SWdll

Sustainable Water ActioN

Deliverable 5 (Supplement 1)

Analyzing New Challenges for Water Management: An outline
for a trans-disciplinary approach, based on a review. of existing

conceptual frameworks

CAPACITIES

Seventh Framework Program
FP7 Grant Agreement
INCO-20011-7.6

A\

ARIZONA

University of the
West of England

BRISTOL

UNESCO-IHE [

Institute for Water Education B

Authors: Serrat-Capdevila, A. (CNRS/UoA),
Cabello V. (US), Boyanova, K. (NIGGG), Poupeau,
F. (iGLOBES, UMI 3157 CNRS/UoA), Rodriguez,
D. (USP/UoA), Salmoral, G. (UAM), Segura, S.

(US), and Yang, Z. (UoA).



Cover picture captions:

Top picture: SWAN work meetings, Spring 2013, Tucson
Photo: Hoshin Gupta

Bottom picture: SWAN Workshop, April 2013, Tucson
Photo: Hoshin Gupta



SWdll

Sustainable Water ActioN

CAPACITIES
Project Title Sustainable Water Action Network - SWAN
Grant Agreement 294947
Analyzing New Challenges for Water Management: An outline for a
Deliverable title trans-disciplinary approach, based on a review of existing
conceptual frameworks
Deliverable name DEL 5 (Supplement 1)
Serrat-Capdevila, A. (CNRS/UoA), Cabello V. (US), Boyanova, K.
Authors (NIGGG), Poupeau, F. (iGLOBES, UMI 3157 CNRS/UoA), Rodriguez, D.
(USP/UoA), Salmoral, G. (UAM), Segura, S. (US), and Yang, Z. (UoA).
Reviewers Leandro del Moral
Due date of deliverable This deliverable is new
Actual submission date | May, 2014

Dissemination level

X PU | Public

PP | Restricted to other program participants (including the Commission Services)

RE | Restricted to a group specified by the consortium (including the Commission Services)
CO | Confidential, only for members of the consortium (including the Commission Services)
Deliverable status version control

Version | Date Authors

Serrat-Capdevila, A. (CNRS/UoA), Cabello V. (US), Boyanova, K.
(NIGGG), Poupeau, F. (iGLOBES, UMI 3157 CNRS/UoA), Rodriguez,
D. (USP/UoA), Salmoral, G. (UAM), Segura, S. (US), and Yang, Z.
(UoA).

1.0 June 1%, 2013

Serrat-Capdevila, A. (CNRS/UoA), Cabello V. (US), Boyanova, K.
(NIGGG), Poupeau, F. (iGLOBES, UMI 3157 CNRS/UoA), Rodriguez,
D. (USP/UoA), Salmoral, G. (UAM), Segura, S. (US), and Yang, Z
(UoA).

2.0 Nov. 30", 2013

Serrat-Capdevila, A. (CNRS/UoA), Cabello V. (US), Boyanova, K.
(NIGGG), Poupeau, F. (iGLOBES, UMI 3157 CNRS/UoA), Rodriguez,
D. (USP/UoA), Salmoral, G. (UAM), Segura, S. (US), and Yang, Z.
(UoA).

Final March 1%, 2013

Institute for Water Education

\&?\SNDAOO
e ©
‘ ‘ University of the = % -
ge West of England % N
» BRISTOL .. R

ARIZONA

W EscoaE
=Y JLIEH






TABLE OF CONTENTS

ABSTRACT/CONCEPT NOTE. ...t e e e 5

1. INTRODUCGTION ...t e e e e et e e e e e e e e e e e e e ennees 6

2. BACKGROUND: MAN, WATER AND NATURE.............oooiiiieeeeee e 9
2.1. Ecological challenges in the “Anthropocene”: understanding the relations
between societies and their environment..............ccccoiiii 9

2.2. Water science for water management: scientific expertise questioned by

democratic partiCipation ...........ccooo oo 12
MANAGING WATER IN SOCIO-ECOLOGICAL SYSTEMS: TOOLS ON THE
LI = 1 SR 16
3.1, PRySICal SCIEBNCES ... 16
3.1.1. Climate MOdElS...........uuiiiiiiiiieiee s 16
312, HYArOIOGY ... 17
3.2. Disciplines centered on planning and governance analysis..........cccccccveeeeeen... 19
3.2.1. Spatial and water planning .............euiiiiii e 19
3.2.2. Socio-technical systems and water governance ...........ccccccceevvveeeeeeennnn. 21
3.3. Frames of analysis of the interactions between ecosystems and society........ 22
3.3.1. Ostrom approach to Social-Ecological Systems .............ccevevviiiiiiinnnnnn. 22
3.3.2. ECOSYSIEIM SEIVICES......eeiiiiiiiiiiiiiiiii et 24
3.3.3. Societal MetabOoliSM ...........ooiiiiiiiiiii e 27
3.3.4. The Water Footprint and Virtual Water Trade .............eiiiiiiinnnnnnnnn. 29
INITIAL TIPS FOR METHODS INTEGRATION ........oooiiiiiiieieee e 33
CONGCLUSIONS. ...ttt s e et e e nneeeeneeeenneeesneeas 37
REFERENCES ...ttt e tee e e eneeas 38






ABSTRACT/CONCEPT NOTE

ABSTRACT/CONCEPT NOTE

This paper attempts to provide an innovative and holistic approach of the complex dynamics
between society and its physical environment. Drawing from emergent and well established
fields of study, it aims at integrating different paradigms looking at how society interacts with
nature and at expanding the boundaries of understanding between science and management of
water and land resources. The combination of physical science tools such as climate and
hydrologic modeling with human-centric approaches such as ecosystem services, societal
metabolism, water footprint assessment, institutional analysis of water management or social
uses of water, allows for a transdisciplinary approach to water issues. The approach presented
in this working paper builds on disciplines and schools of thought that have rarely been all
connected and that could address questions to face new challenges derived from climate
uncertainty and water crisis, and bridge knowledge gaps across management jurisdictions. In
addition, research processes has to be confronted to an increasing demand of participation from
stakeholders no only to decision-making but also to the definition of scientific questions. This
paper discusses how the integration of different methodologies and analysis frameworks can
help inform future management strategies in the ever-evolving relationship of societies with their

ecological systems.
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1. INTRODUCTION

This methodological paper is developed within the framework of the SWAN project: “Sustainable
Water ActioN: Building Research Links between EU and US”. SWAN is a four-year International
Cooperation Project granted by the 7" Research Program of the European Commission. It
focuses on the creation of a transatlantic dialogue on water, involving five universities and
research centers of European Union Member States (Bulgaria, France, Netherlands, Spain,
United Kingdom) and the department of hydrology of the University of Arizona. SWAN aims at
bridging the gap between science and management by involving decision-makers, stakeholders

and the general public in the research processes.

Since the 1960’s, the “world water crisis” has generated many interrogations about the scarcity
and quality of water resources confronted to population growth (Hardin, 1968; Report Rome 72
Sustainability). In parallel to the constitution of an “international community of water” supported
by several world environmental forums since the 70’s (Stockholm-1972, Club of Rome-Limits to
Growth-1972; Johannesburg-2002; Dublin-1992; Rio-1992,2012 ), the notion of sustainability
emerged as a paradigm for development and governance. The problems of sustainability of
natural resources have been explained as a consequence of their governance models. New
trends of research insisted on the study of management issues, norms and rules (Ostrom,
1990). Later on, the notion of sustainability has also been questioned as a technocratic
paradigm along with the failure of the role of science as provider of technical solutions to the
growing problems that societies face with their environments (Bakker, 2011). The growing
concern on non-academic knowledge and democratization of science has been reflected in new
institutional approaches to water management as the European Water Framework Directive in
the beginning of the 2000’s. But if various critics of the traditional function of expertise and of the
links between knowledge and power have been formulated, the consequences on
methodological issues haven'’t fully been analyzed. On that methodological dimension, studies
have focused more on the problems of the relativity of knowledge (construction of scientific
objects, critics of the notion of truth) than on the integration of disciplines and of “civil society”
(Jasanoff, 2007).

This paper is a statement of intent for future integration of conceptual models as a framework
for research. It aligns with the critics formulated to scientific expertise by “post-normal science”

theory (Funtowicz & Ravetz, 1991, 1994), suggesting that the complexity of environmental
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issues requires new paths of knowledge production, incorporating multiple scientific,
professional and citizen perspectives. Beyond the debate between fundamental and applied
research, the hypothesis of a contribution of “democratic participation” to the scientific process
leads to an analysis of the specificity of environmental issues: the complexity of water
management necessitates a combination of approaches from physical, environmental and
social sciences, opened and validated by civil society. However, using multiple conceptual
metaphors does not necessarily lead to a better comprehension of human-environment
relationship or decision-making support (Raymond et al 2013): the different methods have at

least to frame a common scientific object. Modeling this object can be approached in different

ways summarized in Box 1.

Interdisciplinarity provides the possibility to keep the strengths of a discipline while enriching it
with further perspectives and covering gaps in terminology, approach and methodology. This is
why this paper presents an interdisciplinary approach attempting to integrate disciplines such as
climatology, hydrology, and sociology with transdisciplinary methods such as Societal
Metabolism, Ecosystem services and Water Footprint and Virtual Water, to create a holistic
approach attempting to answer transdisciplinary questions that can inform water and land
management and planning. Furthermore, the importance of transcending science borders is
emphasized using the participation of both stakeholders as fellow researchers and direct users

of science products.

This work is based on the hypothesis that the involvement of stakeholders can help bridge the
gaps and frontiers between disciplines. As the key scientific challenge of the “Anthropocene” as
a time where human activities highly impact natural systems (Revkin 1992, Crutzen & Stroemer

2000) is to analyze the relationship between society and nature (Becker 2010), this paper
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explores how our proposed holistic approach can go beyond existing frameworks to support
water resources management and planning, as well as how it relates to current scientific

paradigms.
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2.1. Ecological challenges in the “Anthropocene”: understanding the relations
between societies and their environment

Last centuries witnessed an outstanding growth of human population, agricultural production
and energy generation. This growth was feasible thanks to an increasing “control of nature”
especially regarding water resources: the parallel anchoring of hydraulic science and
engineering systems were able to deeply transform natural hydrologic regimes, buffer natural
variability and enhance the social uses of water in space and time. Nonetheless, this has come
at a cost where in many settings now “nature talks back” (Savenije et al. 2013). Still, facing the
negative “reaction of nature” is not the only reason to realize changes in the management of
environment. The technological revolution and the following development were turbulent events
in human history, opening unimaginable opportunities, as well as increasing risks. Throughout
the years, the knowledge on the environment increased significantly and brought the conclusion
that intensive technological approach is a good way to manage environment, but it sometimes
leads only to short-term solutions, which doesn’t incorporate well with the target of sustainability.
The science (and slowly policy) realized that the natural functions of ecosystems and their ability
to self-regulate are just as powerful tools as technology in some cases and their combination,
together with efficient management, can help us create more sustainable future and still cover
the demands of the social system. This is also why conservation and biodiversity have found

more broad recognition in policy and management during the last years.

The human interferences on the water cycle pose new challenges to the marriage of science
and governance. Currently, about 2,600 km®year of freshwater is consumed by humans. The
estimated planet boundary for freshwater appropriation is 4,000 km* (Rockstrom et al., 2009).
Nevertheless, many major river basins (i.e. Nile River or the Colorado River) across the world
suffer water stress, thus this threshold ignores the importance of local conditions and the role of
management in magnifying or ameliorating problems (Molden, 2009). Agriculture represents
70% of total water withdrawal, used to produce food and feed cattle (FAO, 2011), and also
embodies the most important driver of land use changes (Foley et al., 2011). With the current
trend in population growth and richer meat dietary changes, some studies predict dissatisfied
increases of food requirements. Meeting this future food demand can partly be achieved by

strategic agricultural intensification, in terms of elevating yields of existing croplands of under-
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yielding nations as long as not irreversible ecosystem damage is caused (Tilman et al., 2011).
Additional land will also need to be converted into agriculture leading to environmental concerns
such as biodiversity loss and carbon release (Scherr and McNeely, 2008; Gloor et al., 2012).
Nowadays about 4 billion metric tons of food are produced per annum, but it is estimated that
30-50% (or 1.2-2 billion tones) of all food produced never reaches a human stomach due to
poor practices in harvesting, storage, transportation and distribution, as well as market and
consumer wastage (IMECHE, 2013).

In 2007, half of the world's population lived in cities, and this number is projected to be three out
of five in 2030 (United Nations, 2007). The level of urbanization is expected to be approximately
70% by 2050 with the percentage increasing from 75 to 86% in developed countries and 45 to
66% in developing countries (UNPD, 2010). In the meantime, anthropogenic emissions altering
global atmospheric composition reinforce regional mesoclimate regulation disturbances.
Extreme climatic events are expected to be more dramatic under such changing environment
(NRC, 2011). Huge urban areas characterized with high density of population and
infrastructures usually serve as social, economic and political hubs. Consequently, this poses
huge pressure on decision makers as urban areas are vulnerable to storms, urban floods,
airborne diseases. In fact, in the past 30 years many of the major weather disasters have been

in urban areas and cost billion dollars (NRC, 2012).

Urban expansion poses serious competition on already constrained freshwater resources and
available land for agriculture. Intensification of agriculture and production of new water
resources (wastewater reuse and desalination) as win-win solutions for this competition are so
far only viable under cheap fossil fuels conditions. The transition from an energy system based
on fossils stocks, with high power densities, to one based on renewable sources, with low power
densities, sits a new competitor on the table (Schneidel and Sorman, 2012). Water and land for

energy, for people, for food and for the environment; multiple stakes on finite resources.

In order to understand current and future environmental challenges, it is necessary to first
understand the key drivers of the relationship of societies with their environment. The influence
of available technology in the dynamics of human livelihood and the evolution of carrying
capacities and sustainability of socio-ecological systems is at the center of the Malthusian and
neo-Malthusian debates. Indeed, a number of technological revolutions have progressively

transformed the ways in which the environment is regulated. As new technology influences the
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way that society interacts with the environment and new socio-economic structures evolve, new

tools and perspectives may be needed to understand and assess human-natural interactions.

This discussion leads to the classical question: how much can global population grow until
reaching critical biophysical limits? Concepts like planetary boundaries point at the necessity of
quantifying these limits in relation to specific consumption and living standards patterns, and
current technology. Limits to Growth - based on a system dynamics simulation of the earth’s
population growth and resource use (Meadows et al. 1972) — and The First Global Revolution
(King and Schneider 1991) are some of the first modern efforts to understand this question.
Nilsson and Persson (2012) argue that global boundary values would need to be reviewed and
downscaled in order to gain the necessary degree of “scientific certainty and political
legitimacy”. As sustainability and resilience are site-specific concepts for local and regional
scales, the analysis focuses where ecosystems hybridize with societal evolution and complex
socio-ecological interactions take place. Given the existing technology, knowledge and
practices, the specific socio-ecological systems — such as flood-recession agriculture in
Senegal, or the complex engineered landscape of rice-farming in Bali — have their sustainable
level of resource use, food production, and productivity. These are likely to change as the socio-

ecological system evolves with new technologies, knowledge and social organization.

Thus, beyond the classical question of what are the “limits to growth”, how much further can the
malthusian vs cornucopian debate be carried forward? For how long will Simon-Ehrlich type of
wagers lean in favor of Simon and the power of technological innovations? For how long will
technological advances keep pushing the boundary of sustainability? Do socioeconomic
dynamics truly depend on the environment, and under which time scales and spatial
differentiations? And more importantly: How to analyze — while planning for the future — the
current sustainability of resource use versus the influence of new technological advances and

new knowledge?

It is necessary to reconcile past debates on the relationship between technology, economic
development, social inequality and environmental impacts. An integrative perspective of the role
of technology in water management is needed; from utopian and dystopian perspectives on
technology as a driver of social progress or distress; through the evolution of constructivism and
determinism debates since the industrial revolution; to the promises of “cyberfetichism” for

social change and green growth economies as drivers of environmental preservation.
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2.2. Water science for water management: scientific expertise questioned by
democratic participation

One of the earliest forms of farming is flood recession agriculture, where valley bottoms are
planted and cultivated as flood waters recede. The need to regulate access to a variable resource
— the area of flooded, thus fertile, land — gave rise to the first complex social structures (Manning
2002; Lafont 2009), which provided mechanisms to ensure some sort of access to land for a range
of social groups, given the extent of each year’s annual flood and the consequent portfolio of fertile
lands available for cultivation. This is one of the early contexts in which the concept of
‘management” emerged. Flood recession agriculture progressively permitted the existence of large
urban centers and Empires in West Africa, Mesopotamia, ancient Egypt and China, as well as
transcontinental trade routes (Palerm & Wolf, 1955). It has been argued that the socio-economic
structures that developed with flood recession agriculture represent the emergence of social
stratification at the institutional level, which led to the highly hierarchical societies and modern
nation states in which we live (Park, 1977). The intense specialization of labor enabled by
agricultural surpluses allowed for scientific advances that ultimately culminated in technological
advances allowing a faster diffusion of knowledge (the printing press, 11th century in China, 15th
century in Europe) and the industrial revolution in the late 18th century. The relationship with the

environment was again dramatically changed.

Within this last technological revolution, the discovery of reinforced concrete and electricity allowed
man to intervene the hydrological cycle in unprecedented ways. Since 10,000 years ago and the
appearance of agriculture, only limited flows could be diverted with gravity diversion canals. Now,
while dams, canals and pumps intercepted and re-distributed large surface flows within and across
basins, rural electrification — a world-wide phenomenon in the mid 20th century — enabled aquifer
pumping and the onset of what has turned out to be massive groundwater depletions. This
newfound availability of water volumes allowed great economic and social development (growth of
irrigated area and agricultural production, drought protection), but environmental impacts and
ecological disasters also occurred. Associated chemical advances in pesticide and fertilizer
products also led to the Green Revolution, mentioned earlier, which in some cases was a failure
due to ecological collapses due to the lack of understanding of complex dynamics of socio-

ecological systems (Lansing, 2012).
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Since the 19th century, water resources projects and planning have been mostly based on
economic impact evaluations. For example, the 1936 Flood Control Act required only that the
benefit—cost analysis be positive for a plan to be deemed feasible, and subsequent documents
consolidated the concept of “contribution to national income” as the preeminent water resources
planning objective (Loucks et al, 1981). Consequently, economic objectives — measured through
benefit-cost analysis — have dominated water resources planning in the United States, during

much of the past century (from Serrat-Capdevila et al, 2014).

Addressing the need to regulate the intervening power humans on the hydrologic cycle, different
paradigms such as Integrated Water Resources Management (IWRM), Resilience of socio-
ecological systems and Water Security have emerged, shifted and evolved in the last few decades.
These concepts represent ways of assessing how societies are embedded, thrive from, and
interact with their natural environment or their ecological contexts. These paradigms originated
within specific professional (researcher-practitioner) circles and may reflect their own sector

specific perspectives, also obeying to social constraints and trends of the time.

Integrated Water Resources Management (IWRM) emerged as a new paradigm for decision-
making in relation to water. This approach adopts the basin scale as the natural unit enabling
water issues to be considered both in their broader context and through the more focused lenses
of economic efficiency, social equity and environmental sustainability. IWRM can be defined as “a
process which promotes the coordinated development and management of water, land and related
resources, in order to maximize the resultant economic and social welfare in an equitable manner
without compromising the sustainability of vital ecosystems” (GWP, 2000). In general terms, IWRM
aims at a management based on economic efficiency, environmental sustainability and social
equity, with or through public participation. IWRM and its participatory planning approaches can be
seen as the nuts and bolts of how to implement the concept of sustainability in water resources
management at the basin level (ref. UNESCO IWRM Guidelines at Basin Level).

The Resilience or socio-ecological systems approach — arising from the new-ecology movement
(Holling, 2011) — has been a rapidly expanding field in academia but its impact and its uses by
management practitioners may not have kept the same pace. Even the more broadly used and
appropriated term of adaptation and adaptive management is quite clear in its principles but its
real-world applications seem to be discretionary and at the practitioner's best guess.

Acknowledging that human and natural systems are linked and coevolve together, and that
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ecosystem response to human use is rarely linear, predictable, or controllable, there are three
main characteristics of the “new ecology” movement: (1) the acknowledgement of uncertainty,
dynamics, and complexity; (2) the exploration of nonlinear interactions across different-scale
systems (and a more global approach to recognizing spatial patterns); (3) and a historical memory
of systems and their temporal dynamics (Scoones, 1999). “Resilience” alludes to the capacity of a
system to maintain its functionality, to recover and reorganize after a disturbance, and to adapt to
change (Holling 2001). The term “adaptive capacity” can be interchangeable with “Resilience”.
Building resilient systems involves learning, the flexibility to experiment and adopt new solutions,

and the ability to respond broadly to challenges (Serrat-Capdevila et al 2014).

Overarching these frameworks is the epistemology of how new information, research findings and
understanding are generated, incorporated and operationalized within the structures and
mechanisms of control that manage a system in order to “improve” the way that resources are
extracted, processed, exchanged and allocated. Even paradigms can come with its owner (a
professional or academic sector). What is considered “knowledge” and who does it legitimize?

Sustainability and water security for whom and at which cost?

The critics of “normal science” have risen in a context of disenchantment with environmental
management institutions, especially with the failure of climate change negotiations and the
emergence of global markets as regulators overtaking national policies for environment.
Throughout the last decades, the paradigm of “post-normal science” has been developed as an
epistemological frame to cope with science limitations to deal with complex problems: "facts are
uncertain, values in dispute, stakes high and decisions urgent" (Funtowicz and Ravetz, 1991). In
science for governance, higher the uncertainty, more important is to separate descriptive and
normative sides of scientific assessment: scientist are not the only ones with legitimacy to decide
what is sustainable and what is not. Assuming the implications of complexity means assuming new
ways of building knowledge and legitimizing narratives: scientists’ role is to generate adequate
information of sufficient quality to set the table for extended peer-community discussion
(Giampietro et al 2006). Science as “truth” creator is challenged by voices of open and

participatory science (Holm et al 2013).

These discourses have been translated in western science into practices of integrated assessment
(REF) and social multi-criteria evaluation (Munda, 1995). On a different context, Participatory

Action Research (Packham and Sriskandarajah, 2005) was developed in Latin American countries
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routed in community development and rural studies. Recent TICs innovations are also setting a
new stage of participation in science through collaborative generation of data and information

through social networking.
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THE TABLE

The mission of water resources management and planning is to sustainably reconcile multiple
demands and water supplies, which can be limited and variable in time and space. In many
instances, management has focused on the supply side, with the development of new water
sources to cover increasing demands. A few decades ago, demand management started taking an
equally important focus in water resources management, with the development of mechanisms
and incentives to cover the same necessities with less water. Water resources are also influenced
by decisions in many other sectors to which management is intrinsically linked, such as land use

planning and land cover change.

The notion of how much water supply can be used, and the natural ecosystems altered, without
causing the environment to change or lose its existing functionality is at the core of the water
management question. However, once we have taken the water out of the environment, we must
also understand how we combine it with labor, energy and other resources to produce goods for
well-being, and how we trade and consume these goods that have a specific water footprint. By
the same rule, these goods also have an ecological footprint (botanic, biotic, biodiversity footprints
as well as an ecosystem services footprint), a land cover footprint and thus a climate footprint. This
section presents different disciplines and fields of study relevant to water management that can be
interconnected together to provide a more meaningful and multi-faceted analysis to inform water

resources management, policy, planning and use.

3.1.Physical sciences
3.1.1. Climate models

Climate models are essentially combinations of mathematical equations that represent different
nature processes in the climate system. These processes include radiation on the earth surface,
cloud physics, atmospheric and oceanic circulation, chemical cycles, growth of vegetation, etc.
Atmospheric models with different resolution have different representation of these aforementioned
processes, which in principle aim to reduce the complexity of the computation while ensuring the
accurate representation. Initially climate models are built to study the physics of the nature and
later on they have been used to generate projections showing consequences of different

scenarios, for example, different CO2 concentration or radiation scheme which are likely the
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consequences of public policy making. Climate models are capable to predict weather only few
days ahead of time, but their ability to make reasonable predictions of statistics of weather, i.e.
climate prediction, is retained. Thus, climate prediction involves running climate models at least for

several seasons and commonly for several years.

Downscaling is a method for obtaining high resolution data from relatively coarse resolution global
climate data. Typically, downscaling involves statistical downscaling or dynamical downscaling.
Statistical downscaling derives relationship between the small scale variables and the large scale
variable using statistical methods, e.g. analogue methods, regression analysis, and so on.
Dynamical downscaling using regional climate model process the coarse resolution reanalysis data
in more physical way. It is an appropriate way to simulate climate conditions in the future.
Reanalysis data refers to the coarse resolution climate data that could be extended even a century
into future: it is a combination of observation and model data through data assimilation procedure
that is usually done by large climate centers. Furthermore, with the evolution of urban expansion

and other land use change, studying their effect also requires the use of regional climate model.

Obviously, the most relevant atmospheric variable in the context of water is precipitation. Extreme
precipitation is projected to be more frequent in the future (Dominguez et al.,, 2013 D.1.1). This
might lead to flash floods which will serious damage urban infrastructure and cost people’s lives.
Moreover, in many other regions, precipitation serves as important source of water. It is important
to understand the trend and pattern of precipitation in the future as well. Standing on a physical
level of this integrated approach, regional climate model mainly provides the atmospheric
conditions that later will serve as input to the following procedures; namely, precipitation, soil
moisture data to hydrologic model for atmospheric and land water partitioning, extreme

precipitation data as input to ecosystem service for flood regulation.

3.1.2. Hydrology

Climatic and meteorological data can be used, among other things, as input forcing to drive
hydrologic models that simulate the partitioning of water through the physical system with a set of
state variables (i.e. snow storage, soil moisture, aquifer storage) connected by flows (i.e. rainfall,
evapotranspiration, infiltration, runoff, interflow, recharge, streamflow, baseflow, groundwater flow).
As any models, hydrologic models reflect a limited understanding of the physical system; however,

they can vary from being very simple to being very complex, they can be either spatially distributed
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or aggregated, and can be conceptual or physically based. Different sub-disciplines study different
aspects of hydrology (physical hydrology, ground and surface water, vadose-zone, water quality,
stochastic hydrology, etc.) and linkages with other disciplines and systems, such as for example

eco-hydrology.

An integrative modeling approach, using models of different resolution and complexity that serve
different purposes but inform each other through feedbacks (Liu et al 2008; Brookshire and Gupta,
2011; Brookshire, Gupta and Mathews 2012) can be used to help understand the feedbacks
between hydrology, water management and other human interventions (such as land use change).
Spatially distributed high-resolution models are adequate when it is necessary to accommodate in
detail the processes in the physical environment such as the land-atmosphere partitioning of water
and energy, the role of vegetation, the interactions between surface and groundwater hydrology,
and the provision of ecosystem services. Medium and coarse-resolution models are typically better
suited to modeling human interventions on the environment such as land use management,
engineering infrastructure and its operation in terms of intercepting and moving water within the
basin and across different uses. Medium-resolution models allow representing water allocation and
re-distribution within the system, while coarse-resolution models can be used to describe socio-
economic and institutional aspects of water management over the natural and engineered system,

with a resolution at the scale of the sub-watershed (Liu et al 2008).

In addition to providing an efficient way to represent the coupled natural-human system, a major
benefit of multiple-resolution modeling is that information and findings can be readily transferred
across models and used for model refinement. Information regarding natural processes, climate
change impacts and feedbacks in the natural system can be up-scaled to higher level models,
while behavioral and policy feedbacks from the socio-economic and institutional models can be
used to drive lower resolution models and to assess impacts on the natural system. The integrated
modeling approach can also be the basis for Decision Support Systems, simplifying complex
systems to maintain the key overall processes and feedbacks, allowing numerous scenarios to be
investigated in an efficient manner to inform specific management questions (Serrat-Capdevila et
al. 2009, 2013b).
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3.2.Disciplines centered on planning and governance analysis
3.2.1. Spatial and water planning

Spatial planning has been defined in different ways among countries in Europe, but it can generally
be referred to physical land use planning. The European Environmental Agency (EEA, 2012)
defines it as the systematic assessment of land and water potential, alternative patterns of land
use and other physical, social and economic conditions, for the purpose of selecting and adopting
land-use options which are most beneficial to land users without degrading the resources or the
environment, together with the selection of measures most likely to encourage such land uses.
Land use planning may be at broad levels such as international, national, district (project,
catchment) or large urban agglomerations, and at local level such as villages. It includes
participation of land users, planners and decision-makers and covers educational, legal, fiscal and
financial measures (FAO/UNEP, 1998).

Experience in recent years in Europe shows that without the integration of water management
measures into the process of land management and management of settlements development,
both sustainable and efficient use of water and flood prevention cannot be achieved. European
Water Framework Directive (WFD) tries to reinforce links between Spatial Planning and River
Basin Management Plans (RBMP) but these connections are still weak (Woltjer, Al, 2007, EEA,
2012). Spatial planning can help to deliver River Basin Management Plan objectives by checking
that proposed development does not cause deterioration of water bodies, ensuring that the scope
of Sustainability Appraisal/Strategic Environmental Assessment for spatial plans includes impacts
on water bodies, respecting the limits of the water environment when generating development

options, and adopting spatial plan policies that will help to achieve ‘good status’ in water bodies.

In the United States of America Spatial, Planning is recognized as Comprehensive Planning.
Accordingly with state laws (Arizona) and American Planning Association (2002), a
Comprehensive Planning (local\regional) means the adopted official statement of a legislative body
of a government (local\regional) that sets forth (in words, maps, illustrations, and/or tables) goals,
policies, and guidelines intended to direct the present and future physical, social, and economic
development that occurs within its planning jurisdiction and that includes an unified physical design
for the public and private development of land and water. Sometimes comprehensive plans are
known by other names including master plan, general plan, regional area plan and local

government plan. For most of the places in the United States, it is the only planning document that
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considers multiple programs and that accounts for activities on all land located within the planning
area (whether that property is public or private) (Kelly, 2010). In order to integrate Water and
Comprehensive Spatial Planning, one needs to take into account the big diversity of the river

basins in the European countries and in the United States.

Spatial planning has an important role to provide future scenarios as well as historical, institutional
and territorial context to our methodological integrative effort. Coordination between water and
spatial comprehensive planning can be the basis for the integration with all sectors planning. A
Territorial Comprehensive Model and its strategic visions and goals can provide new scenarios in
which to contextualize water management. More effort is needed to link spatial and water planning,
and an integrative approach could provide a foundation for evaluation of the plans progress
towards its desired objectives as well as monitoring territorial and social changes. Carter (2007)
and the EEA Technical Report (2012) present a significant review of case studies and highlight
potential synergies and obstacles for the integration of Spatial Planning and River Basin

Management Plans in Europe.

On one hand, potential synergies include long term strategic focus and large areas, influences on
a broad range of economic sectors that affect water consumption, pollution and impacts on water
bodies, influences on the type and the location of new polluting or water use activities. Spatial
Planning can incorporate water management goals, for example efficiency improvement measures
in new housing developments at the local scale. Some dimensions of spatial planning are
intrinsically linked to water, such as environmental assessments, flood risk management (2007
European Commission Floods Directive) and drought planning. On the other hand, potential
obstacles in most European countries come from different focus on water, such as efficiency and
restrictions in spatial planning versus requirements for the health of water bodies and the
environment. Separated institutions, different administrative structures, and management
traditions, are historical conditionings for a lack of connectivity. The differences between the
boundaries of spatial planning (administrative) and river basins and aquifers, as well as the
different timescales of planning horizons, the lack of shared knowledge and sufficient resources

are all obstacles to integration.

Hartfield et al (2014) present an interesting collaborative academic-practitioner perspective of the
dynamics of water supply and sanitation infrastructure and urban growth using spatial analysis

from remote sensing observations and information from water utilities. Using advanced
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classification techniques, they create a multi-temporal (1984-2010) view of land cover change
along the Tucson — Phoenix rapidly growing urban corridor. These classifications created multi-
temporal maps of changing urban residential, urban commercial/industrial, agriculture, roads, bare
ground, natural desert cover, riparian, and water. These data were then integrated into an ongoing
analysis of changing urban and water policy and allocation within the region which provided an
enhanced ability to evaluate the correlation of water availability and use, socio-economic drivers,

and the direction and magnitude of land use/cover change.

3.2.2. Socio-technical systems and water governance

The study of water networks has been mainly focused on urban areas, following first studies on
large socio-technical systems (Mayntz, Hughes, 1985) such as electricity (Hughes, 1985),
transportation or gas (Tarr, Dupuy, 1988) in differentiated societies. These works produce an
approach of territories which presupposes a static state of natural resources (watershed), and
which is focused on the development and the management of the utilities (contracts, costs, urban
governance, etc.). This approach consists in case studies of regional areas or, more frequently,
city concessions: in a context of globalization, the research study the local markets of water, the
consequences of privatization of the services (as part of a larger reform of the states), and urban
management of the networks (Barraqué, 1995; Jaglin, 2001; Meublat, 2001; Schneier-Madanes,
2003). The urban monographs are mostly related to the impacts of national public policies
(Barraqué, 2005), but they also describe the mobilizations of users to get back to public services.
This approach of water networks permits to build the notion of socio-technical services that reveals

to be very useful to understand the problems of water networks in urban areas.

Since the 1990’s, this approach has focused on the processes of privatization of water services.
The implementation of contracts based on European (and mainly French) models has been used
to study the emergence of a “global governance” of water that should have brought technical and
economical solutions to the needs of developing countries. However, the many social conflicts that
led to remunicipalization of water utilities have also become a growing source of interest since the
2000’s and the rise of international protests against the power of private companies. They have
limited the studies on the legal dimension of the contracts, without giving sufficient attention to the

social contexts of their application.
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3.3.Frames of analysis of the interactions between ecosystems and society
3.3.1. Ostrom approach to Social-Ecological Systems

Social sciences have studied environmental issues from several perspectives: the perception of
environmental problems, the analysis of decision making, the emergence of environmental justice
or the construction of energetic and hydrologic networks. However, they have not paid much
attention to the way social structures interact with ecosystems, and they have tended to develop
simple theoretical models instead of taking into account the relational dynamics of human and
natural worlds. Moreover, most of social science studies about water are focused on the way that
socio-technical systems are built, on their management and their failures (with an important
literature on the conflicts against privatization of water). One of the main challenges for social
sciences is thus to bridge the gap with the natural/ecological conditions of water management
(Martinez Allier, 2008).

An attempt to integrate natural/environmental sciences and social sciences has been developed by
Elinor Ostrom (2009) in her writings about the sustainability of “Social-Ecological Systems” (SESs).
SESs are composed of multiple subsystems (Figure 1) and internal variables within these
subsystems at multiple levels. She shows that the “core challenge in diagnosing why some SESs are
sustainable whereas others collapse is the identification and analysis of relationships among multiple
levels of these complex systems at different spatial and temporal scales”. The analysis of SESs
requires knowledge about specific variables and the relations between their component parts, which
may be the separate objects of different disciplines, with different frameworks and models used to
analyze their parts of the complex multilevel whole. A common, classificatory framework is thus

needed to facilitate multidisciplinary efforts toward a better understanding of complex SESs.

Ostrom presented a multilevel framework for qualitative analysis of outcomes achieved in SESs:
four interrelated first-level core subsystems of an SES that affect each other as well as linked
social, economic, and political settings and related ecosystems (Cf. box 1). The subsystems are: (i)
resource systems (e.g., a designated protected park encompassing a specified territory containing
forested areas, wildlife, and water systems); (ii) resource units (e.g., trees, shrubs, and plants
contained in the park, types of wildlife, and amount and flow of water); (iii) governance systems
(e.g., the government and other organizations that manage the park, the specific rules related to
the use of the park, and how these rules are made); (iv) users (e.g., individuals who use the park in

diverse ways for sustenance, recreation, or commercial purposes). Each core subsystem is made
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up of multiple second-level variables (e.g., size of a resource system, mobility of a resource unit,
level of governance, users’ knowledge of the resource system), which are further composed of

deeper-level variables.

A FRAMEWORK FOR SESs, BY ELINOR OSTROM

Social, economic, and political settings (S)
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Resource Governance
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Figure 1. The core sub-systems of Elinor Ostrom’s framework for social-ecological systems analysis
(Ostrom, 2009)

This framework is useful in cumulating knowledge from various areas of research, and providing a
common set of potentially relevant variables in order to collect data, conduct fieldwork or analyzing
findings of various SESs. This model implies measuring variables and their interaction in order to
study the relevant problem. It goes beyond an institutional analysis, by showing that the
inequalities of access to utilities are not linked to “natural” demographic tendencies or to scarcity of
natural resources, but to the effective management of natural resources and the economic models
of their distribution. It allows the development of a sociological approach integrating the socially
differentiated uses of water, in function of local contexts, urbanization trends and community

lifestyles in relation with the structure of economic activities and of residential demands, etc.

However, the SESs model does not pay much attention to other important dimensions of social
contexts and practices, especially to the neighborhood mobilizations for utilities, and to the socio-

environmental conflicts they might generate. Many laws and norms promulgated to regulate water
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services are the product of conflictive processes where different lobbies act to reinforce their
interests and legitimate them on a legal level (a dimension ignored by the SES model). The many
environmental conflicts that have taken place in the Americas since the 19" century have been the
object of numerous studies (Watson, 1993; Espeland, 1998). Water Wars in the West of USA,
constitute a key field of research in terms of understanding the social conditions of water
management, and especially the relations of power and the imposition of a vision of the world and
of the good ways of administrating it, in conformity with the interests and way of life of dominant
classes or groups of interest. As demonstrated by research published by Cronon, Worster (1985)
or Riesner (1986), the West of the United States can be analyzed as a hydrological society
fashioned by power relations and how hydrological imperatives have structured natural and human
spaces. Pincetl (2011) shows as well that the appropriation of natural resources and their
transformation into material goods (water to drink, food, etc.) is effectuated through institutional
arrangements organized in certain patterns; each regime of accumulation entails a mode of nature
appropriation that produces a dynamic resource landscape. The example of water projects in
California highlights the difficulties to produce water sustainability, due to potential impacts of
climate change on the hydrologic cycle, and to intensive urbanization (80% used by agriculture and

demographic pressure to re-allocate water to urban areas).

One of the tasks of social sciences is to identify the different levels of regulation of water
management: if in the American West, water is regulated by federal institutions since the 1902
Reclamation Act (water is considered as common good but agriculture is for the privileged user),
one has to take into account the relations between federal regulation and the management local
water districts. The water wheeling from Colorado River to San Diego County in California, for
example, illustrates the transfer of the resource to urban areas by the commercialization of water,
initiated not by the market but by the state. This process of “re-regulation of the social metabolism
of nature is highly contingent of local variables” (Pincetl, 2011), especially of the local conflicts
between the rural users and the urban water wholesalers, and of the power of local economic

entities.

3.3.2. Ecosystem services

The topic of ecosystem services (ES) has attracted significant attention in the last decades. There
are several national and international ongoing research initiatives in the field of ES such as MA

(Millennium Ecosystem Assessment), TEEB (The Economics of Ecosystems and Biodiversity),
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IPBES (Intergovernmental Platform on Biodiversity and Ecosystem Services), RUBICODE
(Rationalising Biodiversity Conservation in Dynamic Ecosystems), etc. (Burkard et al., 2012a, de
Groot et al., 2010). The definition of ecosystem services to which we refer in this paper is from the
'Salzau Message’ on Sustaining Ecosystem Services and Natural Capital (2010): “ecosystem
services are the contributions of ecosystem structure and function - in combination with other
inputs - to human well-being”, where the “combination with other inputs” refers to the
anthropogenic inputs in the natural systems which nowadays have increased considerably due to
the technological development of humanity. The point is that ecosystems, ecosystem functioning,
and ecosystem services are being threatened and degraded by human activities, and the situation

will be exaggerated by climate change and biodiversity loss (Burkhard et al., 2012a).

Ecosystem services concept is an approach that integrates analysis of the ecosystems’ functions
and the benefits people derive from them. It studies the human-environmental systems in a
manner that provides qualitative and quantitative data that is crucial for the better understanding of
the consequences of human activities on nature and humanity. Its analysis methods develop in a
way that provides more efficient and comprehensive data on the interactions between these
systems. The approach gives the opportunity for identification, quantification and assessment of
the ecological and socio-economic trade-offs and synergies on which decision-making should be

based (Burkhard et al., 2012a, 'Salzau Message’).

The classification of ecosystem services is structured in three main groups: provisioning, regulating
and cultural. Some of them, such as water flow regulation (regulating) — maintaining of water cycle
features such as water storage and buffer, natural drainage, flood regulation, irrigation and drought
prevention,, water purification (regulating) - the capacity of ecosystems to purify water from
sediments pesticides, disease-causing microbes, and freshwater (provisioning) - used freshwater
for drinking, domestic use, irrigation, industry, etc. (Kandziora et al., 2013), are directly related to
the water resources - water-related. Those are the services that contribute to water quantity and
quality in certain time and location. Watersheds’ borders are accepted to provide an appropriate
spatial scale for analysis with focus on the water cycle, being functional entities. Furthermore,
there is a big list of other services that are directly dependent on water resources, such as for
example food and energy provision, local and global climate regulation, recreation. The trade-off

analysis on different services for a certain area may be useful tool for decision-making.
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Figure 2. Conceptual framework linking ecosystem integrity, ecosystem services and human well-being as
supply, use and demand sides in human—environmental systems. Adapted after Burkhard et al., 2012b.

The supply of ecosystem goods and services is assessed on regional level and it refers to the
capacity of a particular area to provide a specific bundle of ecosystem goods and services (Figure
2). The capacity is the actually used set of natural resources and services that is generated in the
area. Therefore, an ES supply map for a certain region visualizes only the provided goods and
services that are generated within the borders of the same region — the flow of service within the
ecosystem. For the provisioning services there is very often also flow of services from outside the
ecosystem (e.g. food provision), while many regulating services on regional level cannot be
transported, thus ES providing and benefitting areas have to be physically connected (e.g. flood
regulation). The supply is directly determined by the regional ecological integrity of the ecosystem
and the structures and processes within it, which are strongly influenced by human actions and
decisions such as land cover change, land use and technical progress. Because of this, land
cover/land use classifications provide appropriate reference unit for ecosystem service
assessment and application in decision-making. The used services are the one that are currently
consumed in a particular area, but not necessarily supplied by it. Human well-being depends on
the benefits derived from the actual use of ecosystem goods and services (Burkhard et al., 2012b).

The demand for ES is the requirement for optimum realization of a specific activity.
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For example, in the case of freshwater provision service, used water is the total volume of water
that an activity, sector, consumer, etc. receives. The transportation water losses should be
excluded: use = abstraction - transportation water losses. The supply of freshwater ecosystem
service is the volume of used water that comes from the region. The demand for freshwater
service refers to the requirement for optimum realization of a specific activity, sector, consumer,
etc. (for instance water requirements for crops). The quantitative assessment and mapping of
supply, use and demand for a certain area provides visualization and quantitative measure of ES
flows (through supply and use maps for an area), critical areas (where demand exceeds use
indicating lack of services) and dissipate areas (where use exceeds demand, indicating

overconsumption).

Moreover, ecosystem services analysis can help clarifying modeling or other kind of quantitative
data, making them more accessible and understandable for practitioners and policy makers.
Quantifying, modeling and mapping ecosystem services have become major issues for the
ecosystem service concept’s application. Mapping is a good tool for representing spatial data, as
maps are perceivable and intuitive. The European Union’s new Biodiversity Strategy to 2020 puts
the task on its member states to map and assess ecosystem services on national levels until 2014.
The resulting data will be used for assessing the economic values of ecosystem services and their
integration into the European Union’s and national accounting and reporting systems by 2020. This

is a big challenge for scientists and decision makers.

Methods for quantification of water-related ecosystem services are many and diverse. The
assessment can be based on results from hydrological modeling (Nedkov & Burkhard, 2012) or
other quantitative methods ( Kroll et al., 2012), ecosystem services modeling — INVEST, ARIES,
etc. (look: Vigerstol & Aukema, 2011), analysis of spatial and statistical data (Kroll et. all, 2012),
expert valuation (Burkhard et al., 2012b, Burkhard et al., 2009), participatory approaches —

interviews, participatory mapping, etc.

3.3.3. Societal Metabolism

Grounded in complex systems theory, the societal metabolism concept refers to the processes of
appropriation, transformation and disposal of energy and materials in order to sustain a given
identity of a socio-ecological system (Martinez-Alier and Schlipmann, 1987, Giampietro et al

2011). These are considered as hierarchical systems (Ahl and Allen 1996) operating at multiple
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levels of organization and thus multiple spatial and temporal scales. Societal levels perform at
shorter temporal scales framed by wider ecological context. Ecosystems pose the external
constraints to societal metabolism, since certain thresholds of ecological integrity cannot be
surpassed if the whole system is to be maintained (Madrid et al 2013). Institutional and political
organization pose the internal constraints, since they express the desirability of specific metabolic
patterns (behavioral patterns of the systems in terms of resources use to maintain their structure
and functioning). These constraints show themselves as non-linear interactions along multiple
scales. In the case of water, several hierarchical levels need to be considered for a holistic
analysis of water metabolism: the water cycle, the ecosystems, the society and the interface

between them, the social management of water availability.

The Multiscale Integrated Analysis of Societal and Ecosystems Metabolism (MuSIASEM) has been
developed (Giampietro and Mayumi 2000; Giampietro et al 2009, 2011) as a multicriteria
quantitative analysis of metabolic patterns for wider integrated assessment of sustainability
(Giampietro, Mayumi and Munda, 2006). Based on the flow-fund model (Georgescu-Roegen,
1971), it moves forwards in the conceptualization of natural resources as stock and flows,
introducing the concept of funds as variables representing the identity of the system and thus
having to be maintained by the use of flows. Fund variables (those remaining the same in the
representation) describe the structure and size of the system while flow variables (those changing
in the representation) describe its functioning. The combination of these two dimensions generates
metabolic indicators (flow/fund intensity ratios of resources use). These variables are quantified
from lower levels (individuals, specific economic activities) until the whole social system that
interacts with wider levels indicators of ecological performance. Water is considered a flow for
social systems, because it provides services to multiple activities, and a fund for ecosystems,
because it is the pattern of water availability on earth what shapes ecosystems distribution and if

ecosystems identity is to be maintained this pattern has to be stable.

The relevance of MUSIASEM is the capacity to integrate information coming from non-equivalent
descriptive domains (different models from different scientific disciplines at different scales)
regarding a variety of context-specific relevant variables: energy, water, land use, economic
performance, and to check the feasibility of policy scenarios in terms of internal and external
constraints. If MUSIASEM was originally designed to analyze agroecosystems (Giampietro, 2003),
many applications have been developed for rural systems and poverty analysis (Serrano and
Giampietro 2009, Arizpe, Giampietro and Ramos-Martin, 2011, Scheidel, 2013). A second chief
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line is energy use analysis at macroscale (Ramos-Martin et al. 2009, Giampietro et al 2012, Diaz-
Maurin and Giampietro 2013, Sorman and Giampietro 2013). Its application to water use (Figure 3)
is @ more recent branch (Madrid and Cabello 2012). Current studies are being undertaken at local
(urban), regional (river basin) and national (economy-wide) levels. For these purposes, specific
integrated sets of indicators have been developed including Water Use Rate (WUR m%hour of
human activity), Water Use Density (WUD m®/ha of land used), Water Monetary Productivity (WMP
€/m® of water supplied), Water Energy Intensity (WEI Kwh/m® of water supplied), Ecosystems

Water Requirements (EWR ha of land/m? of water or million m*/year for aquatic ecosystems).

n+2 Water Cycle

nt2 Water Funds ntl Water Availability n Societal Water Flows
( ] n-x
{ Soil water — Green
S < Agriculture
. i e it | I 5 Mining
H L
Rain | 25l pun-off | [ Surface |
Aquifers Golf
| Sub-surface Services&Gov |
flow Reused |
1 Desalted | Household
| Recharge ' ' typologies
Transfers -

Figure 3. Framework for multi-scale analysis of societal and ecosystems metabolism of water.

3.3.4. The Water Footprint and Virtual Water Trade

The virtual water is defined as the water embedded in agricultural products, which generates a
“virtual” flow of water through trade of these products (Allan 1997; 1999). Virtual water trade is
seen as a new perspective to achieve an integrated water resource management, particularly for
water scarce regions. Authors have claimed that drought effects can be mitigated (Allan, 1999) and
the unequal spatial distribution of global water resources can be compensated (Islam et al., 2007)

by virtual water trade. Nevertheless, the virtual water trade cannot be used alone as a criterion for
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selecting optimal trading strategies (Wichelns, 2010). Some authors vindicate that the discourse
promoting both the concept of VW and the methodologies used to estimate VW flows is structured
according to some underlying ideas that are framed within market logic and the rationality of

international trade (Velazquez et al. 2011).

Related to the concept of virtual water, the water footprint (WF) analyses the appropriation of water
resources by human societies and computes only the consumptive, or non-reusable, water
associated with a specific use or process (Hoekstra et al., 2011). The main strength of this tool is
to show the weight of consumption patterns and global dimensions in water governance, although
it also requires to be complemented with additional analysis or indicators in order to achieve
integrated policy options (Vanham and Bidoglio, 2013). Studies have addressed the WF of a
variety of crops and food products such as olive oil (Salmoral et al., 2011a) and sugar-containing
water beverages (Ercin et al., 2010), populations within nations (Chapagain and Hoekstra, 2004;

van Oel et al., 2009) or other geographical areas such as watershed level (Dummont et al., 2013).

Three water color components are distinguished in the WF assessment: 1) the blue water (surface
and groundwater) , 2) the green water (rainwater stored as soil moisture), and 3) the grey water
footprint that refers to pollution and is defined as the volume of freshwater that is required to
assimilate the load of pollutants based on existing ambient water quality standards. Traditional
water planning has been focused on blue water although it has been argued that this conventional
approach is incomplete towards more integrated water and land policies (Falkenmark et al., 2006),
since green water comprises a critical role in food production and support for terrestrial
ecosystems. Beyond water accounting, other authors (Garrido et al., 2010; Salmoral et al., 2011b)
provide an “extended” WF calculation including economic indicators for irrigation water (€/m*) and
agricultural land productivity (€/ha), which are in the same line as indicators used in MuSIASEM

methodology.

The WF of a delimited geographic area (i.e. catchment area) can be studied from different
perspectives. The WF of consumers in the catchment comprises the internal water consumption
from products and services generated in the catchment, plus imported virtual water. Looking only
at the imported virtual water, one can determine how dependent on imports a region is, particularly
for food, and highlight environmental and economic implications at the production site. The WF
within the catchment includes the internal water footprint plus related virtual water exports. The

analysis can be done with a top-down approach, based on production and trade data, or bottom-up
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approach according to direct consumption data. A further overview is the integration of the WF
within the catchment in hydrological modeling (Salmoral, 2011). This procedure allows for
distinguishing water storage and consumption with spatial and temporal resolution. An example of

summarized results of the WF within the hydrological cycle are shown in Figure 4.

CONSUMPTION
90 %

RAINFALL
100 %

GREEN WATER
81%

.

BLUE
WATER FOOTPRINT
9%

RETURNS
TO THE SEA
10%

Figure 4. The WF within the hydrologic cycle (inspired by
Falkenmark, 2009). Values correspond for a normal climatic year.
Source: Salmoral et al. (2011).

At river basin scale, the blue and grey WF components can be called environmentally sustainable
when they do not have negative impact on environmental flows and standard water quality of the
rivers (Ridoutt and Pfister, 2010; Hoekstra et al., 2011). The Environmental Flow Requirement
(EFR), in particular, represents an amount of water that is kept flowing down a river in order to
maintain quality, quantity and temporality required for environmental goals, taking into account
what local people uses for the river and what river condition is acceptable from them (O’Keefe et
al., 2009). This could also be applied on groundwater comparing the actual water abstractions in
relation to the natural aquifer recharge. The positive evaluation of the blue WF depends on the
reference flows established for the basin or if the blue WF values are less than blue water
available for consumptive water use. The assessment of grey WF, in turn, considers the pollution
level occasioned by the point/non-point sources, comparing the river dilution capacity, represented
by the total river discharge, and the grey WF values estimated for specific water quality standards

(Hoekstra et al., 2011).
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In this way, spatially and temporally assessment of WF components against environmental
indicators allows the identification of hotspots, which refer to a period of the year (e.g. dry period)
and a specific sub-basin, when quantitative or qualitative water requirements are violated.
Consequently, the hotspots are likely to present problems of water scarcity or conflicts and can be

useful for the basin management (Hoekstra et al., 2011, 2012).
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4. INITIAL TIPS FOR METHODS INTEGRATION

This section discusses how the effect of human demands can be successively tied to demands on
ecosystem services, to water budget components, to hydrologic processes and functions, to
climate, and finally to feedbacks between climate and land use cover, which again is strongly
influenced by spatial planning and social uses of water. In other words, we describe a potential
integration of the previously described approaches in which each methodology poses feedbacks
from/to the others, not only between variables and indicators but also between concepts. This
integration will help to understand the synergies and overlaps among them. Combining physical
and water-centric modeling with social sciences, the goal of a transdisciplinary and integrative
methodology the quantitative and qualitative research required for a meta-framework of analysis of

water management in socio-ecological systems (Figure 5).

WATER MANAGEMENT IN SOCIO-ECOLOGICAL SYSTEMS
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Figure 5. Simplified Conceptual framework for integration of approaches

In this integrative effort, atmospheric and hydrologic modeling provide information regarding the
functioning of the physical environment. Atmospheric variables such as precipitation, specific
humidity, snow cover, etc. are basic input data to run hydrologic models to generate hydrologic
outputs (i.e. actual evapotranspiration, streamflow, groundwater recharge, soil water content). This
data is important to relate water availability changes to human well-being. By processing climate
change projections through hydrologic models (Rajagopal 2011; Rajagopal et al 2011, Serrat-

Capdevila et al. 2007, 2011a, 2013a), future hydrologic states under climate change conditions
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can be generated. These can be used for water management purposes such as drought planning,
development of water supply planning scenarios, connections to agricultural and other use
activities, and evaluation of management options that optimize flood protection and water

availability.

Hydrological models generate quantitative data with spatial and temporal scale, and in some cases
qualitative characteristics of the hydrological attributes and the ability of hydrological systems to
supply ecosystem services. Therefore, models can provide detailed hydrological assessments as
long as appropriate input data and expertise are available (Vigerstol and Aukema, 2011). The
ecosystem services assessment allows managers to have easy access and comprehensive
information during decision making about land use and water related services (i.e. visualization of
flood control areas by level of flood risk). Comprehensive sets of indicators are needed for
integrated assessments, and they need to be selected systematically in order to reflect ecosystem
properties, ecosystem functions and ecosystem services, as well as to represent land
management as a main driving force for land use change (Burkhard et al., 2012a). Deriving and
choosing appropriate indicators from hydrological model results is needed in order to properly
quantify water-related ecosystem services. The indicators are chosen depending on the ecosystem
services that have been quantified. For example climatic indicators (i.e. precipitation, temperature,
albedo, etc.) provide information regarding the ecosystem service local climate regulation.
Potential indicators for water flow regulation are groundwater recharge rate (mm/ha*a), infiltration
(mm; m3/km), runoff (mm; m3) and peak flow (mm/hr; m3/s). For water purification different water
quality indicators: sediment load (g/l), total dissolved solids (mg/l), N (mg/l), P (mg/l), etc.
Provisioning ecosystem service for freshwater is account with withdrawal of freshwater (I/ha*a,
m3/ha*a) (Kandziora et al.,2013).

The approaches for studying the demand for ecosystem services are much less developed than
the ones for supply. In this sense, societal metabolism and water footprint assessments provide
much better understanding on this side of coupled human-environmental systems. The ecosystem
services framework is suitable to connect ecosystems’ water-related services to societal metabolic
demand of those services. A complete MUSIASEM scheme for water requires the integration of
both eco-hydrological and climatic data to describe upper levels of ecosystem metabolism
(ecosystems water requirements on the supply side, ecological status of water bodies on the sink
side). The different water flows taken from the ecosystems will be followed through the social

structure using demographic, labor and economic data in order to assess how these are combined
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with labor and other resources to produce goods and well being. Water planning scenarios can be
used to assess different trade-off solutions for a sustainable balance between human-use and
ecosystem health. Institutional configuration of water rights and management plans is essential for

a proper definition of the constraints of each scenario.

Green and blue WF figures for agricultural and natural areas will vary based on precipitation and
evapotranspiration data gathered from climate models. The water accounting in WF determines
the water appropriation of main water users: agriculture, urban, industry and tourism. The
assignation of green water for human appropriation is more complicated. In parallel to human
activities, land use associated to green water consumption sustains agricultural and natural areas.
The repartition between human and ecosystems uses, basis for the WF definition, is even more
complex with the ecosystems service concept, since the multiple values for humanity generated by
ecosystems could finally be considered also as human appropriation (Dummont et al., 2013). For
the integration of the WF analysis in the hydrological cycle, the total available volume of blue water
in a watershed comprises the definition of available water resources by the traditional hydrological
planning and can be determined as the sum of water yield and deep aquifer recharge. The blue
WF accounts for evaporation from reservoirs, irrigation for agriculture and water consumption from
urban and industrial areas. Green water storage determines the water availability in soils’ root
zone, which is a critical component for plant and primary production. The green water storage can
be calculated subtracting the blue water from precipitation. The difference between the initial and
final soil moisture of each simulated year is considered as the variation of green water storage.
The variation of green water and green water storage sums up the total green water consumption

of a watershed. This value is equivalent to the evapotranspiration.

Ecosytem Services, Social Metabolism and Water Footprint are three approaches developed to
respond to the same scientific challenge: understand how human activities interact with
ecosystems, thus have many overlaps. Nevertheless, the conceptual metaphors behind are
different and thus each of them highlight some perspectives and objects of analysis while hide
others, and their combination and comparison will support their further development as
frameworks. While ecosystems services focus on the benefits obtained by society from
ecosystems (Raymond et al 2013), societal metabolism is based on systems autopoiesis
(Maturana and Varela 1971) (i.e. societal requirements to maintain and reproduce itself and which
ecological thresholds can’t be surpassed to guarantee this reproduction). Similarly to the ecological
and carbon footprints (Rees, 1992; Wiedmann and Minx, 2007), the WF addresses the
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appropriation of water resources by humanity. It represents an innovative approach introducing the
metaphor of virtual water (water embedded in a product) leading to analysis of water equity and
food security through virtual water trade, as well as the impacts created on ecosystems by

consumers choices.

The institutional analysis of common pool resource management developed by Ostrom can help to
understand how human groups organize themselves to face resource management problems and
to arrange collective responses (Ostrom 1990, 2009). By studying which are the specific rules of
organization, different management systems can be compared towards their success in
guaranteeing a sustainable resource exploitation. The conflict dimension is a transversal one to the
institutional issues, emphasizing how these magnify/ameliorate inequalities in resources
access/conservation and which are society’s responses to them. Water and land planning
integration are a further institutional analysis at a higher scale of organization, which feeds from all
the approaches and at the same time constitutes their normative frame, in continuous updating
and adaptation. Water management plans provide information regarding management goals,
future scenarios of water use, measures to meet new water demands etc. Land planning is the
main driver of land use change, core feedback for the rest of the quantitative approaches.
Therefore, building realistic scenarios and assessing their social viability and their biophysical

feasibility requires detailed analysis of both water and land planning.

In order to further embed the scientific process within the broader exercise of water management,
proper participatory processes should be arranged with decision-makers of the issues being
researched. There are many participatory planning and research approaches that can provide
guidance to define and structure the problems to be analyzed, to identify relevant stakeholders to
engage, and to establish a collaborative process for a fruitful post-normal science practice.
Scientific questions should be validated by a stakeholder community from the very beginning and

continuous dialogue and feedbacks maintained until the final assessment of scientific results.
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This paper proposes an integration of human-centric approaches that look at human water
demand, use and impact, with physico-centric approaches that provide understanding of climate,
hydrologic and environmental processes. The presented approach provides: i)a new way of
assessing feedbacks and linkages between fields of research that have been disconnected until
now , ii) a comprehensive planning and, iii) water governance processes. In summary, we
presented a meta-framework that can relate (a) human behavior and the way water is used,
governed and organized with (b) specific water budget components and footprints, ecosystem

functions, environmental impacts, climate, land use change, and social parameters.

This integrated approach is a first step that provides theoretical outlines for a new integrated
framework. A second step would consist in defining not only relations between disciplines or
paradigms but also key questions and specific methodologies. Furthermore, this transdisciplinary
approach should be articulated with case studies and collaborations with stakeholders. To this end,
it will be necessary to define new scientific practices on water issues, as the debates initiated by
post-normal science have encouraged them. The added value of such a framework might be
constituted by another way of understanding and practicing water management beside today’s top-
down decision-making processes and the current institutionalized but somewhat limited
“participation” in water management and planning. It would be a way to provide the bottom-up
feedbacks from changes in the way people decide to change their water footprint, their imposed
needs on ecosystem services and functions, their needs on water resources and their influence in

climatic feedbacks through their choices on land and energy use.

While technology has pushed societies forward in terms of extracting resources, processing and
combining them to produce wealth, the same science that enabled such technology has constantly
struggled to advance our understanding of how new technological tools would impact relationships
with the environment and how to manage such interaction. Acknowledging the need for an
evolving science with new schools of thought to analyze environmental issues, this paper is an
effort to provide an integrative analysis to keep up with observed growing levels of complexity in
social-ecological dynamics. More effective strategies are needed to deal with present and soon to

come ecological problems.
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