2015. Mapping and Assessment of Ecosystems and their Services:
Trends in ecosystems and ecosystem services in the European Union between 2000 and
2010. Luxembourg, JRC European Commission.

Maes, J., Liquete, C., Teller, A., Erhard, M., Paracchini, M.L., Barredo, J.l., Grizzetti, B.,
Cardoso., A., Somma, F., Petersen, J.E., Meiner, A., Gelabert, E.R., Zal, N., Kristensen, P.,
Bastrup-Birk, A., Biala, K., Piroddi, C., Egoh, B., Degeorges, P., Fiorina, C., Santos-Matin,
F., Narusevicius, V., Verboven, J., Pereira, H., Bengtsson, J., Gocheva, K., Marta-Pedroso,
C., Sndll, T., Estreguil, C., Miguel, J.S., Perez-Soba, M., Grét-Regamey, A., Lilleba, A.l,
Malak, D.A., Condé, S., Moen, J., Czlucz, B., Drakou, E.G., Zulian, G., Lavalle, C., 2016. An
indicator framework for assessing ecosystem services in support of the EU Biodiversity
Strategy to 2020. Ecosystem Services 17: 14-23.

Mangi, S.C, Roberts C.M., Rodwell L.D., 2007. Reef fisheries management in Kenya:
Preliminary approach using the driver-pressure-state-impacts-response (DPSIR) scheme
of indicators. Ocean & Coastal Management 50: 463-480.

74 The AQUACROSS Innovative Concept



oQUAICross
R g
R g

Marshall, G.R., 2013. Transaction costs, collective action and adaptation in managing
complex social-ecological systems. Ecological Economics, Transaction Costs and
Environmental Policy 88: 185-194.

May, R.M., S.A. Levin, Sugihara, G., 2008. Complex systems: ecology for bankers Nature 451:
893-895.

McLeod, K. and Leslie, H., eds., 2009. Ecosystem-based Management for the Oceans. Island
Press, Washington, DC.

Meffe, G.K., Carroll, C.R., 1997. Principles of Conservation Biology (second edition). Sinauer
Associates, Inc. Publishers, Sunderland, Massachusetts.

Millennium Ecosystem Assessment (MEA), 2005. Ecosystems and Human Well-being:
Synthesis. Island Press, Washington, DC.

Munang R, Thiaw |, Alverson K, Mumba M, Liu J, Rivington M., 2013. Climate change and
ecosystem-based adaptation: a new pragmatic approach to buffering climate change
impacts. Current Opinion in Environmental Sustainability 5(1): 67-71.

Naeem, S., Wright, J.P., 2003. Disentangling biodiversity effects on ecosystem functioning:
deriving solutions to a seemingly insurmountable problem. Ecology letters, 6(6): 567-579.

Naumann, S., Anzaldua, G., Gerdes, H., Frelih-Larsen, A., Davis, M., Berry, P., Burch S.,
Sanders M., 2011. Assessment of the potential of ecosystem-based approaches to climate
change adaptation and mitigation in Europe. Final report to the European Commission, DG
Environment. [Service Contract no. 070307/2010/580412/SER/B2]

Nelson, G. C., Bennett, E., Berhe, A. A., Cassman, K., DeFries, R., Dietz, T., Dobermann, A.,
Dobson, A., Janetos, A., Levy, M., Marco, D., Nakicenovic, N., O'Neill, B., Norgaard, R.,
Petschel-Held, G., Ojima, D., Pingali, P., Watson, R. and Zurek, M., 2006. Anthropogenic
Drivers of Ecosystem Change: an Overview. Ecology and Society 11(2): 29.

Niemeijer, D., de Groot, R., 2008. A conceptual framework for selecting environmental
indicator sets. Ecological Indicators 8: 14-25.

Nobre, A.M., Ferreira, J.G., 2009. Integration of ecosystem-based tools to support coastal
zone management. Journal of Coastal Research, SI56, 1676-1680.

Norberg, J., D.P. Swaney, J. Dushoff, J. Lin, R. Casagrandi, Levin, S., 2001. Phenotypic diversity
and ecosystem functioning in changing environments: a theoretical framework.
Proceedings of the National Academy of Sciences 98(20): 11376-11381.

OECD, 2012. Business, Biodiversity and Ecosystem Services.

75 The AQUACROSS Innovative Concept



oQUAICross
R g
R g

Ogden, J.C., S.M. Davis, K.J. Jacobs, T. Barnes, Fling H.E., 2005. The use of conceptual
ecological models to guide ecosystem restoration in South Florida. Wetlands 25 (4): 795-
809.

Ostrom, E., 2009. A General Framework for Analyzing Sustainability of Social-Ecological
Systems. Science 325: 419-422.

Palmer, M.A, Liermann, C.A.R., Nilsson, C., Florke, M., Alcamo, J., Lake, Bond, N., 2008.
Climate change and the world’s river basins: anticipating management options. Frontiers
in Ecology and the Environment 6(2): 81-89.

Pickett, S.T.A., White, P.S., 1985. The Ecology of Natural Disturbance and Patch Dynamics.
Academic Press, Inc. Orlando, Florida.

Piggott, JJ., Townsend, C.R., Matthaei, C.D., 2015. Reconceptualizing synergism and
antagonism among multiple stressors. Ecology and evolution 5(7): 1538-1547.

Polasky, S., Carpenter, S.R., Folke, C., Keeler, B., 2011a. Decision-making under great
uncertainty environmental management in an era of global change. Trends in Ecology and
Evolution 26: 398-404.

Polasky, S., de Zeeuw, A., Wagener, F., 2011b. Optimal management with potential regime
shifts’, Journal of Environmental Economics and Management 62(2): 229-240

Robards, M.D., Schoon, M.L., Meek, C.L., Engle, N.L., 2011. The importance of social drivers
in the resilient provision of ecosystem services. Global Environmental Change 21: 522-
529.

Robinson, D.A., Hockley, N., Cooper, D.M., Emmett, B.A., Keith, A.M., Lebron, |., Reynolds, B.,
Tipping, E., Tye, A.M., Watts, C.W., Whalley, W.R., Black, H.l.J., Warren, G.P., Robinson, J.S.,
2013. Natural capital and ecosystem services, developing an appropriate soils framework
as a basis for valuation. Soil Biology and Biochemistry 57:1023-1033.

Rodriguez-Entrena, M., Espinosa-Goded, M., Barreiro-Hurlé, J., 2014. The role of ancillary
benefits on the value of agricultural soils carbon sequestration programmes: Evidence
from a latent class approach to Andalusian olive groves. Ecological Economics 99(C): 63-
73.

Rodriguez-Labajos, B., Binimelis, R., Monterroso, I., 2009. Multi-level driving forces of
biological invasions. Ecological economics, 69(1): 63-75.

Sanchirico, J., Hastings, A., Malvadka, L., Wilen, J., 2006. When are notake zones an
economically optimal fishery management strategy? Ecological Applications 16: 1643-
1659.

76 The AQUACROSS Innovative Concept



oQUAICross
R g
R g

Sanon, S., Hein, T., Douven, W., Winkler, P., 2012. Quantifying Ecosystem Service Trade-Offs:
The Case of an Urban Floodplain in Vienna, Austria. Journal of Environmental Management
111:159-172.

Scheffer, M., Carpenter, S., Foley, J., Folke, C., Walkerk, B., 2001. Catastrophic shifts in
ecosystems. Nature 413: 591-596.

Schneiders, Van Daele, T., Van Landuyt, W., & Van Reeth, W., 2012. Biodiversity and
ecosystem services: Complementary approaches for ecosystem management? Ecological
Indicators 21:123-133.

Schroter, M., Barton, D. N., Remme, R. P., Hein, L., 2014. Accounting for capacity and flow of
ecosystem services: A conceptual model and a case study for Telemark, Norway. Ecological
Indicators 36: 539-551.

Sekovski, 1., Newton. A., Dennison., W.C., 2012. Megacities in the coastal zone: Using a
driver-pressure -state-impact-response framework to address complex environmental
problems. Estuarine Coastal and Shelf Science 96: 48-59.

Shannon, LJ., Christensen,V., Walters, C.J., 2004. Modelling stock dynamics in the southern
Benguela ecosystem for the period 1978-2002. African Journal of Marine Science, 26(1):
179-196.

Steffen, W., Crutzen, P.J., McNeill, J.R., 2007. The Anthropocene: Are Humans Now
Overwhelming the Great Forces of Nature? Ambio 36(8): 614-621.

Steffen, W., Grinevald, J, Crutzen, P, McNeill, J, 2011. The Anthropocene: conceptual and
historical perspectives. Philosophical Transactions of the Royal Society A 369(1938): 842-
867.

Stepanova, O., Bruckmeier, K., 2013. The relevance of environmental conflict research for
coastal management. A review of concepts, approaches and methods with a focus on
Europe. Ocean & Coastal Management 75: 20-32.

Sumaila, U.R., Lam, V.W.Y., Miller, D.D., Teh, L., Watson, R.A., Zeller, D., Cheung, W.W.L.,
Coté, I.M., Rogers, A.D., Roberts, C., Sala, E., Pauly, D., 2015. Winners and losers in a
world where the high seas is closed to fishing. Scientific Reports 5, 8481.

Tallis, H., Levin, P.S., Ruckelshaus, M., Lester, S.E., McLeod, K.L., Fluharty, D.L. and Halpern,
B.S., 2010. The many faces of ecosystem-based management: making the process work
today in real places. Marine Policy, 34(2), pp.340-348.

TEEB, 2010. The Economics of Ecosystems and Biodiversity Ecological and Economic
Foundations. Edited by Pushpam Kumar. Earthscan, London and Washington.

/7 The AQUACROSS Innovative Concept



oQUAICross
R g
R g

TEEB, 2011. The Economics of Ecosystems and Biodiversity in National and International
Policy Making. Edited by Patrick ten Brink. Earthscan, London and Washington.

Thurstan, R. H., Hawkins, J. P. & Roberts, C. M. 2013 Origins of the bottom trawling
controversy in the British Isles: 19th century witness testimonials reveal evidence of early
fishery declines. Fish and fisheries 3.15:506-522.

Tittensor, D.P., Walpole, M., Hill, S.L.L., Boyce, D.G., Britten, G.L., Burgess, N.D., Butchart,
S.H.M., Leadley, P.W., Regan, E.C., Alkemade, R., Baumung, R., Bellard, C., Bouwman, L.,
Bowles-Newark, N.J., Chenery, A.M., Cheung, W.W.L., Christensen, V., Cooper, H.D.,
Crowther, A.R., Dixon, MJ.R., Galli, A., Gaveau, V., Gregory, R.D., Gutierrez, N.L., Hirsch,
T.L., H6ft, R., Januchowski-Hartley, S.R., Karmann, M., Krug, C.B., Leverington, F.J., Loh, J.,
Lojenga, R.K., Malsch, K., Marques, A., Morgan, D.H.W., Mumby, P.J., Newbold, T.,
Noonan-Mooney, K., Pagad, S.N., Parks, B.C., Pereira, H.M., Robertson, T., Rondinini, C.,
Santini, L., Scharlemann, J.P.W., Schindler, S., Sumaila, U.R., Teh, L.S.L., Kolck, J. van,
Visconti, P., Ye, Y., 2014. A mid-term analysis of progress toward international
biodiversity targets. Science 346: 241-244.

Tscherning, K., Helming, K., Krippner, B., Sieber, S., Paloma, S.G., 2012. Does research
applying the DPSIR framework support decision making? Land Use Policy 29: 102-110.

Turner, R.K., 2000. Integrating natural and socio-economic science in coastal management.
Journal of Marine Systems 25(3): 447-460.

Vaughn, C., 2010. Biodiversity losses and ecosystem function in freshwaters: emerging
conclusions and research directions. BioScience 60:25-35.

Veldkamp, A., Polman, N., Reinhard, S., Slingerland, M., 2011. From scaling to governance of
the land system: bridging ecological and economic perspectives. Ecology and Society
16(1): 1.

Villamagna, A.M., Angermeier, P.L., Bennett, E.M., 2013. Capacity, pressure, demand, and
flow: A conceptual framework for analyzing ecosystem service provision and delivery.
Ecological Complexity 15: 114-121.

Villamayor-Tomas, S., Fleischman, F.D., Ibarra, I.P., Thiel, A., Laerhoven, F. van, 2014. From
Sandoz to Salmon: Conceptualizing resource and institutional dynamics in the Rhine
watershed through the SES framework. International Journal of the Commons 8: 361-395.

Vorésmarty, C.J., Mcintyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green, P.,
Glidden, S., Bunn, S.E., Sullivan, C.A., Reidy Liermann, C., Davies, P.M., 2010. Global
threats to human water security and river biodiversity. Nature 467: 555-561.

Walker, B., Salt, D., 2006. Resilience Thinking: Sustaining Ecosystems and People in a
Changing World. Island Press.

78 The AQUACROSS Innovative Concept



9quaCross

Wallace, K.J., 2007. Classification of ecosystem services: problems and solutions. Biological
conservation 139(3): 235-246.

Ward, F.A., Pulido-Veldzquez, M., 2008. Water conservation in Irrigation can increase water
use. Proceedings of the National Academy of Sciences USA (PNAS) 105(47): 18215-18220.

Waring, T., 2010. New evolutionary foundations: Theoretical requirements for a science of
sustainability. Ecological Economics 69(4): 718-730.

Weinstein, M.P., 2009. The Road Ahead: The Sustainability Transition and Coastal Research.
Estuaries and Coasts 32: 1044-1053.

World Bank, 2004. Saving fish and fisheries. Towards sustainable and equitable governance
of the global fishing sector [Report N 29090-GLB]. The World Bank, Washington, DC.

World Bank, 2006. Scaling up marine management: the role of marine protected areas. The
World Bank, Washington DC.

79 The AQUACROSS Innovative Concept



9quaCross

5 Annex 1 - Glossary (abridged version)

Term Definition (as in the Concept note)

Adaptability A defining component of resilience. It refers to the capacity of a social-ecological system (SES) to adjust its responses to changing
external drivers and internal processes and thereby allow for development within the current stability domain and/or along the
current trajectory.

Adaptation It is the “adjustment in natural or human systems in response to actual or expected climatic stimuli or their effects, which moderates
harm or exploits beneficial opportunities” (IPCC, 2007). According to Lukasiewicz et al. (2015), in terms of land and water
management, adaptation actions involve reducing non-climate threats that increase the resilience of populations to a changing
environment in situ as well as enabling the species concerned to migrate to a more suitable habitat under a changing climate (CBD,
2010).

Complex adaptive Complex adaptive systems (such as an economy or an ecological system) consist of many local or micro-level adaptive agents The

system structure, the functions and the dynamics of the system at the macro-level are not planned by a central control but emerge from the
interaction and interconnectedness of their constituent parts and of the system with other complex adaptive systems. Complex
adaptive systems are self-organising entities.

Driver The main outcome of social and economic interactions and are mediated by policy institutions, technology, and social values.

Ecosystem based EBM “is an interdisciplinary approach that balances ecological, social and governance principles at appropriate temporal and spatial

management (EBM) scales in a distinct geographical area to achieve sustainable resource use. Scientific knowledge and effective monitoring are used to

approach acknowledge the connections, integrity and biodiversity within an ecosystem along with its dynamic nature and associated
uncertainties. EBM recognises coupled SES with stakeholders involved in an integrated and adaptive management process where
decisions reflect societal choice” (Long et al., 2015 p. 59).

Ecological process They are the natural transformations resulting from the complex interactions between biotic (living organisms) and abiotic (chemical
and physical) components of ecosystems through the universal driving forces of matter and energy.

Ecosystem service Those benefits humans get from ecosystems.
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Ecosystem
structure

Persistence

Pressure

Resilience
(ecological /social
/economic/ socio-
ecological)

Resilience thinking

Transformability

Components and their layout within the ecosystem. It includes the biotic (living organisms) and the abiotic components.

Persistence is the tendency of a SES subject to change to remain within a stability domain, continually changing and adapting yet
remaining within critical thresholds.

Direct and indirect transformation over the ecosystems structure. It includes, for instance, water abstractions, diversion,

impoundment, pollution, land use, soil transformation, alterations of nutrient and sediment balances.

A general characteristic of a system that results from its ability to respond to change, perturbations and perturbation regimes
(adaptability), and transform when necessary. It is closely connected with the diversity of ecosystems and species (heterogeneity), the
capacity of a system to contain or spread a perturbation along its constituent parts (which depends on the system modularity), and
the capacity of a particular part or population to recover after a shock has taken place (which is linked to the system connectivity).

Adaptability - a component of resilience defined as the capacity of a SES to adjust its responses to changing external drivers and
internal processes and thereby allow for development within the current stability domain, along the current trajectory.

Transformability - a component or resilience reflecting the capacity of a SES to create new stability domains for development, a new
stability landscape, and cross thresholds into a new development trajectory.

It is a framework approach to sustainability that emphasises that humans and ecosystems are interdependent, that SES are complex
adaptive systems and that cross-scale dynamics matter to support the deliberate transformation of SES. Resilience thinking aims at:
1) assessing firstly the relative merits of the current versus alternative, potentially more favourable stability domains, and, 2)
fostering resilience of the new development trajectory, the new basin of attraction. It focuses on the three aspects of SES: resilience
as persistence, adaptability and transformability (Folke et al., 2010).

The capacity to create new stability domains for development and a new stability landscape, and to cross thresholds into a hew
development trajectory.
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6 Annex 2 - Models and tools

Aquatic

Emphasized

Tool name
system

system

What is it (for)?

Why is it useful for AQUACROSS?
Some features and examples

Models integration software platform for rapid ecosystem service
assessment and valuation (ESAV). It encodes (maps) relevant
ecological and socioeconomic knowledge to map ESS delivery,
use, and benefit flows. ARIES carries out an automated data
integration process by using an extensive database featuring
global through local scale GIS data and ecosystem service
models.

Open-source modelling framework to
map ecosystem services flows.
Generalisable.

Applicable at land-scale - extensions to
marine ecosystems being explored.
Independently applicable.

Examples of applications: data and
models available for several countries
(BC3).

ARIES
Social- (ARtIfICIal
- Intelligence for
ecological
Ecosystem
Services)
All aquatic
realms
. Marxan
Social- .
. (Conservation
ecological

planning tool)

A software-based planning tool aimed to provide decision
support to conservation planning problems, such as the design
of new reserve systems, performance of existing reserve systems
reporting and multiple-use zoning plans for natural resource
management development. Applicable to terrestrial, freshwater
and marine systems.

It can be used to manage natural resources by prioritising
management and the definition of areas for biodiversity
conservation and ecosystem services delivery.

For biodiversity conservation and
ecosystem service delivery assessment.
Flexible.

Entailing stakeholder involvement.
Examples of applications: Swiss Plateau
(FVB-IGB, EAWAG) and North Sea
(IMARES, ULIV)
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Aquatic Emphasized
system system

Why is it useful for AQUACROSS?
Some features and examples

Tool name What is it (for)?

e  Oriented to possible pathways that
affect ecosystem status and assess the

It seeks to estimate the effects of environmental contamination risk.
EcRiAss on the growth, reproduction, and survival of a variety of e  Considers different drivers and their
Marine Ecological (Ecological Risk  ecological receptors (e.g. birds, mammals, fish, plants) that may pressures, human activities,
Assessment) be exposed to chemicals in contaminated environmental media, management objectives.
either now or in the future. e  Entails stakeholder involvement.

e  Examples of applications: European
regional seas (IMARES, ULIV).

e  Oriented to phytoplankton and
nutrients in rivers, lakes and coastal

WASP7 waters.
River, lake, . (Water Qu'ality A model to interpret and predict Wat.er quality response.s to ° Co.nsiders environmental conditions
coastal Ecological Analysis natural phenomena and anthropogenic pollution for various (climate change), management
Simulation pollution management decisions. measures, etc.
Programme) e  Examples of applications: Danube

(BOKU, local and ecosystem level
(floodplain, river stretch).
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Aquatic
system

Emphasized

Tool name
system

What is it (for)?

Why is it useful for AQUACROSS?
Some features and examples

Probability
network model

River Social-
catchment ecological

The model is used for the prediction of the consequences of river
rehabilitation options by taking into account the knowledge
from available sources (e.g. basic scientific knowledge,
specialised literature, other models, data, and expert
knowledge). It takes into account causal relationships between
the main variables of the rehabilitation project and some
relevant decision-making attributes. This approach divides the
model into sub-models (e.g. (hydraulics, benthos, vegetation,
fish, other fauna, economics...) and considers prediction
uncertainty.

For risk and uncertainty analysis of
restoration measures.

Takes into account biodiversity of
invertebrates and fish climate, land use,
and population growth scenarios and
suggested management strategies.
Examples of applications: Swiss Plateau
(EAWAG), multiple river catchments.

Social-
ecological
modelling

To assess the dynamic interrelations among human and
environmental factors, and the capacity of a social-ecological
system in a catchment to adapt to change, and to study the key
structural elements and processes in social and ecological
subsystems.

Oriented to the capacity of a social-
ecological system in a catchment to
adapt to change.

Considers key structural elements and
processes in the social and ecological
subsystems, their interactions and
management strategies.

Flexible.

Entails stakeholder involvement.
Example of applications: Ringstrom
(SRC)
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Aquatic
system

Emphasized

Tool name
system

What is it (for)?

Why is it useful for AQUACROSS?
Some features and examples

BIOMOD &
BIOMOD2(R)
Package

An ensemble platform for species distribution modelling (SDM).
BIOMOD (and its new version biomod2) is a computer platform
for ensemble forecasting of species distributions, enabling the
treatment of a range of methodological uncertainties in models
and the examination of species-environment relationships. This
tool models species distributions by using different techniques,
tests models with a wide range of approaches, projects species
distributions into different environmental conditions and
dispersal functions.

For distribution patterns (niche) of
invertebrates and fish.

Considers major drivers/pressures
(temperature, precipitation, hydrology,
nutrients, land use...) and management
options.

Potential of making future projections
under climate and land-use change
scenarios.

Flexible.

Examples of applications: Danube
catchment (FVB-IGB, BOKU).

Ecological

MONERIS
(MOdelling
Nutrient
Emissionsin
RIver systems)

A semi-static emission model to estimate the emissions of
nitrogen and phosphorus (adaptable to include heavy metals
and certain priority substances as lindane) to surface water, by
different independent pathways for separate catchments and
the in-stream retention in the surface water network (i.e. for
agricultural and urban management options).

For total nitrogen, total phosphorus and
dissolved silicium.

Considers agricultural and urban
management options.

Examples of applications: Danube
catchment (FVB-IGB).
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https://cran.r-project.org/web/packages/biomod2/index.html
http://www.will.chez-alice.fr/Software.html
http://www.icpdr.org/main/activities-projects/moneris-modelling-nutrient-emissions-river-systems

9QquUaCross

Aquatic
system

Emphasized

Tool name
system

What is it (for)?

Why is it useful for AQUACROSS?
Some features and examples

FATs
(Fish
Assemblage
Types)

Rivers Ecological

Spatially-based method (developed by Schmutz et al. (2007b)
and Melcher et al. (2007)) to assess the ecological status of
European fish assemblage types in European running waters
(responding to multiple human pressures). It entails the
description of a river and fish assemblage typology based on
minimally impacted sites and also the analysis of impacted
conditions for each type.

For fish assemblage types in European
running waters.

Takes into account multiple human
pressures.

Flexible.

Examples of applications: European
running waters (BOKU).

Meta-
community
approach

Theoretical and conceptual tool to understand feedbacks and
impacts across multiple scales and the emergent properties that
arise from spatial coupling of local ecosystems.

For species assemblages.
Contemplates different environmental
factors and pressures.

Examples of applications: Danube
(BOKU), local to regional.

ECM
Socio- (Fuzzy
ecological Cognitive
Mapping)

Lakes

Originally a semi quantitative and dynamic method to structure
expert knowledge based on cognitive mapping. It is a graphical
representation of the knowledge about or the perception of a
given system (illustrating the relationships between its concepts,
nodes and relationships).

For the assessment of protocols in place
for invasive species.

Considers management in
transboundary context.

Flexible.

Entails stakeholder involvement (UCC).
Examples of applications: Lough Erne,
UK/ROI.
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http://www.sciencedirect.com/science/article/pii/S0075951113000509#bib0225
http://www.sciencedirect.com/science/article/pii/S0075951113000509#bib0130
http://www.ecologyandsociety.org/vol20/iss2/art11/ES-2015-7396.pdf

9QquaCross

Ecologic Institute (ECOLOGIC) | Germany

Leibniz Institute of Freshwater Ecology and Inland
Fisheries (FVB-IGB) | Germany
Intergovernmental Oceanographic Commission
of the United Nations Educational, Scientific

and Cultural Organization (IOC-UNESCO) | France
Stichting Dienst Landbouwkundig Onderzoek
(IMARES) | Netherlands

Fundacion IMDEA Agua (IMDEA) | Spain
University of Natural Resources & Life Sciences,
Institute of Hydrobiology and Aquatic Ecosystem
Management (BOKU) | Austria

Universidade de Aveiro (UAVR) | Portugal

ACTeon - Innovation, Policy, Environment (ACTeon) | France

University of Liverpool (ULIV) | United Kingdom
Royal Belgian Institute of Natural Sciences (RBINS) |
Belgium

University College Cork, National University

of Ireland (UCC) | Ireland

Stockholm University, Stockholm Resilience Centre
(SU-SRC) | Sweden

Danube Delta National Institute for Research

& Development (INCDDD) | Romania

Eawag — Swiss Federal Institute of Aquatic Science
and Technology (EAWAG) | Switzerland
International Union for Conservation of Nature

(IUCN) | Belgium

BC3 Basque Centre for Climate Change (BC3) | Spain

Contact
Coordinator
Duration

Website
Twitter
LinkedIn
ResearchGate
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