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Foreword

First of all, I would like to thank the editors for this timely book, for which I have
been invited to write a short prologue. As you know, the chapters focus on the many
facets and challenges of groundwater governance. Groundwater governance is highly
multi- and interdisciplinary, and thus it would be impossible to attempt to synthesize
all these different facets and challenges into this short space. The prologue includes
reflections from my own experience of more than half a century working on matters
related to groundwater and groundwater governance.

What springs to mind is a common trajectory of anthropogenic groundwater devel-
opment in semi-arid and arid areas: first, the traditional neglect of groundwater (also
known as ‘hydro-schizophrenia’), second, the ‘silent revolution’ in the intensive use of
groundwater, and third, emerging risks and tensions as evidenced around the world
today. I conclude with some reflections on the concept of sustainability in the context
of groundwater and the key role that groundwater governance will need to play.

Nace! in a brief note defined ‘hydro-schizophrenia’ as the mental attitude of water
managers who deal primarily with surface water, forgetting or neglecting groundwater.
In Llamas (1975 and 1985), this “illness” was analysed for the case of Spain®. The
identified diagnosis related to general aesthetic and ethical factors related to ground-
water resources. A key element was the fact that groundwater is invisible, and that the
engineering structures to take advantage of groundwater have little aesthetic beauty.
For example, the head of a well that may be 1000 meters deep is practically invisible
on the surface. This contrasts with the usual aesthetic splendour of hydraulic works
for the use of surface water. To illustrate this, a new well field has much less visibility
and aesthetic beauty during the media coverage of an inauguration than the opening
of a surface water reservoir. This fact is well-known by politicians, who attach great
importance to the simple visibility of their achievements. It may be argued that other
activities related to groundwater are also not very visible, still groundwater works have
a great social importance and political relevance.

Nace, R. L. (1973) On a 1972 American Water Resources Association Meeting, Ground Water,
Vol. 11, No. 1, pp. 48-49.
2Llamas, M.R. (1975) Hydroschizophrenia, Ground Water, 13 — no. 3, pp. 296-300.

Llamas, M. R. (1985) Spanish Water Resources Policy: The Illogical Influence of Certain Phys-
ical and Administrative Factors, Mem. of the 18th International Congress of the International
Association of Hydrogeologists, Vol. XVIIL, part. 2, pp. 160-168.
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Moving to the reality of 2017, and also widening the geographical scope, the
increased interest in groundwater governance represents a crucial step. During this
recent period, certainly the problem of hydro-schizophrenia has diminished consid-
erably, as a result of groundwater governance, seen as the conglomerate of increased
knowledge on groundwater, the wide adoption of ‘integrated water resources manage-
ment’ approaches, awareness raising and lobbying for political support, development
of groundwater management institutions, etc. Equally, the visibility and recognition
of groundwater and its use is expected to increase further as more knowledge and
outreach activities are undertaken on the significance of this resource.

Llamas and Martinez-Santos (2005)3 argued that the intensification of groundwater
use was driven by the concurrence of three factors: the first was the invention of the
turbine pump, which allowed the extraction of water from a well of half a metre of
diameter, if the geology was suitable. The water flow obtained was, in favourable
cases, sufficient to irrigate 100 hectares of an average water-consuming crop or to
supply a population of 50,000 inhabitants. The second factor was the substantial
advance in water well drilling technology as a by-product of oil well technology. The
third factor was increased underground hydrological science, or hydrogeology, now
considered a solid science respected by almost everyone. To illustrate, a legal case
frequently quoted refers to a lawsuit in a Kansas State Court in the late nineteenth
century. The judge in his ruling stated that the subject of groundwater is so complex
that a cause-and-effect relationship between groundwater abstraction and its alleged
impacts could not be established. Interestingly, a century later, in the same court, in a
similar case — although evidently not with the same judge — the sentence commented
how hydrogeological science had allowed to establish a relationship between cause
and effect and therefore to give a court ruling based on scientific evidence.

The intensive exploitation of groundwater began in many semiarid regions of the
world only a little more than half a century ago. Typically, exploitation was promoted,
e.g. through subsidies, by the departments or ministries of agriculture to establish new
irrigation. In general, the departments of agriculture operated independently of the
departments responsible for water management. As a result, the latter departments
did not take an active role in these new developments. What is interesting is that the
three drivers mentioned above were also a catalyst for the activity of many private
farmers who started to establish groundwater-based irrigation on their own account,
without subsidies. This private move to developing groundwater, which for the most
part was inconspicuous to the public sector, gave rise to the name ‘the silent revolution’
of groundwater. Interestingly, in many countries where the ‘silent revolution” was
intensive, it did not only produce economic gains; it also at later stages triggered (a)
the awareness of the need for good governance in order to ensure sustainability of
the groundwater resources; and (b) a wide range of actions to initiate and support
groundwater management.

While the ‘silent revolution” has produced many social and economic benefits, it has
also given rise to both socio-economic and environmental problems in certain regions.
Thus, it is not surprising that in more developed countries, social and environmentally

SLlamas M.R., Martinez-Santos P. (2005) Intensive groundwater use: silent revolution and
potential source of social conflicts. | Water Resources Planning and Management, 131:
337-341.
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conscious groups emerged that were opposed to this intensive groundwater use, mainly
alluding to the fact that such use is not sustainable and often damages terrestrial and
aquatic ecosystems related to groundwater. In other parts of the world, impacts of
intensive groundwater use is increasingly turning to social disbenefits and unrest, partly
due to the inequity in access to the resource that keeps disappearing below the bottom
of many wells due to increased pumping.

Already in 1989 I highlighted how some of the conflicts were related to attitudes
of ignorance, arrogance, negligence and corruption. Oftentimes, however, conflicts
simply arise due to diverging stakes or preferences of diverse stakeholders. Hence, the
importance and timeliness of this edited volume, giving considerations on groundwater
governance and how and when it needs to be advocated and practised to facilitate the
reversal of current trends.

Regarding intensive exploitation of groundwater there are different views and posi-
tions. Some people consider that the exploitation of groundwater in semi-arid zones
is almost always unsustainable, in the sense that reserves of groundwater stored in
previous centuries or millennia are consumed that could not be replenished for future
generations. This is the case of mining groundwater, which is currently occurring in
many parts of the world for both fossil and renewable aquifers. From this point of view
we have to be very careful on promoting or allowing the use of groundwater. Other
people argue that this could be a simplistic view that in many cases can be meaningless
or misleading. In reality, the conflicts regarding groundwater intensive use often ulti-
mately relate to who gets the water, and who controls access, who benefits (economic
interests, social welfare), etc. This points to the urgency and much needed work and
expertise on groundwater governance, the lynchpin that provides the needed lenses,
approaches and perspectives to help shed light on this debate, but more important on
the reality of groundwater management decisions on the ground.

It is very difficult, if not impossible, to predict the future for the next 20 or 30
years and beyond. In the coming years, the prevailing paradigm of climate change
will greatly enhance the knowledge of and focus on groundwater as one of the main
resources for adaptation to increasing periods of drought. However, it seems necessary
to avoid simplistic interpretations of the concept of sustainability, because these are
not only meaningless but also potentially misleading. Indeed, much work is needed on
the constructive role a broader and more integrated concept of sustainability may play
in groundwater governance. Not only in relation to the ‘silent revolution’ but also on
how sustainability relates to many other key issues in groundwater management, in
particular groundwater pollution.

Groundwater governance has many more facets and linkages with both natural
phenomena and human activities than covered in this short foreword. A rich selection
of these facets and linkages is included in the chapters of this book. I congratulate
the authors and editors on this much needed book that can help us understand what
groundwater governance can offer in terms of getting the sustainability of groundwater
use right, from a quantitative and qualitative as well as a socio-economic perspective,
to enhance human well-being while protecting critical groundwater functions.

M. Ramén Llamas Madurga

Member Spanish Royal Academy of Sciences;

Honorary Director Botin Water Observatory;

Emeritus Professor Universidad Complutense of Madrid (Spain)
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Preface

As the saying goes: “out of sight, out of mind”. This book tackles this saying as it
relates to groundwater, focusing on what is the Achilles heel of groundwater: ground-
water governance. Groundwater governance is a complex concept, rather difficult to
define satisfactorily in plain language. Some like to define it as “the process by which
groundwater resources are managed through the application of responsibility, partic-
ipation, information availability, transparency, custom, and rule of law. It is the art
of coordinating administrative actions and decision making between and among dif-
ferent jurisdictional levels — one of which may be global” (adapted after Saunier and
Meganck, 2007)!. Others prefer “Groundwater governance comprises the promotion
of collective action to ensure control, protection and socially-sustainable utilisation
of groundwater resources for the benefit of humankind and dependent ecosystems.
This action is facilitated by an enabling framework and guiding principles” (adapted
from a definition by Foster and Gardufio, 2013)%. Yet, and despite this ambiguity, it
is increasingly acknowledged that groundwater governance is crucial to sustaining the
multitude of benefits accruing to humankind from groundwater.

Groundwater, as part of the hydrological system, is known to almost everybody,
but few people are aware of its enormous importance in daily life and even fewer are
well-informed about it. Nevertheless, it is fundamental for the development of emerg-
ing economies, as well as for supporting welfare, prosperity or survival everywhere, in
rich and poor countries alike. By volume, it is the most massively abstracted subsur-
face natural resource, indispensable for agricultural development, the sole or primary
source of drinking water in many parts of the world, and highly relevant for oil and gas
extraction or mining operations. Equally, groundwater is an important element of the
environment, since it feeds springs, supplies baseflow to streams and forms a funda-
mental ingredient to many aquatic ecosystems like groundwater-dependent wetlands.
In addition, land use in low-lying areas and a variety of uses of the subsurface space
may require groundwater levels to be strictly controlled, sometimes even by intensive
drainage.

The rationale and idea for producing this book comes from the editors’ aware-
ness of the very limited attention to groundwater governance and consequent lack

!Saunier, R.E., and R.A. Meganck, 2007. Dictionary and Introduction to Global Environmental
Governance. London: Earthscan, 410 p.

2Foster and Gardufio, 2013. Groundwater resource governance: are governments and stake-
holders responding to the challenge? Hydrogeology J 21: 317-320.
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of dissemination of available knowledge and experiences in relation to groundwa-
ter governance. Population growth and socio-economic development, combined with
the climate changing at a rate unprecedented in history, means that groundwater
is becoming an increasingly valuable and indispensable resource, due to its general
pervasiveness and reliability. However, this is not generally commensurate with the
political attention accorded to groundwater, which is further reflected in poor tech-
nical and management capacities, obviously to the detriment of good groundwater
governance. Widely proliferating pollution of water resources and steady degradation
of water-related environments, although not yet recognized in all countries, are addi-
tional challenges. “Water crises’ have been ranked recently among the highest global
risks (Global Risks 2015 Report, World Economic Forum)® and the international
community of water professionals widely adheres to the Global Water Partnership’s
statement at the Second World Water Forum in 2000 that “the water crisis is often
a crisis of governance”. Thus, interest in governing groundwater — which represents
by far the largest part of the liquid freshwater volume on our planet — is slowly but
surely coming to the forefront. This is reflected by the recently finalised Groundwa-
ter Governance project carried out jointly by GEE, FAO, UNESCO, the World Bank
and TAH (http://www.groundwatergovernance.org/). It is very clear that the world has
to face up to the challenge of groundwater governance without delay; otherwise the
huge potentials and benefits derived from groundwater will definitely decrease and
eventually be lost.

The aim of our book is to contribute to a wider understanding and enhancement
of groundwater governance. The book presents in 28 chapters an authoritative and
contemporary overview of groundwater governance advances in the world, written by
leading experts from all continents with a diversity of professional backgrounds and
views. It covers the multiple and complex components of groundwater governance
(e.g. responsibility, participation, information and knowledge, transparency, custom
and the rule of law), as well as the roles of stakeholders, challenges, current prac-
tices and options for improvement in groundwater governance. Although there are
numerous books on groundwater, we believe that this book covers a gap, because to
our knowledge a book exclusively dedicated to groundwater governance does not yet
exist. We hope it will trigger a fruitful debate and discussion on relevant aspects of
groundwater governance, grounded in robust analysis and experience, in order to gain
inspiration, promote further debate, and — as far as possible — achieve consensus on
approaches that improve groundwater governance. This book is aimed at all people
interested in groundwater in a professional capacity or due to their concern over this
crucial resource. It is written in a rigorous, yet accessible manner based on the best sci-
entific evidence available to date, while also ‘bringing the elephants into the room’, i.e.
addressing often overlooked or inconvenient topics and truths related to groundwater
governance.

Our book looks at groundwater and more broadly at the subsurface environment
from the perspective of the many different goals and aspirations of human society. It is
not uncommon that some of these are conflicting in a specific local setting: water and

3World Economic Forum, Global Risk Report 2015 (http://reports.weforum.org/global-risks-
2015/).
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food security, energy provision, climate change adaptation, preservation of ecosystems
and the environment, as well as multiple uses of the subsurface. Important trade-offs
will have to be made clear and balanced decisions have to be taken. The book addresses
new issues and aspects that in current groundwater management and governance prac-
tices are often ignored, such as groundwater ecosystem services, increased activities in
the subsurface space, impacts of land use practices and land use change, co-governance
of groundwater and surface water systems, and transboundary issues. It also highlights
the significant role of capacity development, political will and awareness raising for
enhancing groundwater governance.

The different chapters have been assigned to individual authors in an attempt to
achieve an optimal match between available expertise and the topics to be addressed.
The authors were given overall guidelines, yet with freedom to explore their assigned
topic as they saw fit. As editors, we wanted to give as much space as possible to freedom
of thought and innovative ideas to make this book attractive and pertinent to you, the
readers. As a result, several authors surprised us by producing a chapter surpassing our
expectations in terms of scope, information or vision. On the other hand, some of the
planned chapters could not be produced within the time frame set, and thus had to be
cancelled, unfortunately. This is why a number of subjects — such as the links between
groundwater and ecosystems, energy production or climate change — are receiving less
attention in the book than we originally had in mind.

The book has been structured into four sections. The first section introduces the
concept and sets the scene for understanding groundwater governance, looking at
both groundwater in its diversity and how people interact with it, e.g. how ground-
water governance can be analysed from an evolutionary perspective as part of a
complex socio-ecological and adaptive system. The next section looks at key features of
groundwater governance and discusses important elements and aspects of groundwater
governance separately. The third section puts groundwater governance into a broader
context and zooms into the increasingly important linkages between groundwater and
other resources and sectors, and between local groundwater systems and phenomena
or action at the international or even global level. Finally, the fourth section presents
a number of case studies in order to illustrate, albeit not exhaustively, groundwater
governance in practice. The book does not present final conclusions or recommenda-
tions as no silver bullets exist for groundwater governance. Rather, the editors want
the book to speak for itself in its entirety and intentionally keep the thinking open on
ways forward. This may in fact be the conclusion to bring out, if any.

This book has come into being thanks to the contributions and cooperation provided
by many persons. In the first place we like to thank our 55 authors, for their dedication
and time spent on writing the chapters, for their patience to wait for feed-back from
editors and reviewers, and for the flexible way they incorporated the reviewers’ sugges-
tions into a consolidated version of their chapter. A second group we are indebted to
are our professional colleagues who carefully reviewed the first drafts of the chapters
and provided valuable suggestions on how to improve. They form a rather invisible
group, but their impact on the quality of the book is significant. Thanks are also
extended to M. Ramoén Llamas, our groundwater science Nestor, who kindly wrote a
Foreword to this book; to those who granted permission for using illustrations subject
to copyright; and to IWMI, IGRAC and the Botin Foundation for providing financial
support. Finally, we thank our publisher CRC Press/Balkema, in particular Alistair
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Bright, for the interest and confidence shown from the onset in our book project, and
for the excellent guidance given throughout the entire process.

We hope that you will enjoy this book. We also hope that the book contributes to
bringing groundwater governance clearly into the sight and mind of decision-makers,
and also of scientists, planners, stakeholders and the general public alike.

The Editors
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ABSTRACT

Groundwater governance has emerged as a relatively new concept in water resources
discourses. This opening chapter sets the scene for the book in terms of an intro-
duction to the concept and definition of groundwater governance, its critical and
distinctive features, and the rationale for bringing groundwater governance into the
equation of broader water and natural resources governance. Building on the recent
global Groundwater Governance project, it takes a brief stock of empirical advances
in groundwater governance, from the local to the global level. Finally, a heuristic
framework for matching the inherent ISD (invisible, slow, distributed) signature of
groundwater with governance tenets as a tool to embracing the concept of ground-
water governance as well as its expression in practice is proposed. A key conclusion
is that groundwater governance provides a comprehensive overarching framework
that may accommodate and support more concerted and conscious approaches to
targeted, while integrated, management of increasingly at-risk groundwater resources
globally.

1. RATIONALE FOR GROUNDWATER GOVERNANCE

Human population growth as well as lifestyle changes or lifestyle aspirations asso-
ciated with economic growth and development are increasingly exerting pressure on
water resources globally through increasing water demands. With water seemingly
becoming a progressively limiting factor in human development, whether physically
or economically and whether directly for consumption or for indirect use via food and
other water-dependent products, the need for governance support structures arises. As
such, water governance has been framed as a tool to address these needs. Critically,
water governance is raised as a means to overcome deficiencies in historical, more
engineering and linear approaches to water management. It has also been advocated
as a superior approach than the more recent paradigms of sustainable water manage-
ment and integrated water resources management, which to some extent have been
disqualified as too difficult to implement (Biswas & Tortajada, 2011). Water gover-
nance is seen as the necessary and effective instrument to address increasingly complex
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issues of ‘water scarcity’!, which are rooted in the interphase between the resource
and human relationships. Water governance is, in fact, seen as the key instrument
to ensure water security for all, as well as tackling water scarcity, which is merely
the result of, and expression of, poor governance in the first place, rather than a
physical condition. In other words, with good water governance, which necessarily
encompasses scales beyond the local, where physical water scarcity may be overriding,
proper institutions as well as technologies for engineered water and water solutions?,
it is contended that there is enough water for all — the challenge is to properly gov-
ern the resource, its use and other related human interactions and impacts (Biswas &
Tortajada, 2011). Critically, the simple ‘water scarcity’-governance nexus portrays a
simplified but strong argument for a change in mind-set, from focus on the physical
expression and reasons for water problems to the more human and political aspects.
However, it is clear that groundwater governance needs to encompass broader issues
than ‘water scarcity’, e.g. water-related environmental issues (ecosystems, land stabil-
ity, conditions for and interactions with land use, use of subsurface space, mining, etc.)
as well as the socio-economic aspects (lack of or inequity in access).

The rationale for specifically focusing on groundwater governance, as a subset of
water governance, stems from a number of factors:

1  Groundwater, as the largest store of freshwater on earth, has been developed
at unprecedented rates over the past half century — for agriculture and domestic
as well as industrial use. Rates of abstraction have exceeded natural replenish-
ment rates over extended periods in many parts of the world, and environmental
signs of unsustainable use and negative socio-economic impacts are increasingly
evident (Famiglietti, 2014; Foster & Chilton, 2003). In many areas, ground-
water is the water resource mostly relied on, either historically (especially in
arid and semi-arid regions), or progressively as surface water resources either
deplete, become contaminated, or become excessively variable to satisfy never-
ceasing needs. Hence, there is an urgent need to address unsustainable trends of
groundwater development and use.

2 Groundwater possesses natural distinctive characteristics that inherently compli-
cate its effective and efficient management. These relate to three factors: 1. Itis, in
effect, an invisible underground resource; 2. It has relatively slow flow rates, and
3. It has a distributed occurrence, with open access opportunities to all stakehold-
ers, at least in principle?. In short, this invisible-slow-distributed (ISD) signature
unique to groundwater entails that the resource is susceptible to short-sighted and
unaccountable exploitation under a first-come, first-served setting as well as to
contamination from various indiscriminate or uninformed land uses and waste
handling practices under a reactive management setting, rather than pro-active
planning and governance.

'Water scarcity broadly perceived as the lack of water availability and access to water.

2E.g. desalinisation, condensation, wastewater treatment, rainfall enhancement, iceberg melting,
virtual water trade — also called unconventional water sources back in 2001 (Smakhtin et al.,
2001).

3This is also referred to as a common pool resource (Ostrom, 1990).
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3 Groundwater has been developed under generally very favourable policy condi-
tions, especially in agriculture, the largest user of groundwater. These policies have
provided subsidies for input costs, e.g. to well installation and energy consumption
and guaranteed output (e.g. crop) prices. The policies have been justified in the
need to support livelihoods, ensure food security, and enhance rural and economic
development, but with often intentional or unintentional consequences of elite
capture* and skewed access to the resource (Closas & Molle, 2016). In addition,
these policies and practices have proven difficult to change, due to vested inter-
ests and political gains for strong minorities, which calls for specific governance
attention.

These three factors — the reaching of critical environmental or socio-economic tipping
points® due to unsustainability in use, the inherent ISD-signature, and the historic
path dependence, which are somewhat related — all point to the need for concerted
groundwater governance. On the other hand, these complexities also explain why
groundwater has not received the required attention. It is basically not simple. Global
institutions normally outside the community of groundwater management are increas-
ingly arguing for better approaches, seeing groundwater depletion as a geopolitical
challenge to sustainable growth (Earth Security Group, 2016). Clearly, better under-
standing of these challenges and developing governance schemes to address them are
needed. This is also the justification of this chapter and the book it introduces.

Recognising that groundwater is part of the larger hydrological system, it is how-
ever important to stress that groundwater governance in isolation may not prove
effective. Linkages across various water sources critically determine the physical sta-
tus of groundwater. Conversely, groundwater status is underpinning a vast number
of terrestrial, freshwater aquatic and near-shore marine systems, which implies that
finding solutions necessarily will have to involve this broader perspective (Chapter 17
in this book).

1.2 DEFINING AND CONCEPTUALIZING
GROUNDWATER GOVERNANCE

1.2.1 Background, justification and approach

The term ‘governance’ has been in use since the 1600s, but has mostly been used
in its current conception since the 1980s. Contemporary conceptualizations of gov-
ernance capture the increasing number of interactions, organizations and activities
occurring outside of centralized state government (e.g. non-governmental and civil
society-based), which, in effect coordinates and adds rules and structure to society

*The phenomenon that resources transferred for the benefit of the larger population (usually
for the poorest) are usurped by a few individuals — be it economic, political, education ethnic
or otherwise.

SAn environmental tipping point could be the permanent drying out of an important
groundwater-fed wetland. A socio-economic tipping point could be the reverting back to rain-
fed agriculture or the emigration of farmers away from rural areas previously dependent on
groundwater for irrigated farming.
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through various mechanisms such as public participation and cooperation between
a wide range of actors (Bevir, 2011; Chandhoke, 2003). Since then, many forms of
governance have been conceptualized to understand governance in various locations
and geographic levels (e.g. global governance, EU governance, multilevel governance),
of various sectors (e.g. corporate governance), of various resources (e.g. fisheries gov-
ernance, forests governance, groundwater governance) as well as different modes of
governance (e.g. interactive governance, network governance, adaptive governance).
These forms of governance have their own bodies of literature and empirical cases,
which vary in their levels of development and advancement. The purpose of this sec-
tion is to discuss the concept of groundwater governance as it is currently defined,
understood, and practised.

We conducted a comparative analysis of definitions related to groundwater gov-
ernance found in the literature in order to understand how the concept originated and
evolved over time, what its key attributes are, where it currently stands in terms of its
development as well as identifying some key areas where the concept’s definition could
be refined going forwards. In terms of the latter, we focused on three aspects: (1) key
elements of the groundwater governance concept; (2) how groundwater governance
differs from groundwater management; (3) issues of vertical and horizontal integration
of these frameworks and principles within and across actors, processes and geographic
levels. Finally, we will explore whether a new definition of groundwater governance is
warranted.

In order to frame the analysis and understand the origin of groundwater gov-
ernance, we looked at a hierarchical order of increasingly specific definitions:
governance, environmental governance, water governance, and finally groundwater
governance.

1.2.2 Origins of the concept: from governance
to groundwater governance

1.2.2.1 Governance

As the use of the term governance began to increase through the 1980s and 1990s, the
number of ways the term was defined also increased. Definitions highlight management
as the central purpose of governance and positioned governance as state power e.g.
“the exercise of political power to manage a nation’s affairs (World Bank, 1989:60).”
However, by the mid-to-late 1990s and early 2000s, conceptualization of governance
had shifted in three key ways:

e First, governance was now conceived as a process e.g. “the process whereby soci-
eties or organizations make their important decisions, determine who has voice,
who is engaged in the process and how account is rendered” (Institute on Gov-
ernance, 2006); a relationship, e.g. “changing relationships between State and
society and a growing reliance on less coercive policy instruments” (Pierre and
Peters, 2000:12); an interaction, e.g. “the interactions among structures, processes
and traditions that determine how power and responsibilities are exercised, how
decisions are taken, and how citizens or other stakeholders have their say. Funda-
mentally, it is about power, relationships and accountability: who has influence,



Groundwater governance 7

who decides, and how decision-makers are held accountable” (Graham, 2003: ii);
and/or a framework, e.g. “creating an effective political framework conducive to
private economic action: stable regimes, the rule of law, efficient State adminis-
tration adapted to the roles that Governments can actually perform and a strong
civil society independent of the State (Hirst, 2000:14)”.

e Second, the geographic scope of governance moved beyond the national to include
the international and global: “Global governance is the sum of the many ways
individuals and institutions, public and private, manage their common affairs”
(Commission on Global Governance, 1995:4).

e Third, ‘good governance’ emerged as a spin-off concept in the governance dis-
course. Typically, groundwater governance was defined in accordance with the
United Nation’s (UN) set of eight core tenets (in no particular order): (1) respon-
sibility, (2) accountability, (3) transparency, (4) efficiency, (5) legitimacy, (6)
participation, (7) equity and inclusiveness, and (8) rule of law (UN ESCAP, 2006).
The good governance concept is primarily used in the international development
community — especially, development agencies such as the World Bank and United
Nations Development Program (UNDP).

By the late 2000s, framing governance in terms of centralized power or authority
had mostly fallen out of vogue. Further, the definitions of governance had become
more specific with regard to the scope of what is being governed (the ‘object’ of gover-
nance) and who is governing and being governed (the governance ‘actors’). The objects
quickly moved from focusing on state issues (e.g. ‘national affairs’) to issues common
to broader groups of individuals (e.g. ‘common affairs’), including the transboundary
and transnational. More recent definitions also explicitly positioned non-state actors
(e.g. society, civil society, individuals, citizens, stakeholders) as key participants in gov-
ernance. Nevertheless, the definition of governance continues to be contested, perhaps
because of the myriad perspectives and disciplines from which people approach the
concept (Green, 2007).

1.2.2.2 Environmental governance

The environmental governance concept co-evolved with the concept of ‘global gover-
nance’ in the early 1990s in response to the international legal frameworks addressing
Chlorofluorocarbon (CFC) emissions, climate change and sustainable development. It
was generally used as a conceptual umbrella for themes such as forest governance,
fisheries governance, Antarctic governance, climate governance, land use gover-
nance, water governance, etc. However by the 2000s, conceptualizations of ‘global
environmental governance’ included:

e “the sum of the overlapping networks of inter-state regimes on environmental
issues” (Patterson et al., 2003:3); and

e “the protection of the Earth’s ecosystems under conditions in which human actions
have become fundamental driving forces” (Young 2008:24).

To this day, a large proportion of environmental governance literature is focused
on the global level i.e. ‘global environmental governance’ (Morin and Orsini, 2013;
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Young, 2002, 2008). But like ‘governance’, the conceptual development of ‘environ-
mental governance’ also experienced three key shifts. The first is the inclusion of other
geographic levels: the regional, transboundary, national, and multi-level (IUCN, 2010;
Meadowcroft, 2002). The second is the inclusion of private entities and corporations in
environmental governance (Clapp, 2014; Falkner, 2014). The third is the adoption of
the concept of ‘earth system governance’ (Biermann et al., 2009; Dryzek & Stevenson,
2011; Spagnuolo, 2011), which could be considered an expanded global environmen-
tal governance, because it integrates sustainable development as a key norm as well as
multilevel aspects of governance.

It appears that the concept of environmental governance is defined using its own
terminology — distinct from the four framings of ‘governance’ identified above —
process, relationship, interaction, framework. In contrast, ‘environmental gover-
nance’ is considered systems/networks and/or a set of rules/strategies e.g. “the rules,
practices, policies and institutions that shape how humans interact with the environ-
ment.” (UNEP 2009:2) or “the sum of the formal and informal rule systems and
actor-networks at all levels of human society that are set up in order to influence
the coevolution of human and natural systems in a way that secures the sustainable
development of human society” (Biermann, 2007:326).

Through environmental governance’s conceptual advancements, the object and
actors identified remained relatively consistent. Most definitions indicate that all
humans or ‘humanity’ are the key actors in environmental governance and the envi-
ronment is the object of governance. This relative consistency in framing, object and
actors is, in part, attributable to the global-level origins of the concept, which ini-
tially focused on legal systems and regimes created to address various environmental
challenges to which all humans could potentially be contributing.

1.2.2.3 Water governance

Water governance could be considered a type or sub-theme of environmental gover-
nance. Yet, its development as a self-standing concept occurred principally without
the involvement of environmental governance academics and practitioners. Rather, it
emerged in the early 2000s largely from the development agencies and practitioners
primarily concerned with water infrastructure, services and supply. This is observable
from the framing of the two early definitions by the Inter-American Development Bank
(IADB) and the Global Water Partnership (GWP):

e “the range of political, social, economic and administrative systems that are in
place to develop and manage water resources, and the delivery of water services,
at different levels of society” (Rogers & Hall, 2003:7).

e “a sub-set of the more general issue of society’s creation of physical and insti-
tutional infrastructure, and of the still more general issue of social cooperation,
which reminds us of the problems of defining who are the stakeholders, commu-
nication among stakeholders, the allocating of contributions and outputs, and the
creation of institutions” (Rogers, 2002:1).

The GWP publication by Rogers and Hall (2003) not only presented one of the
most frequently cited definitions of water governance; it simultaneously introduced
the concept of ‘effective’ water governance, which applied the eight tenets of good
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governance to water governance (Rogers & Hall, 2003). Many scholars use the term
good water governance interchangeably with effective water governance. Good water
governance was quickly contested, calling into question whether it is good for everyone
or leaves behind the poor (Cleaver, 2006). Subsequently, social scientists, particularly
political ecologists, moved away from technically driven (or ‘technocratic’) approaches
towards socio-political approaches in order to emphasize the societal relationships
and institutions (including beliefs, traditions, laws) and influence water governance
practices.® For example, Cleaver states “water governance is conducted through formal
and informal institutions, social relationships and more specifically through the ‘rules
in practice’ of everyday water use” (Cleaver, 2007:301).

It is also worth noting that throughout the evolution of the concept of water gov-
ernance, it has been applied at a range of geographic levels, including ‘transboundary’,
‘regional’ (especially the EU) and across multiple levels (i.e. ‘multilevel’) (Pahl-Wostl
et al., 2013). However, these applications have not yet moved towards self-standing
types of water governance and are not considered an explicit shift.

1.2.2.4 Groundwater governance

The concept of groundwater governance was introduced in the late 2000s, shortly after
that of water governance. In 2009, Foster et al. (2009:3) — under the World Bank’s
Groundwater MATE program (GW-MATE) — defined groundwater governance as “the
exercise of appropriate authority and promotion of responsible collective action to
ensure sustainable and efficient utilization of groundwater resources for the benefit
of humankind and dependent ecosystems.” (Table 1.1, definition no. 1) The empha-
sis on ‘authority’ in this definition harkens back to early definitions of groundwater
governance also put forth by the World Bank.

In 2013, the fifth thematic paper on groundwater policy and governance for the
Global Environment Facilities’ (GEF) Groundwater Governance project (FAO, 2013),
defined groundwater governance as “the process by which groundwater is managed
through the application of responsibility, participation, information availability, trans-
parency, custom, and rule of law. It is the art of coordinating administrative actions
and decision making between and among different jurisdictional levels — one of which
may be global” (FAO 2013:7) (Table 1.1, definition no. 2). This definition built upon
a definition of governance development by Saunier and Meganck (2007:159).” The
digest of the fifth thematic paper, written by many of the same authors, expanded
upon the 2013 FAO definition, saying: “In practice, groundwater governance is the
complex and overarching framework that determines the management of groundwa-
ter resources and the use of the aquifers. The local, regional or national governance
framework establishes “who” participates in formulating strategies and is responsible

¢See generally the works of Rhodante Ahlers, Karen Bakker, Francis Cleaver and Jeroen Warner.
7Saunier and Meganck define ‘governance’ as a “concept describing the way power is exercised
in the management of a country’s economic and social resources through application of respon-
sibility, participation, information availability, transparency and the rule of law. Governance is
not equal to government, which is the art of administration at a given level of power. Rather,
it is the art of coordinating administration actions between different territorial levels — one of
which may be global.” They go on to cite the Commission on Global Governance definition
(1995:4).
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Table 1.1 Definitions of groundwater governance over time.

No. Year  Definition Source

| 2009 The exercise of appropriate authority and Foster et al. (2009:1), Groundwater
promotion of responsible collective action to  governance: conceptual framework for
ensure sustainable and efficient utilization of assessment of provisions and needs; Foster
groundwater resources for the benefit of et al. (2013:691). Groundwater—a global
humankind and dependent ecosystems. focus on the “local resource”

2 2013 Groundwater governance is the process by FAO (2013:7), Groundwater Governance
which groundwater is managed through the project’ Thematic Paper No. 5,
application of responsibility, participation, Groundwater Policy and Governance
information availability, transparency, custom,
and rule of law. It is the art of coordinating
administrative actions and decision making
between and among different jurisdictional
levels—one of which may be global.

3 2015 The overarching framework of groundwater Megdal et al. (2015:2), Groundwater
use laws, regulations, and customs,as well as  governance in the United States: Common
the processes of engaging the public sector, priorities and challenges
the private sector, and civil society [that]
shapes how groundwater resources are
managed and how aquifers are used.

4 2016 Groundwater governance comprises the FAO (2016a:37), Global diagnostic on
enabling framework and guiding principles groundwater governance
for responsible collective action to ensure
control, protection and socially-sustainable
utilisation of groundwater resources for the
benefit of humankind and dependent
ecosystems.

5 2016 Groundwater governance comprises the FAO (201 6b:16), Global framework for
promotion of responsible collective action to achieve the vision on groundwater
action to ensure control, protection and governance
socially-sustainable utilisation of groundwater
resources and aquifer systems for the benefit
of humankind and dependent ecosystems.

This action is facilitated by an enabling
framework and guiding principles.
6 2016 Effective groundwater governance comprises  FAO (2016c:5), Shared global vision for

the promotion of responsible action to
ensure the protection and sustainable use of
groundwater resources and long term
management of aquifer systems.

groundwater governance 2030 and a
call-for-action

9GEF project ‘Groundwater Governance —A Global Framework for Action’ (201 [-2015), http://www.groundwater
governance.org/

for their execution and “how” the different actors (governmental, public sector, non-
governmental, private sector, and civil society) interact” (FAO, n.d.). This proposed
definition and its expansion represented a shift, in which the elements from definitions
of ‘governance’ (e.g. governance as a process and a framework), ‘good governance’
(e.g. the tenets of responsibility, participation, etc.), ‘environmental governance’ (e.g.
governance as multi-level), and ‘water governance’ (e.g. the relationships and rules in
practice) are explicitly incorporated in the concept of groundwater governance.
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A few years later, this same group of researchers who developed the 2013 FAO def-
inition, Megdal et al. (2015:2), further refined their conceptualization of groundwater
governance to be “the overarching framework of groundwater use laws, regulations,
and customs, as well as the processes of engaging the public sector, the private sec-
tor, and civil society” that “shapes how groundwater resources are managed and how
aquifers are used.” (Table 1.1, definition no. 3). This definition removed the normative
elements; emphasized governance as both as a framework and a process; and integrated
the who and how these authors previously articulated in the fifth thematic paper for
the Groundwater Governance project.

In the course of the execution of the Groundwater Governance project, the defi-
nition posed by the project contributors was exchanged for an adapted version of the
Foster et al. (2009) definition. These adaptations were eventually published in three
final project documents — the Global Diagnostic on Groundwater Governance (FAO,
2016a:37); the Global Framework for Action to Achieve the Vision on Groundwater
Governance (FAO, 2016b: 16); and the Shared Global Vision for Groundwater Gov-
ernance 2030 and A Call for Action (FAO, 2016c¢:5) (Table 1.1, definition no. 4-6).
The three documents present slightly varied versions of the same definition. In essence,
the practitioners involved removed ‘authority’ from the definition and instead framed
governance as ‘an enabling framework and guiding principles’ and the ‘promotion of
responsible collective action’.

One of the reasons for adopting another definition was that the definition pre-
sented in the fifth thematic paper (Table 1.1, definition no. 2) was considered normative
by focusing on ‘good groundwater governance’ (according to the criteria of the authors)
and thus would exclude forms of groundwater governance, which may not meet this
criterion of goodness (van der Gun, pers. comm.). The removal of normative elements
in the 2015 definition by Megdal ef al. (Table 1.1, definition no. 2) indicates some
consensus between researchers and practitioners that groundwater governance is not
inherently good or bad. Nevertheless, the final definitions presented by the Ground-
water Governance project include elements such as socially sustainable utilization,
benefit to human kind, and ecosystems protection. These elements could be viewed as
normative and/or aspirational/goal-oriented.

1.2.3 Carrying the concept forward

This analysis indicates that the concept of groundwater governance is in its adolescent
stage and there is room for it to further mature and develop. As such, the following
section highlights key elements that need further consideration and refinement and, on
this basis, makes a proposal for carrying the groundwater governance concept forward.

1.2.3.1 Key conceptual elements

The evolutionary account of groundwater governance and the comparative analysis of
the definitions of ‘governance,” ‘environmental governance,” ‘water governance,” and
‘groundwater governance’ elucidated several common conceptual elements:

e Object — The object is what is being governed. In our case, groundwater resources
are clearly being governed.



12 KG.Villholth & K.I. Conti

e Mode — Mode is the how of groundwater governance. While a vast majority of
definitions analysed include one or more modes of governance (e.g. processes,
relationships, interactions, frameworks, systems, networks, formal and informal
rules, and/or strategies), the specific mode(s) included vary greatly. This is likely
the result of the variety of disciplines and backgrounds of those engaging with
the governance concept. Further, it implies that the definition of groundwater
governance does not have to focus on one of these modes, to the exclusion of
others.

e Actors — Actors are who is governing and who are being governed. These are not
mutually exclusive. People may be simultaneously governing groundwater through
every day practices and also being governed by an overarching governance frame-
work. Not all definitions explicitly named a who. Those that did, sometimes, did
so broadly (e.g. institutions, stakeholders, society, decision-makers) or other times
specifically (e.g. government, civil society, NGOs, communities, corporations).
While a more specific list has the potential to unintentionally exclude key actors,
it also emphasises that governance does not purely reside in the domain of the
government/state or a specific group.

e Geography — Geography is the where of groundwater governance. Over time,
many of the conceptualizations of groundwater governance grew to include geo-
graphic elements. Groundwater is typically considered a local or national resource.
However, groundwater governance is increasingly being addressed from global and
regional/transboundary perspectives (Conti & Gupta, 2015). Further, the defini-
tion by Megdal et al. (2015) already highlighted the multi-jurisdictional nature of
groundwater governance.

It also revealed two debated elements:

e Normativity — Normativity refers to whether groundwater governance is regarded
as either good or bad, in accordance with a specific set of governance criteria
(e.g. transparency, accountability, responsibility, etc.). Being good or bad is not
inherent to the concept of governance. Rather, it is an additional, value-laden
element. As discussed in 1.2.2, normative framings are contested because the dif-
ference between poor/inadequate governance and good governance may depend
on stakeholder view, and could be subject to various value systems.

e Prescription — Prescription refers to a specified goal, outcome or aspiration for
groundwater governance. Groundwater governance is not inherently prescriptive,
however common concerns such as sustainability or equity may be considered as
additional elements. The challenge is defining what sustainability might be, for
example, in the context of non-renewable (fossil) groundwater resources or what
equity looks like in a given society context.

1.2.3.2 Linkages with the practice of groundwater governance

The concepts and definitions discussed above have come into our common usage
relatively recently. However, the practice of these forms of governance have been
active for many years. For example, a surge in environmental governance practices
was triggered at the global level by Hardin’s essay “The Tragedy of the Commons”
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(Hardin, 1968).% This led to an increase in multilateral initiatives and legal frame-
works designed to combat transboundary pollution in the 1970s, nearly two decades
before the ‘environmental governance’ concept was first defined (see French, 1992 for
an overview of global environmental governance practices in this period). Similarly,
groundwater governance has likely occurred in local contexts for thousands of years
(see Chapter 2 of this book). Yet, the concept was only defined in 2007 (Table 1.1).
Further, groundwater governance cannot be fully understood in a vacuum but must
rather be understood as embedded in everyday practices of actors. Consequently, eval-
uating how the current conceptualization of groundwater governance may or may not
align with practice is key to refining its conceptualization.

1.2.3.3 The distinction between groundwater management
and governance

Groundwater governance and groundwater management can be difficult to distinguish.
We understand management as specific day-to-day actions taken to ensure the strategic
use/and or protection of groundwater resources. In practice, the range of actors that
participate in management and the scope of activities involved in management are
often far narrower than those involved in governance. The practice of groundwater
governance is the decision of which management actions should be taken, when, by
whom, and for what purpose.

We offer here two characterizations of the distinction between groundwater man-
agement and governance. (1) Muhkerji & Shah (2005) say that management comprises
activities such as monitoring, model building, and implementation of groundwater
laws, while governance is more holistic and inclusive, taking into consideration the
concerns of scientists, policy makers and groundwater users. (2) The Groundwater
Governance project’s Global Diagnostic on Groundwater Governance (FAO 2016a)
says that groundwater governance establishes the governance actors and determines
how they interact; drives decision-making with information, knowledge and science;
and creates policies and plans that define why activities are needed and when they
should occur. Groundwater management is what activities the actors do within the
governance framework related to the development and protection of groundwater. In
the practice of groundwater governance, there are many locations with limited or no
access to groundwater data, models and no formal groundwater laws implemented,
which would imply that day-to-day management is absent or severely limited. Yet, gov-
ernance can still manifest through the broader planning concerns of the community,
historical knowledge of trends in groundwater levels, and informal rules of conduct
or procedures. As such, the definition of governance should capture these instances.

1.2.3.4 Coordinating and/or integrating groundwater
governance practices

The governance of a groundwater resource or a particular set of groundwater resources
may simultaneously occur within and across geographic and institutional levels. There
may be multiple governance frameworks for a single resource at the national level that

8Note: Multilateral environmental agreements are documented as early as the 1920s.
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span different sectors — necessitating some degree of horizontal coordination or inte-
gration. There may also be multiple frameworks governing a single resource, which
span vertically from global conventions, regional/transboundary treaties, to national
policies.

This phenomenon is articulated when Chandhoke (2003:2957) defines governance
as the “de-centering and the pluralisation of the state into a number of levels that stretch
horizontally from civil society and market organisations on the one hand and vertically
from the transnational to local self-government institutions on the other.” However,
this definition implies that there is a pre-existing centralized governance mechanism.
The phenomenon of horizontal and vertical stretch can also occur organically in the
absence of a central framework.

The practice of coordinating and/or integrating these groundwater governance
frameworks is a challenge facing an increasing number of actors in the form of legal
pluralism (Conti & Gupta, 2014). As groundwater governance types of actors expand,
along with their scopes and mandates, and the number of groundwater laws and
policies increase, the concept of groundwater governance will need to include mul-
tilevel issues and address integrating and coordinating governance practices. This
could potentially include cross-sectoral coordination and integration with other closely
related areas of governance, such as surface water, land use, waste, wetlands and the
subsurface.

1.2.3.5 Proposing a step forward

Overall, this analysis presented agreed-upon and contested elements of a definition of
groundwater governance, it distinguished groundwater governance from groundwa-
ter management and presented the merits of coordination and/or integration across
geographical levels and sectors. Based on this analysis, crafting a new definition could
be a step forward in refining the concept of groundwater governance. The proposal
is not intended to be a one-size-fits-all approach to governance. As such, it does not
commend specific governance goals, and normative and prescriptive elements are not
included. Rather, we want to articulate the key elements of the who, what, where, and
how of groundwater governance. In this way, the basic concept of groundwater gov-
ernance is clearer. Also, practical challenges of groundwater governance can be taken
into account and can be seen as distinct from the practice of groundwater management.
As such, we offer the following definition:

Groundwater governance is the framework encompassing the processes, interac-
tions, and institutions, in which actors (i.e. government, private sector, civil society,
academia, etc.) participate and decide on management of groundwater within and
across multiple geographic (i.e. sub-national, national, transboundary, and global)
and institutional/sectoral levels, as applicable.

1.3 THE CURRENT STATE OF GROUNDWATER GOVERNANCE

As described in the previous section, groundwater governance may be viewed as acting
at various levels, defined by informal institutions, politically determined jurisdictions
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and administrative levels, often linked to various geographic scales. It is interesting
to understand the ways groundwater governance plays out at the various levels, the
interactions between levels, and variability across the globe. In the following, we
present overarching findings at national, transboundary, and international/global level
from the global diagnostic analysis of groundwater governance conducted as a crit-
ical part of the Groundwater Governance project. This project was first-of-its-kind
and instrumental in bringing the issue and challenges of groundwater governance into
mainstream international discourse on water management and sustainable develop-
ment. The project collected information on groundwater governance across the globe,
tapping into and compiling information and views from hundreds of professionals from
the water sector as well as outside the sector”. It used a consultative open process, col-
lecting mostly ‘soft’, yet valuable feedback, especially on perceived shortcomings. This
effort included, among others, five regional consultations'®, which had not only the
purpose of collecting information and views, as mentioned above, but also of raising
awareness on groundwater governance.

1.3.1 The domestic level
1.3.1.1 Geographic diversity

The results of the comprehensive survey of the Groundwater Governance project
revealed considerable variations in groundwater governance between countries, and
between regions of countries. The variability may be expected, but the survey marked
a huge step forward in describing them and identifying how they can be attributed
to differences in factors related to the country-specific context, such as hydrogeolog-
ical and climatic conditions, socio-economic, cultural, and political settings, as well
as the history of local and national groundwater development and management. If
groundwater governance is seen as an evolving process, various stages of groundwa-
ter governance may be observed. Hence, groundwater management and governance
may have reached a more or less advanced stage in some countries, whereas ground-
water governance in other countries is in a relatively immature and initial stage, or
even still virtually non-existent (pre-management phase). One key conclusion from
the analysis is that there is a close relationship between stage of groundwater gover-
nance and wealth of countries. Industrialised countries generally work under far more
advanced groundwater governance, while pre-management prevails in the majority of
poor countries.

Another key conclusion is that context matters. Countries tend to follow different
paths, defined by the country-specific context and challenges. Consequently, the focus
and characteristics of groundwater governance vary with the local needs and local
conditions. One example of that is the USA. Here, groundwater issues related to water
quantity are governed by the states, reflecting the individualized, state-wise approach
and consequent diversity in historic development of water allocation and water rights
systems between states. In contrast, issues related to water quality are delineated by

*http://www.groundwatergovernance.org/regional-consultations/consultations/en/

19The regions covered by the consultations were: Latin America and the Caribbean, Sub-Saharan
Africa, Asia and the Pacific, the Arab region, and the UNECE region.
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Table 1.2 Perceived differences regarding groundwater governance between global regions (Source:
FAQ, 2016).

Region

LAC SSA  A&P

Latin Sub-  Asia & AR UNECE
America & Saharan the  Arab UNECE
Caribbean Africa  Pacific Region Region

Predominant stage of groundwater management

Pre-development X
Initial management X X X
Advanced management X
Society’s dependence on groundwater
Moderate X
High X X X
Very high X
Key management issues currently driving governance
Improving domestic/public water supply ++2 +++ ++ ++ +
Improving sanitation and wastewater treatment ++ ++ ++ ++ +
Groundwater use for irrigation + + +++  ++ +
Impact of rapid urbanisation ++ + +++ + +
Groundwater pollution from agricultural land-use ++ + ++ + +++
Impact of industrial activities ++ + ++ + ++
Environmental control and ecosystem protection ++ + ++ ++ +++
Constraints to good groundwater governance
Lack of awareness and knowledge of groundwater ++ +++ ++ +++  +
Insufficient political commitment ++ +++ ++ ++ +
Poverty and lack of funds ++ +++ ++ + +
Weak institutions ++ +++ ++ +++ +

2The number of +’es indicate the applicability of proposed management issues and constraints, ranging from
comparatively low (+) to very high (+++).

the federal government and implemented and/or augmented at state level (Conti &
Gupta, 2014). This probably reflects the fact that groundwater quality arose as an issue
much later in history, and at that point, was viewed and dealt with in more general
and coordinated fashion. However, redefining and harmonizing water rights systems
across the states and at the federal level have not been pursued consistently, possibly
because of path dependence (see also Chapter 24 of this book). Another example
is the European Water Framework Directive, which is relatively advanced in terms
of regional cooperation and harmonisation of approaches to water management and
where groundwater has received explicit attention. Here, focus is on environmental
quality, reflecting the fact that in most (not all) EU countries, groundwater quality is
a greater issue than water quantity (see Chapter 23 of this book).

A representation of geographic diversity is presented in Table 1.2. It summarises
some of the perceived differences between the five major regions of the world with
regard to groundwater governance-related features and as articulated in the regional
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consultations. The ratings are basically subjective and qualitative, but nevertheless
represent the general perception over these vast regions. Developing more detailed
information at national and local scale and more quantitative assessment would
require further research, in terms of setting up indicator-based systems and system-
atic surveys across and within individual countries. However, this was outside the
scope of the Groundwater Governance project. The challenges related to monitoring
groundwater governance are further elaborated in Chapter 13 of this book. Table 1.2
confirms the clear link between stage of groundwater governance and strength
of institutions, i.e. weak institutions correspond to no or incipient groundwater
governance.

1.3.1.2 Perceived and reported gaps and deficiencies

The Groundwater Governance project made a more detailed assessment of the per-
ceived gaps and deficiencies in groundwater governance. Table 1.3 lists the main gaps
and deficiencies in groundwater governance as reported during the regional consul-
tation meetings. According to the assessment, many of the deficiencies are common,
while some may be more relevant for specific regions or categories of countries. Lack
of awareness and understanding of groundwater issues leads to absence of a sense
of urgency and forms in many countries a key obstacle to the development of lead-
ership and commitment to effective groundwater governance. Legal systems may not
be perfect, but poor implementation of the law and regulations is a more pervasive
and critical problem in most countries. Policy and planning require vision and a good
knowledge of the local context and all relevant interdependencies. Often this informa-
tion is limited, which, combined with the ubiquitous lack of groundwater monitoring
data, may result in poor policies and plans with relevance to groundwater.

1.3.1.3 Addressing the gaps and deficiencies

Around the world, purposeful efforts have been made to address gaps and deficiencies
in groundwater governance under variable circumstances. A modest but impressive
selection of examples, mostly at national but also at regional level, can be found in
Part 4 of this book (‘Cases’). Table 1.4 presents identified options that have been
applied in practice for improving groundwater governance in various parts of the
world. Reviewing these approaches, it is clear that focus is still quite biased towards
the more functional and practical, project-based aspects of groundwater management.
Aspects of core dimensions of good governance, such as decision-making, trans-
parency, accountability and responsibility are receiving limited coverage, and limited
guidelines in that respect have so far been developed.

1.3.1.4 Sub-national groundwater governance

At local level, groundwater is often the primary source of water supply available
for communities and even single households, most often through individual wells or
smaller reticulated systems and for multiple uses. This is especially the case in rural
areas, but also increasingly in urban areas in developing countries, where the public
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Table 1.3 Perceived and reported main deficiencies in groundwater governance at the national level
(Source: FAO, 2016).

Component Common or occasional deficiencies
Actors * Lack of awareness/understanding of groundwater and its role, problems and
opportunities (potentially applicable to all categories of stakeholders)
* No sense of urgency for governing groundwater properly
* Low political commitment related to groundwater issues
* Reactive rather than proactive attitudes
* Poorly defined mandates or responsibilities of government agencies
* Insufficient capacity of government agencies
* Poor budgets of government agencies, or dependency on foreign parties
* Lack of initiative and commitment of mandated government organisations
* Poor accountability and transparency of mandated government organisations
* Lack of cooperation between involved government agencies (or even rivalries)
* Poor law enforcement or implementation of certain instruments (e.g. licensing)
* Poor stakeholder involvement in groundwater governance
* Lack of trust between the different categories of actors
* Lack of adequate communication between all relevant partners
* No balanced and smooth cooperation between all relevant partners
Legal * Fragmentation and inconsistencies in legislation
frameworks + Old groundwater legislation out of line with current views

Policies and
management
planning

Data,
information
and knowledge

Groundwater quantity and quality in separate laws

Groundwater law separate from laws governing surface water, land use, mining,
subsurface use, environment, etc.

Institutional mandates and responsibilities not clearly defined

Overlapping institutional mandates and responsibilities

Laws ignoring customary rights

Laws inconsistent with realities on the ground (e.g. institutional capacity or
perceptions of local groundwater users)

Draft Articles on the Law on Transboundary Aquifers not yet endorsed by
countries

Legal instruments existing for very few TBAs only

Limited scope (single use sector and/or neglecting obvious linkages)
Inconsistencies with policies of related domains

Potentially vital role of groundwater overlooked or undervalued

Waste of money due to pursuing unrealistic goals

Short-sightedness (due to time mismatch between political and hydrological/
environmental cycles, or ignorance)

Overlooking the importance of involving stakeholders

Lack of practical instruments and approaches for transboundary aquifer
management

Wrong ‘solutions’ due to insufficient knowledge of human behaviour
Negative impacts of some categories of incentives

Inadequate design of certain types of instruments (e.g. licensing systems,
pollution fines)

Lack of regular systematic planning for groundwater management and protection

Lack of sufficiently detailed groundwater assessments (especially in Africa and

in Latin America & the Caribbean)

Monitoring of time-dependent variables is rare and often only fragmentary
Sharing data and information is still in its infancy

Presentation of information not tailor-made for the different categories of actors
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Table 1.4 Options and opportunities for improving groundwater governance (Source: FAO, 2016).

Category Opportunities

Information, knowledge ¢ Structural provisions for data and information
and awareness * Modern technologies for data acquisition and information management
* National or international projects and programmes
» Cooperation with the private sector
* Making groundwater information available
* Awareness raising and lobbying

Legal frameworks * Legal reforms

Bringing groundwater resources under public control
Legally enforceable regulations

Legal instruments for transboundary aquifers

Policy and planning * Aligning groundwater management with macro-policies
* Adopting suitable principles and approaches
* Adopting IWRM and related approaches (conjunctive management, MAR)
* Establishing policy and planning linkages with interrelated sectors
* Introducing periodic and coherent groundwater management planning

Actors * Enhancing political commitment

Creating and developing leadership

Institutional reforms

* Involvement of the private sector

* Involvement of local stakeholders

Improving cooperation by accountability and transparency
Capacity building

Funding and financing

* The role of international organisations and partnerships

water supply is falling short (Foster et al., 2016). This fact inevitably brings to the fore
the need to bring in local stakeholders/users as legitimate and key players in groundwa-
ter governance to ensure sustainable and equitable outcomes, e.g. in terms of access,
livelihoods, and health. These systems are often shallow and vulnerable to depletion
and pollution, especially with intensified human development, and under such scenar-
ios, the poorest could be disproportionately impacted, as they do not have the means
to improve their source. Hence, these are critical local issues of groundwater gover-
nance. They also need to be linked to governance of public services in water supply,
irrigation, health, etc. (Chapter 14 of this book). This opens both important path-
ways for participatory processes to address the common pool resource challenge, but
also predictably complicates the process (see Chapter 7 in this book). While signifi-
cant progress and experience in this field is developing, it is also clear that there is no
common or universal model for such participatory approaches. So far, the experience
is that to achieve long-term effective governance and acceptable outcomes, transac-
tion costs to set up functioning and lasting systems are often high, driven either by
communities themselves, or in facilitated models with external support. Further work
on participatory processes supporting groundwater governance is needed by joining
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forces across communities and building on cross-contextual experiences as appropri-
ate. Importantly, the challenges are also linked to reconciling top-down and bottom-up
approaches to groundwater governance (Varady et al., 2016), formal vs. customary
law in controlling water access and allocation, etc.

1.3.2 Transboundary aquifers and regional
groundwater governance

At the regional and transboundary level, groundwater is rising on the agenda, related to
the discourse on and challenges related to the governance of transboundary aquifers'
(Chapter 19 in this book). This transboundary focus complements the more established
international emphasis on governing transboundary river basins, and is evidenced
through emerging frameworks and principles for governance of aquifer systems at
this level, mostly in the context of international water law. The emphasis is also
evident from increasing numbers of particular aquifers being subjected to transbound-
ary efforts in terms of joint management and governance. This is due to the critical
importance of these resources for the states involved and because of advocacy from
international organisations who want to advance an agenda on international coopera-
tion in order to improve e.g. regional integration and national security for the countries
involved.

The governance of transboundary aquifer resources adds significant complexity
when compared to the governance of aquifers located within single national territories.
Firstly, the fact that aquifers may be shared across political boundaries, subdivid-
ing the aquifer’s territory into zones under different national jurisdictions, makes it
pertinent to clearly delineate the aquifer (system) in question, which is not always a
straightforward task. Furthermore, the complexity is considerably amplified by foreign
policy considerations and potential contrasts and misunderstandings related to vari-
able groundwater management approaches as well as cultural and language differences
(Fried & Ganoulis, 2016).

Nevertheless, substantial experience is developing from these efforts on the scope
for international groundwater cooperation, on institutionalisation of shared gover-
nance mechanisms and on the more practical aspects of managing the resources,
monitoring and sharing information, etc. A potential virtue of these efforts and
with particular relevance to groundwater governance is the opportunity that such
programmes and lessons-learned offer in terms of developing and testing various
higher-level thinking on groundwater governance at the global level (Villholth, 2015),
which are presently lacking. Groundwater governance at the global level entails look-
ing at the inter-regional sharing of benefits from larger shared aquifer resources,
which are globally very unevenly distributed, yet large compared to surface water
resources. These resources are of critical importance in the future, including offshore
transboundary aquifers (Martin-Nagle, 2016).

A transboundary aquifer or aquifer system is defined as ‘an aquifer or aquifer system, parts
of which are situated in different States’ (Stephan, 2009).
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1.3.3 Global dimensions of groundwater governance

1.3.3.1 Regional and global programmes and initiatives of
international agencies

Besides the global Groundwater Governance project, which was supported by the
Global Environment Facility (GEF) and implemented by the Food and Agriculture
Organization of the United Nations (FAO) together with United Nations Educa-
tion, Scientific and Cultural Organisation’s International Hydrological Programme
(UNESCO-IHP), the International Association of Hydrogeologists (IAH), and the
World Bank, a host of international organisations is involved in groundwater and water
governance. These include, but are not limited to, the United Nations International
Law Commission (UNILC), the International Groundwater Resources Assessment
Centre (IGRAC), the International Water Management Institute (IWMI), the Inter-
national Union for Conservation of Nature (IUCN), various geological surveys,
training and capacity building organisations and networks, and water supply develop-
ment organizations. Programmes and networks of importance are further the OECD
Water Governance Initiative (OECD-WGI), the Water Integrity Network (WIN), the
Groundwater Initiative for Policy and Practice (GRIPP), the Transboundary Waters
Assessment Program (TWAP), the Internationally Shared Aquifer Resources Manage-
ment Programme (ISARM), the Worldwide Hydrogeological Mapping and Assessment
Programme (WHYMAP), the Global Water Partnership (GWP), and the World Water
Assessment Programme (WWAP). At the regional level, the following organizations are
involved in groundwater governance: EU, UNECE, OAS/OEA, OSS, ACSAD, SADC,
CCOP, UNESCAP, and AMCOW'2, to mention key ones. Together, these organisations
and initiatives play a significant role in promoting and catalysing effective ground-
water management and governance. While there is still some disconnect between
groundwater-focused agencies, the broader water initiatives, and the governance ini-
tiatives, there is definitely an increasing merging of concerns and joint activities,
which in combination are raising the issue of groundwater governance on the global
agenda.

1.3.3.2 Sustainable Development Goals (SDGs)

The Sustainable Development Goals, ratified in 2015, signaled a new approach and
thinking in terms of addressing global imbalances and deficits in development gains
globally. Importantly, the approach is integrated, cross-sectoral, embracing both devel-
oping and developed countries, and entails improved approaches to track progress
(UN, 2015) as compared to their predecessors, the Millennium Development Goals
(MDGs). The thinking on aspects related to water has advanced since the MDGs in
the sense that the new goals address broader issues of access to water and sanitation.

12EU: The European Union; UNECE: The United Nations Economic Commission for Europe;
OAS/OEA: The Organization of American States; OSS: Sahara and Sahel Observatory; ACSAD:
Arab Center for the Studies of Arid Zones and Dry Lands; SADC: Southern African Development
Community; CCOP: The Coordinating Committee for Geoscience Programmes in East and
Southeast Asia; UNESCAP: The United Nations Economic and Social Commission for Asia and
the Pacific; and AMCOW: African Ministers’ Council on Water.
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Importantly, they include considerations of the sustainability of the water resources to
underpin secure and safe access for human populations, partly reflecting the increasing
recognition of the global risks associated with increasing pressure on water resources
(World Economic Forum, 2017). Groundwater, as a key resource to achieve SDG 6
on ‘Clean Water and Sanitation’, though implicitly included, does not receive specific
attention. In particular, little preparatory work has been devoted to treat some of the
key challenges related to the operational definition and delineation of the resource and
the assessment of sustainable use of groundwater, in particular related to systems with
limited renewability. Also, equitable access becomes very relevant in groundwater-
dependent societies, especially if resources are depleting, because groundwater levels
drop out of reach of poor people.

1.3.3.3 The human right to water

The human right to water was affirmed in 2010 with the UN General Assembly Reso-
lution (UN, 2010), as a global subscription to the universal human right to basic and
safe water and sanitation (Chapter 14 of this book). This of course aligns with the
SDGs, but brings the issue to a more prominent rights-based level, reflecting the inter-
national community’s legal obligations to address basic needs and dignity. However,
the concept has received some comments of not being workable, because the gover-
nance structures required to put the principle and required infrastructure in place are
fragmented (Gupta et al., 2010). Also, conflicts exist in interpreting and reconciling the
human right to water and sanitation with the concept of water as an economic good —
the latter representing the principle of achieving cost-recovery in water and sanitation
provision, basically the user-pays principle, despite the poorest people generally lack-
ing means to cover these costs (Conti, 2017). In conclusion, groundwater governance,
as part of broader water governance, is facing intractable problems related to overar-
ching principles of equity, which need to be tackled conceptually as well as concretely
in order to support goals not only in terms of health and workforce considerations,
but also in terms of social stability and political security at various scales, including
the international.

1.3.3.4 Climate change

The climate change discourse, as expressed in the 2015 Paris Pact on water and adapta-
tion to climate change'? has been instrumental in raising the issues around groundwater
to a higher level of attention globally. Or maybe more correctly, the climate discourse
has been applied to sell the importance of groundwater as the ultimate buffer of water
that can support resilience of landscapes, populations and socio-economies during
drought and increasing climate variability. While it is clear that groundwater is already
playing this role and de facto is substituting dwindling surface water resources, either
because of climate change-related, increasing water variability or because of increas-
ing water demands, what is missed is that this natural buffer property of groundwater
is progressively being undermined in critical areas by excessive abstraction or pollu-
tion (Taylor, 2014). Hence, there is a strong need to stress groundwater governance

Bhttp://www.riob.org/eletter/COP21-Signatures-Pacte-EN.html
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approaches that realistically identify the role that groundwater can play in enhancing
resilience of groundwater-dependent communities and societies in stressed regions. The
resource needs pro-active management and protection that strike the balance between
development for economic growth, while ensuring the role of buffer and water security
source.

1.3.3.5 Global implications of groundwater

Despite its documented significance, and irreplaceable character in many parts of the
world, as an element in sustainable development, groundwater still receives limited
dedicated focus. Emerging research shows the significant interlinkages of groundwa-
ter with issues of regional and global water scarcity and depletion (Aeschbach-Hertig &
Gleeson, 2012), environmental water requirements (Sood et al., 2017), environmen-
tal degradation (van der Gun, 2012), climate change (Taylor et al., 2012), human
migration (Kelly ef al., 2014), and virtual water flows through commodity trade
(mostly food) (CGIAR/WLE, 2017). Especially the linkage to food trade and embedded
groundwater depletion is grossly neglected. About 14-17% of all global food produced
by groundwater is derived from groundwater that will essentially not be replenished
(CGIAR/WLE, 2017) and some parts of this derives from poor nations with increas-
ingly limiting water resources exporting to richer countries (Chapter 18 in this book).
Hence, groundwater is no longer a local phenomenon and a local resource as it is often
portrayed. It is moved around the world virtually in massive amounts and as such has
linkages to the global economy and geopolitics through trade, economics, climate,
environment, etc. Bringing these aspects on the global development agenda as a gover-
nance issue may still be far fledged, but clearly of critical and increasing importance.
Importantly, many of these issues cannot be solved isolated and at a local and national
level, and are governed by drivers blind to groundwater. There is an increasing need to
bring nations together to seriously consider implications of the reliance on essentially
non-replaceable resources and the impending groundwater crisis and develop high-
level governance mechanisms that can curb further global-level impacts, and discuss
various options to address them for sustainable outcomes. This also implies linkages
to global consumerism and consumer patterns, groundwater footprint of products and
lifestyles, and inherent and economic values of groundwater. Besides the governance
implications, this is a significant evolving research field.

1.3.3.6 Groundwater governance at integrated scales

Having analysed the scale issues related to groundwater governance above, it should
be clear that all levels are important, and that they are interrelated and interdepen-
dent through the resource aspects, the institutions involved, technology, trade and
also through legislations, policies and other decision-making happening at various lev-
els that may have repercussions at other levels. One example of this could be how
reduced import restrictions on Chinese pumps in Malawi, coupled with government
subsidies, could help poor farmers get access to groundwater for (improved) irrigation.
Yet, local factors including poor traffic infrastructure, bureaucracy at national level
and high transaction costs for the farmer may make it an infeasible proposition. This
may, in effect, entail that rather than benefitting the poor farmers, these technologies
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and support policies benefitted the richer, more peri-urban farmers (Colenbrander &
van Koppen, 2013). To overcome such intricate issues and to implement solutions
that would benefit poor farmers and increase their income sustainably would require
system and value chain thinking in governance structures well beyond groundwater,
well beyond a single scale/level, as well as well beyond the common practice today.

1.4 A HEURISTIC FRAMEWORK FOR UNDERSTANDING AND
OPERATIONALISING GROUNDWATER GOVERNANCE

Because groundwater has been a source of water for humans since time immemorial,
groundwater governance has always existed in some form or another (Chapter 2 of
this book). The scope, issues and scale have changed with time, however, to the point
where stakes today of a conscious, explicit and embracing groundwater governance,
or lack of the same, are much higher than just a generation ago. Hence, coming to
grips with groundwater governance and how to influence it in a direction that may
generate more desirable long-term outcomes in terms of adopted societal goals (such
as equity and sustainability), is ever more critical now.

So, the question naturally is, how can governance make a difference in terms of
addressing mounting groundwater problems and ensuring long-term sustainability and
equity, if it does not necessarily have an agreed or overriding sustainability/equity goal
nor necessarily works according to aforementioned governance tenets (Section 1.2)?

First, it is important not to assume that governance automatically will solve
groundwater unsustainability problems. As already made clear, governance is not
inherently good (or bad), nor does it have an inherent humanitarian or sustainability
vision. There are many interests at play at various levels, which may have priority, and
which may not be compatible with adopted higher goals of sustainability and sharing a
common good. Also, due to groundwater invisibility, stakeholders may be unaware of
the consequences of their behaviour, and so ignorance about groundwater is prevalent,
and maybe more so for a large majority of people who either do not personally deal
with groundwater or do not know that their water source or other assets or benefits
are derived from groundwater. Farmers and other people directly abstracting or inter-
acting with groundwater will naturally be more aware and knowledgeable about it
and hence have a direct stake in it.

Yet, governance is the key mechanism, through which a more pro-active, con-
scious, long-term and informed groundwater governance and management can be
fostered and institutionalised. Furthermore, adopting tenets of governance that are
widely considered as positive (responsibility, accountability, transparency, efficiency,
legitimacy, participation, equity and inclusiveness, and rule of law) is assumed to fun-
damentally support the process of contextualised, acceptable and agreed decisions on
groundwater.

Building on this assumption and assuming that challenges of groundwater gov-
ernance are closely linked to the ISD signature of groundwater as mentioned at the
outset of this chapter, a conceptual heuristic framework is proposed, which in turn
helps identify key action areas required to improve the situation. Hence, Table 1.5
shows the cross-section between the components of the ISD-signature of groundwater
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Table 1.5 A conceptual diagram to understand governance requirements
of groundwater, as affected by its inherent properties and
governance challenges.

Governance tenets®

Equity and inclusiveness

Legitimacy
Participation
Rule of law

Responsibility
Accountability
Efficiency

Transparency

ISD-signature component?

X
X
X
X

Invisible
Slow
Distributed

X
X
X X
X
X X
X X
X

9See Section 1.I.
bFrom UN ESCAP (2006).

and the key tenets of good governance. The crosses indicate where these intersections
are critically and ideally important, according to the authors'#.

Hence, Table 1.5 indicates that transparency is critical for addressing the
I-signature. Le., there is a strong need to generate and expand the knowledge and under-
standing of groundwater resources to all stakeholders, whether direct or indirect. But it
is even more important to share the information openly and efficiently among all inter-
ested stakeholders. And linked to this, it is critical to focus on the information that is
often less well available, but very critical for the management, namely the human inter-
action with it (like abstraction, pollution activities), the granted rights/allocations and
other regulations’ impacts on human behaviour and their compliance. This also links
to the tenets of accountability to address the I-signature. Furthermore, it is important
to keep track of the trends in these parameters, changes, and possible explanations and
drivers (socio-economic, cultural, political, etc.) for them. Finally, subsequent to pol-
icy and regulation implementation, it also becomes important to monitor the impacts
of these policies, on the resource and feedback to human behaviour, which again links
to ‘responsibility’.

The S-signature of groundwater needs to be tackled concertedly through trans-
parency (to understand long-term impacts and the sustainability of human interaction
with the resource). In addition, participation and equity and inclusiveness is required

14Recognising that some countries in reality opt for not optimizing some of these tenets, with
some reason. For instance, participation is useless in the absence of a certain basic level of
understanding and knowledge on the subject at hand; participation is also sometimes a real
cause of delay — compare China (with comparatively pragmatic top-down decision-making)
versus European countries (traditionally more inclined to participatory decision-making, which
is time-consuming). Equity is in several cases formally not pursued (e.g. West Bank).



26 KG. Villholth & K.I. Conti

to discuss and decide on acceptable trade-offs (e.g. between short and long-term goals,
between inter-sectoral goals, or between economic and social/environmental goals)
and the share of burden as well as benefits from the resource and its potential (par-
tial) degradation over time. Finally, efficiency is also important as reversal of impacts
is slow, and so ensuring efficiency in remediation helps address long-term negative
impacts.

Finally, who determines the regulations, the parameters to monitor and the sanc-
tions is also a fundamental governance issue, which links very much to the tenets
of participation, equity and inclusiveness, and rule of law. These factors are strong in
groundwater governance because of the D-signature. It needs to be governed at various
levels, but with some coherence between them. Responsibility under the D-signature
relates to the need for clearly defined roles in a semi-decentralized (integrated top-down
and bottom-up) approach required due to the distributed resource.

Table 1.5 gives a quick overview of the interlinkages between groundwater gov-
ernance challenges and the needed tenets to tackle them. The highlighting of certain
tenets, however, does not indicate that other tenets are not important to address the
challenges.

What permeates from the framework and how to apply it, is the principal need
for transparency, which encompasses both knowledge and awareness creation, but
also the efficient sharing of information related to the resource. Knowledge generation
may seem ‘apolitical’, but is affected by decisions and desires of whether to create
information in the first place and hence is part of governance. Only by creating and
sharing knowledge will a governance model be effective, whatever its goal is. A second
key proposition is that a leadership that comprehends these challenges and how to
operationalise them is a prerequisite to effective groundwater governance (Chapter 5
of this book). It is not one of the key tenets of governance, as in fact governance is
posited on leadership (to govern derives from the Greek verb kuBepvaw [kubernao],
meaning to steer'®). As such, leadership is the overarching (implicit) foundation of
groundwater governance. Again, as the governance is viewed as a multi-tiered and
multi-level governance (Section 1.2), coherent leadership at all levels is required.

A key part of this is to raise public awareness and create interest, ownership, and
trust among multiple stakeholders, which may foster common vision. There is also
a strong need for building the capacity to link detailed knowledge of groundwater
physical science with the knowledge of socio-political science and processes. Public
awareness may create demand for responsible development of groundwater and related
resources (Chapter 12 of this book), enhancing effective response to crises and conflicts.
Fostering such processes requires tenacity, dedication, collaboration, negotiation skills,
and vision.

Finally, to support the conceptual framework in terms of the existing groundwater-
related risks, some persistent, contemporary, and emerging management challenges
that require concerted governance processes are listed in Table 1.6. These are further
discussed as part of this book.

IShttps://en.wikipedia.org/wiki/Governance
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Table 1.6 Lingering, contemporary or emerging groundwater management challenges.

Category of Chapter in

challenge Type of challenge this book

Persistent * Managing groundwater for equitable water access and health  + Chapter 14

challenges * Managing land use for groundwater sustainability * Chapter 16
» Governing non-renewable aquifers * Chapter 26
* Managing saltwater intrusion in coastal and agricultural areas

Contemporary * Managing the groundwater-energy nexus * Chapter 15

challenges * Managing groundwater and surface water in conjunction » Chapter 17
* Managing transboundary aquifers * Chapter 19
* Managing the subsurface space and its resources » Chapter 20
* Understanding impacts of climate change on groundwater

Emerging * Governing groundwater depletion through virtual * Chapter 18

challenges groundwater flows » Chapter 28

Governing groundwater in large cities

Governing emerging complex and persistent organic
contaminants

Global sharing of large transboundary aquifers

1.5 CONCLUSION

Groundwater governance is an evolving concept. It remains somewhat intangible and
not consciously and pro-actively pursued by many stakeholders and managers, yet is
paramount to proper groundwater development and management. Ideally, as aware-
ness increases, groundwater governance becomes a deliberate, conscious, explicit and
targeted concept, typically associated with aspirational goals (such as sustainability
and equity) and core guiding governance tenets (transparency, accountability, integrity,
fairness, etc.). It is distinct from groundwater management but the two are intricately
interrelated. It also relates very much to overall governance, as groundwater gov-
ernance may reflect the general status of governance. Hence, broader governance
approaches need to be enhanced as prerequisite to good groundwater governance.
This chapter has explored the groundwater governance concept systematically, based
on a slight revision and rephrasing of previous definitions, to distinguish it as the
overarching framework for human interaction with and decision around groundwa-
ter resources. Though the governance system may not necessarily and automatically
reflect the degree of effectiveness of the implementation (i.e. the management) and the
other way around (Lautze et al., 2014), it is evident that a well-founded governance
will stand a better chance of achieving its goals through support from groundwater
management. We conclude that it is important to keep exploring the concept of ground-
water governance, defining its dimensions, operationalisation and effectiveness. Such
discussions are key to moving forward on the achievement and collaboration on goals
associated with groundwater at all levels. Empirical understanding is also growing,
but further frameworks for analysing and supporting practical approaches are needed
(Megdal et al., 2017).
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ABSTRACT

The evolution of groundwater management and governance are slow processes. On
the one hand, this is due to a poor understanding of the subsurface processes, which
slowly impact the state of groundwater systems. On the other hand, the implementa-
tion of groundwater management measures is hampered by conflict of interests among
stakeholders. In this chapter, we give an overview of the emergence and evolution
of groundwater management and groundwater governance, with attempts to clarify
the corresponding mechanisms by using the Driver-Pressure-State-Impact-Response
(DPSIR) framework of analysis. Examples from various historical and geographical
situations are presented to illustrate the variety of conditions, solutions and trends. We
conclude that the increasing pressure and its negative impacts on the state of ground-
water systems have triggered better management and governance. The long-term
importance of groundwater to overcome short-term societal challenges has been better
understood the last fifty years resulting in more pro-active groundwater governance
serving sustainable development goals.

2.1 INTRODUCTION

Groundwater has played an important role in human development since its early foot-
prints. The use of springs marked the first direct interactions between humans and
groundwater. From there, the exploitation of groundwater evolved for centuries under
the influence of a variety of agricultural, demographic and socio-economic factors, but
also in relation with the development of new technologies. These technologies went
from groundwater exploitation through dug wells and qanats (Box 2.1), to mechanical
drilling and pumping; while other technological efforts focused on achieving sus-
tainable water use through groundwater conservation and replenishment by terraces
and dams.

For this chapter, it is important to distinguish between groundwater exploitation,
management and governance. Exploitation of groundwater deals specifically with the
extraction of the resource for individual use or for the benefits of a selected group. Man-
agement and governance serve collective goals, among others achieving sustainability
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Figure 2.1 DPSIR assessment framework for groundwater management and governance (based on
Kristensen, 2004).

for the benefit of the entire society. In practice, groundwater management and ground-
water governance are sometimes interchangeable as there is a quite large area in which
both overlap. More specifically, groundwater management deals with practical inter-
ventions, while groundwater governance focuses on provisions (legal, institutional,
information systems, policy and planning, finances, among others) and processes that
enable the interventions to take place.

The purpose of this chapter is to present a general picture of the development
of groundwater management and governance in a variety of geographical, socio-
economic and political environments and to clarify the underlying mechanisms of these
processes. The Driver, Pressure, State, Impact and Response (DPSIR) model is used to
bring order in the vast diversity of specific management and governance practices of
dealing with groundwater problems under various conditions (Fig. 2.1).

The chapter provides examples of groundwater management and governance to
elucidate general trends without pretending to provide a complete and coherent picture.

2.2 EXAMPLES OF EARLY EMERGING GROUNDWATER
MANAGEMENT AND GOVERNANCE

The exploitation of natural springs and shallow wells goes back to thousands of years
in different regions around the world. The use of springs and dug wells as a perma-
nent source of water established the first individual and/or communal ownership of
groundwater. An example is the town of Jericho (nowadays in Palestine), where a large
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Figure 2.2 Access points of the vertical shafts in a Qanat system (Source: Iran Front Page).

Box 2.1: Qanats

A qganat is a gently sloping tunnel to collect groundwater from an aquifer and
transport it to areas downslope for irrigation and public supply. The tech-
nique is particularly suited to arid and semi-arid environments, notably where
groundwater-rich foothills border dry plains. It was constructed via access shafts
(see Fig. 2.2).

spring has been used for irrigation for more than 9000 years. General pressures on the
resource such as the increasing water demand at these early sites forced the users or
local societies to think and agree about rights to access and use the resource. Over time,
the continuous use of groundwater brought about the development of rules regarding
allocation in cases of water scarcity, maintenance of the infrastructure, and protection
of the abstraction site. Another example of early groundwater management is the
construction and collective use of ganats (Box 2.1, Fig. 2.2).

Qanats originated in North-western Persia in the early 1st millennium BC. The
technology quickly spread first over what is now the Middle East. Later in history,
through the expansion and conquests of Islam, the technology reached farther west to
southern Spain (Martinez-Santos and Martinez-Alfaro, 2012). The sustainable use
of ganats requires good cooperation among the users regarding the allocation of
water and also for proper protection of the resource and maintenance of the technical
infrastructure.

The Water Authorities in the Netherlands are an interesting example of early
groundwater governance and stakeholder cooperation. From the 10th century marsh-
lands have been reclaimed and made suitable for agriculture through groundwater
drainage by groups of farmers. Subsequently, the local communities organized
the required management and maintenance of the drainage and discharge systems
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infrastructure and flood protection works. Because the drained area enclosed many
towns or villages, representatives were elected or appointed to discuss by whom and
how the works would be financed and supervised. These technical, administrative and
legal requirements spurred the establishment of water authorities responsible for areas
of different size. Cities and feudal lords were involved in issues of regional interest
(NHYV, 1998). This example shows how (ground)water and land management issues
can successfully be addressed in the development of communities and their institutional
structures. The water authorities still exist in the Netherlands as a special layer in the
democratic system.

The concept of environment and its protection, specifically of springs and wells,
was well represented in the Islamic Golden Age. There is evidence that both in the
Ottoman states and in Muslim India, the government oversaw the use of springs and
wells, as well as building water reservoirs and lakes. Islamic law provided an envi-
ronmental system which included protecting water from misuse and pollution, also
known as ‘harim’, which literally means protected or banned zone (Izzi Dien, 2000).
The concept was derived from the experiences of the Prophet Muhammad. He cursed
a person for soiling three places; a high road, the shade of a tree, and a river bank
(Izzi Dien, 2000). The protected zone was based on ancient units (cubits) for wells
(about 20 meters’ diameter) and for springs. The practices observed in implementing
the concept of ‘harim’ reflect the Islamic attitude of protecting public environmental
interests.

These examples of early groundwater management and governance reflect the
diversity of pressures and drivers that triggered new developments. Important ele-
ments of the latter were the response or adaptation to climate variability, stakeholder
cooperation for land reclamation and religious aspects with regard to the protection of
a resource. However, major groundwater management interventions and governance
provisions only evolved since the industrial revolution, in response to increasing water
demands for industrial, irrigation and domestic uses; facilitated by the improvement
of technologies.

23 MAIN GROUNDWATER MANAGEMENT CHALLENGES
AND OBSERVED RESPONSES

Groundwater management is usually emerging in response to observed groundwater-
related problems. Such problems (acting as triggers) may be related to internal factors,
like stress on the state of the resource by overexploitation and pollution, or to exter-
nal factors like conflicting interests and water-borne diseases (e.g. cholera outbreaks).
This type of reaction or response to what actually happens is known as ‘reactive mode’.
Responses observed over time are in general influenced by gradually progressing activ-
ities and features such as: land reclamation and its linked water level control; climate
variability (nowadays linked and accentuated by climate change); the constant progress
of technology since the industrial revolution; and in some cases, the acknowledg-
ment of the importance of groundwater for different domains. Many of the observed
management responses throughout history can be classified as ‘reactive’. Neverthe-
less ‘pro-active’ steps in groundwater management (not triggered by what actually
happened, but anticipating on what may happen) have also been encountered. The
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Box 2.2: Groundwater management stages

Countries (or areas within countries) have different groundwater resources devel-
opment and management stories, but their evolution can generally be categorized
in three stages:

e Pre-management stage — with groundwater being abstracted for local use
without people having any notion that its control, management or protection
were possible or desirable.

e Initial management stage — in response to emerging problems, steps towards
management or protection are taken, according to the problems on an
essentially ‘single-issue oriented’ basis.

e Advanced management stage — some countries have subsequently moved
towards more comprehensive and integrated approaches to groundwater
administration and protection.

Source: Global Diagnostic on Groundwater Governance, 2016

proactive approach is often motivated by bad experiences in the past and requires a
good understanding of the relevant groundwater-related processes, mechanism and
interdependencies in the local context. The Netherlands and its long tradition of water
management (both surface and groundwater) can serve as a good illustration. Pri-
marily driven by increasing water demands since the late 19th century, groundwater
management and governance interventions took place over time. Management and
governance alternated in reactive and proactive approaches within the constraints of
competing users and a shallow aquifer environment that is vulnerable to groundwater
level decline and salinization.

For each other country or region, the type of response to its specific groundwater
issues depends in general on their management stage (Box 2.2), which includes —among
others — the technical and administrative capacity available to react or anticipate on
stresses. The following paragraphs present a selection of ‘main’ challenges observed in
groundwater management, often presented in relation to a specific local context.

2.3.1 Promoting groundwater use for public water supply

Outbreak of water-borne diseases, famine, water constrained agriculture, needs for
stimulating rural economic development, and lack of safe drinking water supplies are
among the main factors that stimulated the beneficial use of groundwater resources
since the 19th century. Notably, the outbreaks of water-borne diseases such as the
cholera in Europe in the early 19th century triggered the use of groundwater instead
of surface water as a safer source of drinking water.

The Indian sub-continent suffered from many famines throughout its history; some
90 famines in 2,500 years of history (Murton, 2000). In addition, poor service delivery
from public water supply systems acted as pressure and stimulated many farmers, and
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rural and urban households to organize their own private supply, contributing to the
remarkable expansion of groundwater use of the last five decades (World Bank, 2010).
This change in roles triggered groundwater resources development programs aiming to
support the agricultural sector in countering food scarcity and to improve poor public
supply services. During the last 50 years, these programs in India brought along a
huge infrastructure for groundwater abstraction and distribution: the construction of
millions of wells. The programs also introduced management practices and governance
provisions such as technical assistance, training, energy subsidies, budget allocations,
political support and programs for international cooperation.

2.3.2 Control of declining groundwater levels

Since the early 20th century many cases of groundwater level decline have been
observed. Increasing exploitation often has resulted in lowering groundwater levels
and loss of artesian pressure, with as consequence higher energy requirements to bring
groundwater to the surface. Aquifer degradation (storage depletion, exhaustion, salin-
ization due to sea water intrusion,) within areas of intensive groundwater abstraction
is an associated change of state (Fig. 2.1), as well as environmental impacts such as
land subsidence and drying up of springs and wetlands.

The evolution of groundwater abstraction in selected countries (Fig. 2.3) illustrates
the boom in groundwater development during the second half of the 20th century; with
India, U.S.A. and China as the major abstractors followed by countries like Pakistan,
Iran and Mexico. The strong increase in ground water abstraction is largely the result
of numerous individual and collective initiatives (farmers and decision makers) with-
out centralized planning or coordination for many decades. Access to modern well
drilling and pump technology has triggered and catalysed intensive ‘wild cat’ ground-
water exploitation in many parts of the world. The ultimate negative impacts caused by
the lowering of groundwater levels are the depletion of exploitable groundwater vol-
umes, both from renewable and non-renewable aquifers, and the irreversible impacts
on ecosystems and the environment in general. It should be noticed, however, that
several countries (in particular the wealthier industrialized countries) have become
successful in controlling groundwater abstraction and thus in reducing or eliminating
groundwater level declines and their negative impacts.

In many of the water-poor (semi-)arid zones around the world there has been
a lack of adequate governance to control groundwater level declines in renewable
and non-renewable aquifers. Monitoring the groundwater quality, groundwater lev-
els and the volumes abstracted, which forms the basis of groundwater management, is
absent in most Arab countries (Al-Zubari, 2013). Required management interventions
have not been implemented, notably because of water rights, political preferences,
lack of awareness, ignorance, and stakeholder opposition. Only in a few parts of
the (semi-)arid zones, groundwater management practices have developed, including
licensing groundwater abstractions, providing incentives for desired behaviour (subsi-
dies, power supply, etc.) and managed aquifer recharge (MAR). Among the successful
examples of the Middle East region are the recharge dams, among others in Israel,
Jordan and Oman. These dams intercept and retain flash floods produced by erratic
rainfall in order to enhance groundwater recharge and at the same time to reduce dam-
age caused by flooding. This type of water conservation scheme, using intermittent
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Figure 2.3 Evolution of groundwater abstraction in selected countries.

flood regimes of wadis, may well contribute to the alleviation of water scarcity in
many arid and semi-arid regions of the world (Petry et al., 1998).

Groundwater level declines in fossil aquifers are certainly more critical because of
their irreversible character. Aquifer systems with recognized non-renewable resources,
where significant groundwater mining has taken place, are located principally in North
Africa and the Arabian Peninsula (Foster & Loucks, 2006) (Fig. 2.4). These aquifers
have been exploited in an unplanned manner and with uncertain trajectory, which
threatens the future availability of groundwater for the socio-economic development
of the region. In contrast to inactivity elsewhere, impressive efforts have been made to
reduce the rate of decline of groundwater levels of the Australian Great Artesian Basin.
The Great Artesian Basin Sustainability Initiative (GABSI), that involves the participa-
tion of Australian state and territory governments as well as landholders, has proven to
be effective and successful in this respect. Its technical components include the rehabil-
itation of uncontrolled artesian bores and replacement of open earthen bore drains by
piped water reticulation systems (MSK, 2013; GAB Coordinating Committee, 2017;
Queensland Government, 2017).

2.3.3 Land reclamation and water-logging

In the coastal lowlands of The Netherlands, land reclamation has taken place since
about 900 AD. Artificial drainage of peat marshes between 900 AD to 1500 AD
resulted in new agriculture land, but at the same time it caused new impacts such as
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Figure 2.4 Large scale use of fossil groundwater for irrigation in arid regions (Source: Axelspace
Corporation).

land subsidence and increasing problems with the evacuation of excess water. In the
15th century, the innovative development of the windmill, which lifted and discharged
water, helped to successfully combat this problem. Moreover, the windmill made pos-
sible the reclamation of lakes and sea embayments. This latter type of expensive land
reclamation was stimulated by rich merchants in the prosperous cities, looking for
profitable investments. Over time, roughly 600,000 hectares have been reclaimed in
The Netherlands (Van de Ven, 1993; NHYV, 1998) (Fig. 2.5).

The reclamation of land worldwide has taken place particularly in low-lands adja-
cent to the ocean, river beds or lake beds. Examples can be found in many parts of the
world, including China, Canada, and South Korea among others (Xue et al., 2016;
Glaeser et al., 2016; Lee et al., 2014). Lack of adequate groundwater drainage in those
shallow-water-table areas can result in water-logging.

Flooding and associated water-logging is part of life in countries like Egypt,
India and Bangladesh, located on the extensive flood plains of major rivers. This
includes many urban areas of Bangladesh without adequate drainage, leaving the areas
inundated for days (Anisha & Hossain, 2014).

2.3.4 Control of saline/brackish water intrusion

Intensive exploitation of many coastal aquifers around the world has caused deteriora-
tion of groundwater quality due to saline/brackish water intrusion. Sea-water intrusion
into aquifers hydraulically connected to the sea and the up-coning of salt water in
aquifers with underlying saline/brackish groundwater have been studied since the late-
19th century. In Bahrain for instance, the heavy reliance on groundwater and excessive
abstraction rates since the 1970s has caused the loss of most of the fresh groundwater
reserves due to salinization (Al-Zubari, 2013). Adequate control of abstraction, arti-
ficial recharge, and hydraulic or physical barriers (underground dams) are among the
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Figure 2.5 Overview of land reclamation in The Netherlands over time (Source: Nederlandse
Hydrologische Vereniging).

management responses that might stop or reverse the intrusion. A successful example
of reversing the depletion is found in The Netherlands, where since the 1940s artificial
recharge takes place in the dune areas as a means to reduce up-coning of saline water
and to use the aquifer for groundwater storage. Initially, open recharge systems such
as basins, ponds and canals were used (Fig. 2.6), but since 1990 also injection wells
have been applied (Margat & Van der Gun, 2013).

Another successful application of artificial recharge is the use of hydrodynamic
barriers in the Central and West Coast Basins of Los Angeles, California. Between the
1950s and 1960s the L.A. Flood Control District implemented three barrier projects,
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Figure 2.6 Artificial recharge in the North Sea coastal dune areas of The Netherlands (Source: The
Water Channel).

together stretching over 17 km length, including 290 injection wells and 773 obser-
vation wells. These barrier projects have been adequately protecting the freshwater
aquifers of Los Angeles for over 50 years (Johnson, 2007; Barlow and Reichard, 2010).
More recently, artificial recharge systems have been constructed in the Lower Llobre-
gat aquifers in Barcelona, Spain (Martin-Alonso, 2016). These systems are used to
increase the water reserves, improve the water quality, and to act as hydraulic barriers
against sea water intrusion.

2.3.5 Pollution and pollution control

Pollution and pollution control is perceived as one of the main groundwater manage-
ment issues in many industrialized countries around the world. Apart from current
pollution threats, many countries experience widespread and serious groundwater
quality impairment from the legacy of industrial and mining contamination in the
past (Global Diagnostic on Groundwater Governance, 2016). Groundwater quality
has been degraded and is at risk of being degraded by a large variety of anthropogenic
pollution types.

Arsenic contamination of groundwater occurs where high natural concentrations
of arsenic in deeper parts of the aquifers have been reached by excessive extraction
and depletion. A recent example is the Indo-Gangetic Basin in India. Groundwa-
ter abstraction from the transboundary Indo-Gangetic Basin comprises 25% of the
global groundwater withdrawals, sustaining agricultural productivity in Pakistan,
India, Nepal and Bangladesh. Excessive abstraction has meanwhile caused 60% of
the aquifer to become unsuitable for drinking purposes due to high levels of salinity
and arsenic (MacDonald et al., 2016).
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Figure 2.7 VVell field protection zone in the Netherlands showing a telephone number to be called to
report any detected case of pollution (Photo: Jac van der Gun).

Well field protection is the restriction on activities which generate or apply pol-
luting materials in zones of a water supply catchment close to a well field. Control
is often executed by delineating ‘protection zones’ (Schmoll et al., 2006) (Fig. 2.7).
These zones are delineated by various distances between potential sources of pol-
lution and the point of abstraction. These distances correspond to different ranges
of groundwater travel time between the pollution source and the object to be pro-
tected. Unfortunately, protection zones are not applied in all countries (Bannerman,
2000). The extent to which the protection zones are monitored and the correspond-
ing restrictions are enforced depends on the management stage of the country and the
environmental policy frameworks (if available).

The problem of diffuse pollution has been a concern since the mid-20th cen-
tury with the increase in agricultural activity and the use of pesticides and fertilizers.
Steps forward in control are usually triggered by accidents or detection of previously
unknown subsurface pollution. Urban development, forestry and land use practices,
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atmospheric deposition, industry, modern transport and rural dwellings can also be
the origin of serious contamination (EEA, 2007).

Point-source pollution control has often been triggered by accidents or by detection
of previously unknown subsurface pollution. The Lekkerkerk pollution case in The
Netherlands is a good example. New residential quarters were built in the late 1960s
and early 1970s on former agricultural land where ditches had been filled with domestic
and industrial waste. Soil pollution (by aromatic hydrocarbons) was discovered after
almost a decade (1979). Consequently, remediation works began in 1980, starting
with the evacuation of the area. Subsurface remediation and decontamination involved
dig-and-dump of large volumes of soil, and pump-and-treatment of the groundwater,
which became a very expensive process. This was the beginning of a country-wide
inventory and investigation of the numerous waste dumps and landfills, resulting in
a variety of measures, like dig-and-dump, site isolation, and in situ remediation by
stimulated microbial degradation and purification processes. These activities are still
going on.

Anthropogenic underground activities polluting groundwater such as oil and gas
extraction, mining, subsurface storage, etc., must be controlled to minimize their neg-
ative impact on groundwater. In practice this is often not directly within the mandate
and power of groundwater management agencies, thus this requires strong coordina-
tion and enforcement by higher government institutions. However, failing to comply
with the rules is often not sanctioned because of the influential power of the industries
involved. Thanks to the increasingly critical attitude of the general public regarding
environmental topics (opposition to fracking, CO, storage, storage of nuclear waste,
etc.) the pressure to monitor and sanction non-compliance in these sectors is becom-
ing gradually stronger. As a result, many companies’ Corporate Social Responsibility
(CSR) statements include environmental protection, showing a change from reactive
to pro-active attitudes.

2.4 TRENDS AND DIVERSITY IN GROUNDWATER GOVERNANCE

The next four paragraphs are arranged under the four basic components of ground-
water governance: (i) data, information and knowledge; (ii) actors; (iii) legal and
institutional frameworks; and (iv) policies (Global Diagnostic on Groundwater Gover-
nance, 2016). They are followed by paragraphs on additional groundwater governance
aspects.

2.4.1 Data, information and knowledge

The statement ‘If you cannot measure it, you cannot manage it, and thus cannot gov-
ern it’ is of special relevance within groundwater governance due to the hidden nature
of the resource. The acquisition of scientific data and knowledge since the industrial
revolution helped to base groundwater management systems on scientific knowledge
rather than on tradition, superstition or customary law. In recent times, an impressive
amount of information and knowledge has been accumulated, especially since the mid-
dle of the twentieth century. Numerous hydrogeological maps are available at different
scales for a large number of countries (or parts of countries), for continents and even



Emergence and evolution of groundwater management and governance 45

for the entire world (Global Diagnostic on Groundwater Governance, 2016). How-
ever, there is still more to be done. In developing countries, the information is limited
and basic data is missing in many regions. Observed deficiencies include the scarcity of
data in general and the lack of uniformity and synchronization of the data and thus an
inherent poor quality of the processed information. There is notably a lack of ground-
water monitoring data, which implies that changes in groundwater conditions are very
poorly known, precluding rational and efficient actions to exploit, manage and pro-
tect the groundwater resources properly (Van der Gun, 2007). This deficit of data,
information and knowledge is partly due to the lack of financial resources and partly
due to policy makers not recognizing the urgency of groundwater resources assess-
ment and monitoring. This translates into a lack of triggers for adequate groundwater
management and governance responses, leading to only few management actions and
governance provisions; reducing the flow of the cyclic process illustrated in the DPSIR
framework (Fig. 2.1). In addition to the deficit of data, in many countries in a pre- and
initial management stage, the lack of sufficient scientific knowledge in general, and
a lack of understanding the nature of groundwater has been one of the big gaps that
need to be bridged to achieve adequate groundwater governance.

The progress in data acquisition through satellite-based monitoring and other
remote sensing techniques has proven to be very helpful in reducing this gap. Recent
projects like the Gravity Recovery and Climate Experiment (GRACE), have made
it possible to assess groundwater storage variations in some of the world’s major
aquifer systems via satellites — highlighting the trend towards using innovative tech-
niques in support of hydrogeological investigations. Global simulation models linking
the terrestrial and atmospheric components of the hydrological cycle contribute to
this goal as well. A limitation of these programs and models is that their applicabil-
ity to management and governance at a local level is hampered by their low spatial
resolution.

During the last decades several programs and organizations have emerged based on
the idea of exchanging, sharing, compiling and analysing area-specific information on
groundwater, as a contribution to the dissemination of knowledge, e.g. the World-wide
Hydrogeological Mapping and Assessment Programme (WHYMAP), the International
Groundwater Resources Assessment Centre (IGRAC), the Groundwater Manage-
ment Advisory Team (GW-MATE), the International Waters Learning Exchange and
Resource Network (IWLEARN), and the Internationally Shared Aquifers Resources
Management Programme (ISARM). The contribution of these programs and organi-
zations to knowledge on groundwater has been of great importance. However, outside
the community of hydrologists and hydrogeologists, general knowledge and public
awareness about groundwater systems is still rather limited.

Groundwater is often not yet sufficiently prominent on the national water agenda
and in international budgets, while decision-makers lack vision to make proper deci-
sions on water and the general public fails to adopt water-friendly behaviour (Van
der Gun, 2007). Efforts have been made worldwide to raise public awareness. Addi-
tionally, there have been training and education programs on groundwater resources
conservation, its potential benefits, and the spread of knowledge on how to explore,
develop and use them properly. However, this knowledge stills need to be put into
practice worldwide to help achieve adequate management and governance of the
resource.
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Figure 2.8 Stakeholder involvement and interaction among groundwater actors (Source: Watershed
Organization Trust WOTR).

2.4.2 Actors and their roles

The number of actors and their roles has seen an increase over time with the evolution
of groundwater resource governance and the development of interlinkages with other
environmental and human sectors. Water is no longer the almost exclusive domain
of hydrogeologists and engineers; as the knowledge and awareness of groundwater
increase, its importance reaches other professions. Over the last decades, groundwater
has also received a good deal of attention from economists, sociologists, ecologists,
climatologists, lawyers, institutional experts, communication specialists and others
(Van der Gun, 2012).

The 19th and 20th century saw the tendency in many countries to shift from
traditional instruments and informal institutions, such as customary law, towards
formal institutions and special groundwater legislation. In countries where ground-
water resources are public or state owned, government organizations have taken or
should take the lead (regardless of their capacity or performance) as the main actor.
The increasing pressures, and sometimes the inadequate management performance
of governmental agencies, have paved the road for community organizations, non-
governmental organizations and sometimes the private sector to become important
actors within the groundwater governance of their region or country. Less authoritar-
ian governments (as compared with those in previous centuries) have also supported
and stimulated the role of stakeholders. Stakeholders are no longer exclusively users
or consumers; often, they also have the opportunity to play a distinctive role in the
management and governance of their groundwater. They thus may play an important
role in putting pressure on governments in policy-making and the implementation of
management plans (Fig. 2.8).
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In some areas, farmers have expanded their roles from users and/or potential
polluters to become also pressure groups, sometimes very well organized and politically
strong. There are cases in which big industries besides being potential polluters and
exploiters, become also collaborators in the development of groundwater projects e.g.
the Itawa Springs project in Zambia supported by Zambian breweries; and Pepsico
in India replenishing and conserving groundwater resources. Some municipalities or
local authorities, apart from being sometimes owners of water companies, are at the
present also key players in transmitting needs and opinions among stakeholders and
decision-makers on practical policies. Several NGOs, in addition to performing their
ordinary tasks and monitoring the effectiveness of management, have increased their
impact as pressure groups when they are well linked to the media.

The evolution of stakeholder involvement has diversified their role. The complex-
ity inherent to their large number and diversity, as well as the fact that their interests
may be partly conflicting, explain why smooth and balanced cooperation in ground-
water governance has not automatically been forthcoming, but has to be orchestrated
(Global Diagnostic on Groundwater Governance, 2016). Evidently, the specific level of
participation and the effectiveness of the roles and responsibilities of the stakeholders
depend on their capacity, level of awareness, funding, and the socio-political landscape
of the country or region.

2.4.3 Legal and institutional frameworks

The diversity of legal and institutional frameworks around the world reflects the cur-
rent and historical political ideologies, economic frameworks, and cultural settings of
each country and region around the world. The remnants of customary law applied
for many centuries are still present in several regions of the world (especially in rural
areas of developing countries), but the tendency is to replace it with formal legislation.
Formal or ‘modern’ legislation on groundwater has been adopted now in almost all
countries, with occasional redefinitions of the laws in order to adapt to the explosive
growth of unregulated groundwater use and to current views on ownership and user
rights (Global Diagnostic on Groundwater Governance, 2016). The legal framework
of rights and obligations are normally dictated by hydrogeological and socio-economic
constraints. Two basic doctrines can be distinguished within this domain. (1) The doc-
trine of absolute property, where groundwater is the property of the owner of the
overlying land. (2) The doctrine of beneficial use, where groundwater is state or public
property, but individual organizations can be granted the right of reasonable benefi-
cial use. Absolute ownership normally adheres to groundwater in areas with abundant
groundwater resources or in situations of limited use, whereas beneficial use is dom-
inant in areas with limited resources or high exploitation rates. Both doctrines have
in the course of time been evolved with a variety of restricting regulations to pro-
tect the aquifer against depletion or pollution and/or protect other competing users
of the same aquifer (see Box 2.3). These regulation measures are normally executed
through licenses and permits and often include the obligation of monitoring the effects
of exploitation. Modern legislation however, is not necessarily optimal or sufficient.
Many countries of the world lack the capacity, financing, political will or political
power to implement and enforce formal legislation and its different instruments; it
requires continuous efforts, a great deal of money and strong and capable institutions.
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Box 2.3: Evolution of ‘modern’ groundwater legislation in The Netherlands

The Netherlands did not develop special regulations with respect to groundwa-
ter until the mid-20th century. Before that time, every landowner could sink a
well and extract water as long as no damage was done to the property of oth-
ers. Limitations for the exploitation of groundwater were thus set by private
law. This posed a problem to water supply- companies who could never be sure
of continuity. Therefore, the Groundwater Act Water Supply was enacted in
1954. From then on drinking-water companies needed a license for any abstrac-
tion, specifying conditions and damage compensation; groundwater abstractions
by others, however, were not authorized under this law. In 1981 an overall
Groundwater Act became effective for all abstractions and all activities related
to infiltration and groundwater recharge. According to this law, the provinces
are the authorities responsible for permission, registration and reporting. Quality
aspects are mainly related to protection of recharge areas. Other groundwater-
quality issues are dealt with in the Soil Protection Act of 1987, which includes
regulations for prevention of subsurface pollution and for remediation of con-
taminated soils. Within this legislation, the provinces are obliged to set up and
maintain a groundwater monitoring and management plan.

Source: Dufour, 2000

At the international level, regional and international legislations such as the European
Water Framework Directive (WFD) and the UNECE International Water Convention
on Transboundary Watercourses and Lakes are landmarks in promoting improved
governance of groundwater and showing how to achieve adequate legislation at an
international level.

2.4.4 Policy and planning

Currently, not all countries have dedicated policies on groundwater, but those that do,
show a broad diversity in focus, scope, type, degree of detail and other characteristics.
The origin or driver of this diversity lies not only in different country-specific physical,
cultural, socio-economic and political conditions but also in the differences in the stage
of advancement of groundwater management and governance (Chaisemartin, 2017).
Compared to laws, policies are easier to modify and/or update in a short period of
time in response to changing preferences and goals, and to feedback from the field
(learning processes). Set-backs may be observed when changes of parties in power
occur, bringing new policies and plans according to the new ideologies of their par-
ties. The policies in countries in a pre-management stage are focused mainly on the
supply and allocation of groundwater resources and sanitation. Countries in an initial
management stage tend to focus on the control and protection of the resource, act-
ing mainly in a reactive mode and with implementation of principles such as ‘polluter
pays’. Countries in an advanced management stage have applied more comprehensive
and integrated approaches towards groundwater management, taking into considera-
tion other domains and using principles like IWRM and the precautionary principle.
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The later states that uncertainty should not be an excuse to postpone addressing emerg-
ing serious challenges, and it should prevent decision-makers from taking premature
risky decisions. Advanced management is characterized by anticipating on expected
developments and challenges in the future (proactive mode).

2.4.5 From single-issue to integrated groundwater
management and governance

Certainly, Integrated Water Resource Management (IWRM) has been the principle
that brought water/groundwater from being managed within a single sector into the
broad context of sustainability sectors and modern approaches. Historically, we can
go back centuries, if not millennia, to discover forerunners of the present IWRM, for
instance the multi-stakeholder participatory water tribunals of Valencia from approx.
the 10th century, or the ‘falaj’ irrigation systems in Oman from around 2500 BC.
For many centuries, these management practices took place around the world without
being classified and recognized. It was not until 1977 that these classical approaches
themselves received special attention among the international community at the United
Nations Conference on Water in Mar del Plata, with the recommendation to incorpo-
rate the multiple uses of water resources (Rahaman & Varis, 2005). In many countries,
this cross-sectoral approach to water has replaced the traditional, fragmented sectoral
approaches that ignored the interconnection between the various water uses and ser-
vices (Van der Gun, 2012). The degree of implementation of the INRM approach
depends greatly upon the management stage of the country. In countries in a pre- or
initial management stage, an initial step (among many others) is the establishment of
key IWRM institutions such as river basin or catchment organizations at a national
level as well as international level. While in countries in an advanced stage, the focus is
on integrating fully the IWRM approach into their already existing groundwater poli-
cies. The principle is a good representation of conjunctive management and governance
response to a complicated issue such as the adequate use of groundwater resources.

2.4.6 Managing and governing groundwater
across jurisdictional borders

Significant progress has been made on activities regarding transboundary aquifers since
these were put on the international agenda at the end of the twentieth century. The
international aspect of a transboundary aquifer requires a joint management strat-
egy. An informed and sustainable management of shared aquifers asks for adequate
knowledge of its characteristics, present state and trends (IGRAC, 2015). Regional
inventories and studies of transboundary aquifer systems have been conducted under
the umbrella of the United Nations Economic Commission for Europe (UNECE) in
Europe (UNECE, 1999) as well as in the Caucasus, central Asia and south-east Europe
(UNECE, 2009); and under the umbrella of the ISARM Programme in the Americas
(UNESCO, 2008), Africa (UNESCO, 2010a) and Asia (UNESCO, 2010b); (Van der
Gun, 2012). To date, 592 transboundary aquifers have been identified throughout the
world (IGRAC and UNESCO-IHP, 2015). This number is expected to grow as explo-
ration and assessment of transboundary aquifers continues. New aquifers are mapped
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and larger ones are investigated in more detail and subdivided into smaller individual
aquifers.

The UN Draft Articles of the Law on Transboundary Aquifers are a major effort
to appraise the international law in its applicability to transboundary aquifers. The
Draft Articles were elaborated by the United Nations International Law Commis-
sion (UNILC) and formally acknowledged by the United National General Assembly
(UNGA) in 2008. Later (in 2013), the UNGA commended the Draft Articles also for-
mally to States as guidance in the framing of aquifer-specific agreements. The Draft
Articles are therefore not binding and individual countries could use them as guid-
ance for their conduct in transboundary aquifer management (Global Diagnostic on
Groundwater Governance, 2016).

2.4.7 Making linkages with surface water and non-water
policy domains

As stated in paragraph 2.4.2, groundwater management and governance is no longer
an exclusive domain of hydrogeologists and engineers, but is also interlinked with
economists, sociologists, ecologists, climatologists, lawyers, institutional experts, and
communication specialists; among others. Focusing on groundwater certainly does
not imply that groundwater systems are self-contained, or that they can be under-
stood and managed on the basis of hydrogeological information only (Van der Gun,
2012). Groundwater is a component of the hydrological cycle that closely interacts
with the other components at various temporal and spatial levels. In addition, it is
directly and indirectly related to numerous other sectors within a region/country;
agriculture being the most pertinent. The increased acknowledgment of groundwa-
ter broadens the pressures and impacts on other natural or anthropogenic systems,
putting more pressure on adequate responses to achieve a sustainable use of the
resource. Management and use of groundwater has significant impact on health issues
(in relation to safe drinking water and adequate sanitation), socio-economic develop-
ment (mainly in relation to irrigation for agriculture and to industry), protection of
nature and environment (protecting land and aquatic groundwater-dependent ecosys-
tems), land use (water availability is often a limiting factor in decisions on land use),
energy (cooling water for thermal power plants, geothermal energy development),
groundwater use for the exploration and production of oil and gas (injection wells
for fracking and shale gas development), and use of the subsurface space (mining,
and disposal and storage of hazards such as radioactive waste and CO,). Coordinat-
ing groundwater management with other related sectors, taking into account their
interactions, is likely to produce better and safe solutions. However, this increases
complexity and requires significant legal and organizational capacity of the various
lead agencies. Therefore, for most countries, especially countries in a low ground-
water management stage, this is an ambition that can only be fulfilled in a very
modest way.

2.4.8 Global priorities and programmes

Groundwater management and governance has been brought to the international
agenda by different international agencies and global programmes over the last
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decades. Especially since the 1960s, numerous international projects and initiatives
have been carried out in the context of development cooperation and joint projects
between ‘befriended nations’, either in a bilateral or a multilateral setting (Van der
Gun, 2007). Global political commitment for action on the world’s most impor-
tant development issues has been mobilized at the highest levels by Earth Summits
on Sustainable Development, organized by the United Nations (Van der Gun, 2012).
Global targets such as the MDG’s and SDG’s, apart from placing (ground)water into
the international agenda, raise political support and funding, mobilizing all types of
programmes, professionals, public and private sectors, NGO’s, and local groups for
the achievement of these goals. Other initiatives that have proved to be successful in
advancing international cooperation have been UNESCO?’s International Hydrologi-
cal Decade (1965-1974) and its successor the International Hydrological Programme
(IHP), as well as the UN’s International Drinking Water Supply and Sanitation Decade
(1981-1990). United Nations plans such as the Agenda 21, programs like IHP and
intergovernmental bodies as the Intergovernmental Panel on Climate Change (IPCC)
have been outstanding contributors to the development of groundwater science, man-
agement and governance over the last four or five decades. The combination of
all programmes, goals, initiatives, and plans (added to the national initiatives) has
significantly contributed to achieving the current level of groundwater knowledge,
management and governance worldwide.

25 SUMMARY AND CONCLUSIONS

Use of groundwater has been a constant factor in human development. The challenge
throughout recent human history has been to regulate this exploitation with adequate
groundwater management measures and governance. For many centuries, local man-
agement and regulation measures have been developed and effectuated by communities
in diverse parts of the world. These communal based controls were stimulated or trig-
gered by a diversity of needs produced by geographical conditions (including natural
disasters, notably drought), and ideologies and traditions (location-specific context).
In some cases, these early measures were carried out and developed in such an effective
way that they are still functioning, as for instance the ganat systems, and the water
authorities in The Netherlands. Evidently, in pre-industrial times, the utilization and
consumption of groundwater was at a relatively small scale with little impact at
aquifer level.

The industrial revolution triggered major developments (both positive and nega-
tive) in groundwater exploitation and management. The initial groundwater exploita-
tion and management systems during and after the industrial revolution were often
based on the idea of infinite reserves fed by remote sources. These concepts were
based on a lack of proper knowledge and on speculation on the origin and movement
of groundwater, and thus hampered the development of awareness regarding negative
consequences of abstraction, like depletion, environmental degradation, pollution, etc.
It was only after these negative aspects were encountered that management provisions
gradually developed concurrently with advances in scientific and technical knowledge.
This reactive mode became a constant in the approach of groundwater management in
most countries. Constant adaptation of management practices had to be implemented
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to cope with the consequences of increasing demand and the associated problems of
depletion, pollution, and inequitable and inefficient allocation.

The advances in technology and scientific knowledge of the 19th and 20th century
greatly helped to solve quantitative and qualitative groundwater management prob-
lems. Concurrently, governance increasingly became based on legislation, which may
or may not have acknowledged and incorporated traditional or customary law. Thus,
increasing scientific knowledge and level of awareness on groundwater-related issues
during the 20th century led to a better understanding of the scope of groundwater and
its reach in general. The realization that solutions of identified problems could not be
purely technical and that the water issues were linked to other sectors as well, led to
the awareness of governance as a “new” concept, incorporating the expanding scope
of integrated groundwater management to the economic and socio-political aspects.
Evidently, countries with stable economic and socio-political conditions are in a better
position to apply their scientifically based knowledge, to strengthen their institutions,
to recognize the importance and rights of all stakeholders, to endorse legislation, to
adapt to changing conditions and to anticipate to future challenges. This means a
transitioning from of a reactive approach to an advanced management stage based
on a proactive approach. In DPSIR terminology: the emergence and enhancement of
groundwater governance has resulted in more adequate responses to drivers, pressure,
state change and impacts.

The present challenge is to share and implement the advances of the last decades in
a global context, and especially in developing countries. The main problem to overcome
in this process is a lack of capacity to implement the necessary solutions, because
of weak or non-existing institutions to support the developing programs, or simply
because of a lack of awareness of groundwater being the important resource that it is.

In broad terms, groundwater management, governance and awareness show
around the world a positive tendency over time. But it remains a challenge to simul-
taneously cope with the increasing exploitation, pollution, inefficient allocation and
environmental degradation. There are still many locations in the world which lack
coherent governance frameworks, and many others are in need of improvement.
Groundwater management and governance are processes that require constant atten-
tion and adaptation to an ever-changing world. The paramount aim for the future will
be in many countries the transition towards a more advanced stage, coping with the
existing and changing economic, socio-political and climatic conditions..
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ABSTRACT

This chapter looks at how groundwater governance can be framed and analysed from
a social ecological system perspective, which considers the importance of balancing
ecosystem flows, health and functions with socioeconomic well-being in an equitable
manner, while taking into account issues of power and political economy at differ-
ent scales. Under this analytical frame, groundwater systems are perceived as having
inherent properties like resilience, non-linear feedbacks, redundancy, diversity and
modularity composed by human, biophysical and ecological variables and compo-
nents, which are interdependent on each other. The chapter outlines this approach,
its main components as well its main challenges and opportunities to help better
understand groundwater governance.

3.1 INTRODUCTION

This chapter deals with the rationale and governance consequences of understanding
groundwater governance through a social ecological system framework (SES hereafter).
This approach is sometimes neglected in the literature dealing with groundwater gov-
ernance. The aim of this chapter is to stress the main interests and limitations of such
an analytical framework to deal with groundwater governance issues.

One of the main challenges to which groundwater governance is confronted with
is how to balance ecosystem health with socioeconomic goals in an equitable manner.
Since no panaceas exist to solve these challenges (Ostrom, 2007), an integrative systems
approach that tackles the interactions of human and natural variables in each scale
and context can be useful to find the most appropriate governance process to achieve
sustainable outcomes for context specific situations and scales (Barreteau et al., 2016).

Social ecological systems! (SES) are interdependent systems of people and nature,
where humans must be seen as a part of, and not apart from, nature (Berkes et al.,

'Some authors use the terms ‘socio ecological systems’, ‘socio-ecosystems’ or ‘coupled human-
environment systems’.
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2003). SES are complex systems with inherent properties like resilience, non-linear
feedbacks, redundancy, diversity and modularity (Levin et al., 2012), composed by
human, and biophysical variables interdependent on each other. Systems’ thinking is
a way to picture the complexity of ecosystems and societies, understanding how sys-
tems can respond to external disturbances, as well as internal changes — a systems
perspective in which all variables are interconnected. Problems do not emerge isolated
and there are different scales at which challenges need to be tackled. An advantage of
making use of SES conceptual approaches is that they incorporate into their analytical
frame polycentric and/or multi-scalar approaches, although with a heavy emphasis
on the local scale. It provides the framework to relate the human and the ecologi-
cal or biophysical variables that each system contains, acknowledging the different
scales that governance entails and what key variables and components influence the
sustainable or unsustainable outcomes of the governance system. Adopting a social
ecological system framework can provide useful tools to analyse groundwater gover-
nance, acknowledging the potential vulnerability of this SES and stressing the need for
adaptability, robustness and resilience of the institutional arrangements designed to
govern groundwater resources.

The chapter outlines the development and main components of a SES framework,
as well as its main limitations, especially when considering groundwater dependent sys-
tems. Section 3.2 presents a number of related but slightly different approaches closely
linked to the SES framework, namely the key elements in groundwater governance, a
Common Pool Resource (CPR) collective action approach, the co-evolutionary devel-
opment model of (informal) groundwater economies, the role of power relationships
and finally an ecosystems and resilience approach. The third section then goes into
details on the key defining components for a SES analytical framework (namely social,
economic and political settings, actors, resource units and systems and governance
systems), as well as the key performance criteria for a robust SES. The fourth sec-
tion then critically analyses how the SES framework could be combined with other
approaches that could overcome some of its analytical shortcomings. The final section
concludes on the main added value of using a SES framework to analyse groundwater
governance, as well as on its limitations.

3.2 GOVERNING GROUNDWATER RESOURCES:
EMPIRICAL CHALLENGES AND THEORETICAL
APPROACHES

Groundwater is not merely water stored underground. Groundwater bodies or aquifers
are biophysical systems with particular flow dynamics, which can be connected to
a river basin or to other ecosystems such as wetlands, where use is subjected to
social, political and economic drivers. However, while groundwater intensive use
is on the rise globally, groundwater governance is often lagging behind. Generally
speaking, groundwater governance comprises the enabling framework and guiding
principles for collective management of groundwater for sustainability, equity and
efficiency (Groundwater Governance project, 2016a: 7). According to Ross (2016:
146), Groundwater governance is defined as the system of formal and informal rules,
rule-making systems and actor networks at all levels of society that are set up to



Understanding groundwater governance through a social ecological system framework 57

Table 3.1 Lessons learned from case studies across key governance elements.

Governance Elements Lessons Learned
Institutional Governing is often a thankless task, yet it requires popularity
Setting Legislation does not always translate into implementation

Conflict resolution is central to groundwater governance
Sufficient funding is of the utmost significance for governance

Availability and Natural systems, social systems, and institutions all have been understudied
Access to Information  and would benefit greatly from additional research
and Science Trust is a necessary element for all research
Urbanized landscapes are critical components of groundwater governance
Robustness of Equity is an essential ingredient of groundwater governance
Civil Society Community-based governance requires deliberate, purposeful intention
Leaders can unite stakeholders
Economic and Economic incentives can be effective, but may sometimes yield unintended,
Regulatory even opposite results
Frameworks “Indirect” management approaches may be suitable in certain settings,

but they should be used cautiously
The effectiveness economic incentives as use-control mechanisms depends
greatly on the system employed

[Source:Varady et al., 2016: 16]

steer societies towards the control, protection and socially acceptable utilization of
groundwater resources and aquifer systems.

In addition to these definitions, a recent analysis of ten case studies of groundwater
governance across the globe (Varady et al., 2016) stressed the importance of four cross-
cutting governance issues (see Table 3.1). These four elements are: (1) the institutional
settings; (2) availability of and access to information and scientific knowledge; (3) civil
society and its robustness; and (4) the economic and regulatory frameworks. Despite
acknowledging that contextual factors are crucial to determine and shape groundwater
governance processes and path dependencies, these authors argue that all groundwater
governance approaches will entail the four mentioned elements.

These governance elements put particular emphasis on the regulatory framework
and institutional settings for groundwater management, as well as on the collective
action processes driven by groundwater users and civil society at large.

The above-mentioned elements are central, but the literature on groundwater gov-
ernance has also been enriched over the past decades thanks to the work on three
distinct approaches (Faysse and Petit, 2012), and a fourth emergent one: i) the study
of groundwater governance as collective action initiated by E. Ostrom (1990), ii) the
analysis made by T. Shah (2009) on informal groundwater economies and iii) the work
of A. Prakash (2005), A. Mukherji (2006) and T. Birkenholtz (2009) drawing on polit-
ical ecology, and finally iv) an ecosystem services and resilience approach which has
recently come to the fore (CGIAR, 2015; Kniippe and Pahl-Wostl, 2011; Kniippe et al.,
2015; Custodio et al., 2016).

The first approach considers groundwater resources as common pool resources
(CPRs) subject to overexploitation when rules for managing these resources are not
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Figure 3.1 Type of goods. Modified from Ostrom (2005).

established and enforced (Ostrom, 1990). Common pool resources are defined by their
high subtractability and low excludability. Subtractability by one user limits availability
to others?, and given the nature of CPRs, it remains difficult to exclude potential users
from the access to the resource (see Figure 3.1).

Institutional analysts argue that in the case of groundwater governance the emer-
gence of collective action can offer a realistic management model for this particular
type of resource, and thus avoid the tragedy of the commons (Blomquist, 1992). The
Groundwater Governance project (2016b) also highlights the need to support and rec-
ognize groundwater stakeholders’ organizations. The nature of groundwater as a CPR
therefore poses critical and specific governance challenges. These challenges draw from
the ease of access and difficulty in excluding users (or closing the resource to new users),
and the fact that the appropriation by one user will affect other users. Good examples
are the difficulties that regulators face to quantify groundwater use or enforce regula-
tion compliance (De Stefano and Lépez-Gunn, 2012), and the effect that the intensive
use of one pumper can have over the groundwater table of another pumper’s well, not
realizing about this externality (Shah, 1993). In addition, important inherent resource
qualities (low upstart costs, on site availability, resilience to droughts, etc.), combined
with increased uncertainty due to climate variability and change, make groundwater
an attractive resource.

This attribute of groundwater as a CPR has implications on its use, management,
and governance. Decisions triggered by self-interest increase the resource consump-
tion, regardless of the social and environmental consequences unwanted by the group
as a whole. When cooperation does not take place, we say we face a ‘CPR social

2Moreover, one important governance challenge is the slow response of aquifer to external
impacts as a result of which users/managers tend to ignore the impact of subtractability that will
not become apparent at least in a few years’ scale.
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dilemma’. However, it has been shown that users can cooperate for the governance
of the resources and thus avoid such a social dilemma (Ostrom 1990). Users can
self-organize and regulate to share the resource, taking initiative on collective action.
This alternative is based on cooperation and self-regulation by users, cooperating as
well with regulatory agencies if they exist, as in the Spanish case (Lépez-Gunn, 2003;
Lopez-Gunn and Martinez Cortina, 2006; Rica et al., 2014). It is based on different
activities, such as negotiating that abstractions are done according to shared priori-
ties and are consistent with groundwater availability, especially when the operation is
adversely affecting groundwater levels, river flows, groundwater-dependent wetlands
or water quality, as it is increasingly frequently found in coastal areas.

The second approach by contrast, looks at the co-evolution of governance models
associated with informal groundwater economies and links to the resource type base
(type of aquifer). The analysis of groundwater governance developed by T. Shah (2009)
starts from groundwater use at farm level. He then looks at the economic impacts cre-
ated by the agricultural groundwater use at regional level and studies the co-evolution
of groundwater resources levels with the development of groundwater economies.
Shah’s main focus is on groundwater economies in South Asia, where a variety of tra-
jectories can be identified — the key element explaining these various trajectories is the
aquifer types (hard rock aquifers, versus alluvial aquifers for instance).

According to Shah, the informal use of groundwater resources by thousands of
individual farmers makes it difficult to control and limit groundwater use (through pub-
lic or through community-level initiatives). Thus, groundwater governance is mainly
limited to pragmatic solutions depending on the type of aquifers. For instance, ground-
water governance can focus on the improvement in water availability (i.e., groundwater
recharge programs in hard rock aquifers) or on indirect demand management measures
like e.g. energy pumping costs, to act on groundwater use in alluvial aquifers. In this
context, T. Shah is very skeptical about the possibilities to adapt the Integrated Water
Resources Management (IWRM) toolbox in South Asia, simply because three impor-
tant pillars of IWRM (water law, policy and administration) are currently lacking.

The third approach stresses the importance of power relationships between the
actors dependent on groundwater resources. This approach draws on the works of
political ecology to analyse the intensive use of aquifers for irrigation. The diversity of
actors, power relationships and constitution of coalitions between actors is analysed.
The design of groundwater governance mechanisms is also analysed, in order to under-
stand how these mechanisms are legitimised, implemented and sometimes contested.
The inequalities in access to groundwater and the differentiations between farms are
then discussed. The analyses performed by the authors belonging to this third approach
(Prakash, 2005; Mukherji, 2006; Birkenholtz, 2009) led to a general critique of top-
down policies to regulate groundwater access and use, and to developing a plea for
the establishment of bottom-up institutions, which could be better able to take into
account the lot of the poorest and marginalized farmers.

The fourth approach is looking at groundwater from an ecosystem services and
human well-being perspective. Here the emphasis lies on the functions provided by
groundwater systems, the associated ecosystem services and the resilience of ground-
water systems to continue to provide these services when faced with e.g. intense use
or even groundwater mining (Kniippe and Pahl-Wostl, 2011; CGIAR, 2015; Kniippe
et al., 2015; Custodio et al., 2016).
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Table 3.2 Four approaches to groundwater governance.

Approach and Key authors Main features

CPR/collective action Groundwater as a Common pool resource (subtractability and
(Ostrom; Bloomington School)  non-exclusion); self-governing rules to avoid social dilemmas;
Evolution of (Informal) Co-evolution of governance modes and aquifer characteristics;
groundwater economies (Shah)  role of informal institutions vis-a-vis formal institutions

The Political ecology of Importance of political ecology- power relationships as
groundwater (Mukheriji) determinant factors, equity/inequity of access and use

An Ecosystem services and Emphasis on ecosystem functions and services, system approach
resilience approach to ground-  to groundwater systems resilience, human well-being and

water systems (Kniippe) groundwater dependent ecosystems

Interestingly, even if the epistemological foundations of the various approaches
presented here are rather different, Faysse and Petit (2012: 113) argue, concerning the
first three approaches, that studying the resilience of a groundwater territory, defined
as a social ecological system, and assessing the adaptive nature of the governance
processes implemented, is one of the issues that would probably benefit from a cross-
reading of the authors studied here. Frameworks to analyze groundwater governance
can be enriched integrating different Social Ecological Systems related approaches.
Table 3.2 summarises the main features of these four approaches.

3.3 GROUNDWATER GOVERNANCE THROUGH
A SOCIAL ECOLOGICAL LENS

Even if the four theoretical approaches presented in the previous section have method-
ological frameworks globally compatible with Social Ecological Systems (SES), the
mostly used — though not perfect — frame of analysis can be found in the adaptation
of the Institutional Analysis and Development (IAD) framework developed since the
mid-1980’s by the Bloomington school (Kiser and Ostrom, 1982; Oakerson, 1992),
which has experienced interesting complements when E. Ostrom started to work with
several leading figures of the resilience alliance® (McGinnis and Ostrom, 2014).

In this perspective, SES can be understood as complex adaptive systems, in which
the components, and the structure of interactions between them, adapt over time to
internal and external disturbances (Anderies et al., 2004). When analysing SES, certain
key components can be identified (see Figure 3.2): actors related to the resource, the
governance systems, and resource systems and units. This approach acknowledges the
role of the social, economic and political settings, as well as the related ecosystems
attributes. All these variables influence the “action situation”, where actors interact
with each other and jointly influence outcomes that are differentially valued by those
actors (McGinnis and Ostrom, 2014).

Shttps://www.resalliance.org/
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Figure 3.2 SES framework, with multiple components and interactions at different scales. Source:
McGinnis and Ostrom (2014).

Though SES approaches are not a panacea for groundwater governance, some
authors have claimed that the SES conceptual paradigm can provide a powerful ana-
lytical framework for the governance of natural resources (Ostrom, 2007). According
to McGinnis and Ostrom (2014), “A framework provides the basic vocabulary of
concepts and terms that may be used to construct the kinds of causal explanations
expected of a theory. Frameworks organize diagnostic, descriptive, and prescriptive
inquiry. A theory posits specific causal relationships among core variables. In contrast,
a model constitutes a more detailed manifestation of a general theoretical explanation
in terms of the functional relationships among independent and dependent variables
important in a particular setting. Just as different models can be used to represent
different aspects of a given theory, different theoretical explanations can be built
upon the foundation of a common conceptual framework”. The SES framework has
helped facilitate: (1) increased recognition of the dependence of humans on ecosys-
tems; (2) improved collaboration across disciplines, and between science and society;
(3) increased methodological pluralism leading to improved systems understanding;
and (4) major policy frameworks that now incorporate social-ecological interactions
(Fischer et al., 2015).

3.3.1 Main components of the SES framework: settings, actors,
governance systems and resource systems and units

The SES framework promoted by the Bloomington school provides a multi-tiered set
of variables, with the option to play and combine different subcomponents of each
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system component, to take into account different scales (See Figure 3.2). Thus there
are different variables that can influence an outcome. Although we already stated that
there are different frameworks, the SES framework developed by Ostrom is one of the
most commonly applied, and its holistic, integrated and multidisciplinary character
offers lessons worth taking into account.

Using a SES approach to groundwater governance can be useful to acknowledge
the complexity of the interactions between groundwater use and society. Different
factors, internal and external to the system and the set of direct actors, are influenc-
ing the way groundwater is used and managed, and the decisions taken at various
scales. We can frame groundwater dependent systems or territories as SES to better
understand their intrinsic complexity and allow adaptive governance processes. The
following sub-sections explain these different main components of the SES analytical
framework.

3.3.1.1 Social, economic and political settings

This important set of variables may operate at larger scales or levels and involve other
actors outside the ‘groundwater territory’. Variables include issues related to economic
development and economic sectors, demographic dynamics, political trends and stabil-
ity, governance and governmental frameworks, policies and compliance, such as land
use and agriculture trends and policies, infrastructure and technological development,
market influence, media interest on social or environmental issues. These variables
may apply at the local, regional, national or even at international levels.

3.3.1.2 Actors

Resource users must decide whether it is worthwhile engaging in a collective process
to address the problems they are confronted with, given the associated transaction
costs (Lopez-Gunn and Martinez-Cortina, 2006) and when incentives of engagement
can take a long time. The same users can decide to self-organize in order to share the
resource, taking the initiative of the collective action and collectively crafting rules
concerning resource use. On the other hand, authorities like e.g. central government
or development agencies can incentivize the creation of user associations, like the
Spanish case where certain Groundwater User Associations were created top down as
a measure to avoid intensive groundwater use. However, evidence on the slow and
rare emergence of Groundwater User Associations in Spain highlights that these “top-
down” measures did not have the expected success, and conflictive issues such as water
rights regulation were not solved (Rica et al., 2012). Hence, top-down approaches are
not guaranteed to succeed in the long run, as observed in the case of Andhra Pradesh
Community Groundwater Management (AP CGM) initiated by World Bank, FAO
and other partners. While AP CGM was successful in mobilizing the local community
and creating institutional mechanisms to govern groundwater resources in a demo-
cratic manner, a recent visit by one of the authors found that external drivers such as
drought and increasing water demand had resulted in relatively less active groundwater
management communities than anticipated.

Traditionally, in the IAD framework, the main actors of the SES are the resource
users (McGinnis and Ostrom, 2014) — for instance farmers irrigating their land with



Understanding groundwater governance through a social ecological system framework 63

Figure 3.3 Groundwater flows, benefits and tradeoffs (Source: CGIAR, 2015).

groundwater. However, other actors (State representatives from various ministries,
local level administrative staff, environmental NGO’s, etc.) have to be taken into
account. Attention should be paid to the socioeconomic attributes of these actors,
their social capital, gender, resource dependency, past experience, leadership patterns
and access to technology.

3.3.1.3 Resource systems: their units and related ecosystems

It is common to find these two components of the framework separated. However,
due to the need to highlight ecological connectivity, flows and ecological health, we
are considering both as a whole. These components comprise variables regarding the
biophysical nature of the resource providing ecosystem services, and the dynamics
of this process (Figure 3.2). Such variables would include the clarity of the system
boundaries, the size of the resource system, the type of human-constructed facilities,
system productivity, predictability of system dynamics, storage, type of replacement
rate, economic value, spatial and temporal distribution, etc. In the case of groundwater,
it is important to track information regarding recharge and discharge flow rates so that
impact of an action could be predicted both in space and time.

Hydrogeology and aquifer profiles can determine the governance settings, as
observed in the cases of alluvial and hard rock aquifers in India (Shah, 2009).
Groundwater-surface water interaction, recharge rates, vulnerability to pollution,
groundwater dependent ecosystems, will generate a different governance response for
each specific context (Figure 3.3). Aquifers can be embedded in larger social ecological



64 M. Rica, O. Petit & E. Lépez-Gunn

systems, such as river basins, and processes at others scales may affect -or be affected
by- the governance arrangements at the aquifer level.

Moreover, the degree of mobility and storage can affect institutional strategies
adopted to use and manage the resource (Schlager et al., 1994), as well as the nature
of the aquifer itself. This can be seen in India in alluvial aquifers where there is more
storage capacity than in hard rock aquifers, and yet users do not perceive the common
good and groundwater levels are decreasing with no response from users. On the other
hand, in hard rock aquifers there have been some initiatives by certain groundwater
user communities in ways that make the groundwater economy sustainable in the long
run by mitigating water scarcity (Shah, 2012).

3.3.1.4 Governance systems

As already stressed in the previous sections, groundwater governance comprises
four essential components: a conducive legal framework; accurate and widely-
shared knowledge of groundwater systems together with awareness; an institutional
framework characterized by representation and leadership, sound organizations and
capacity, stakeholder engagement and participation, and working mechanisms to coor-
dinate between groundwater and other sectors; and policies, incentive structures and
plans aligned with society’s goals.

An approach to governance from a SES perspective would need to, at least,
determine a) governmental and non-governmental organizations, b) actors’ network
structure and information sharing, c) property rights systems and bundle of rights,
d) different set of rules: operational-choice, collective-choice, constitutional-choice and
e) monitoring and sanctioning rules. We will see later how this governance approach
can be enriched.

Box 3.1: Polycentric governance and groundwater resources

Groundwater governance can, to a certain extent, be considered polycentric. A
political order is polycentric, according to McGinnis (1999:2) “when there exist
many overlapping arenas (or centers) of authority and responsibility. These are-
nas exist at all scales, from local community groups to national governments to
the informal arrangements at the global level”. In the context of groundwater
resources, there are different actors at different levels taking decisions on the
use of the resource, and where applicable, there are also water authorities with
stakes on the resource regulation. Polycentric governance systems for ground-
water resources already exist and have been studied in the US in States like
California (Blomquist, 1992), Texas and Arizona (Sugg, 2016). In a multi-level
governance system, local levels may benefit on the one hand from financial or
technical resources only available at supra-local levels, and on the other hand
from their own capacity to access and manage the common resource with their
local knowledge. In addition, these systems may be more efficient to solve prob-
lems related to non-cooperators or local inequities. In this kind of systems it is
important that “bridging organizations” mediate between different actors such
as users and water authorities.
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Thus, to summarise, when using a SES approach, it is central to look at the depen-
dencies and relations between social and biophysical elements. Interactions among
system subcomponents will determine what is called “action situations” in the SES
framework. Proposed interactions and outcomes, not limited to the SES framework,
are the harvesting of water and other metabolic relations, information sharing through
different methods by actors, conflicts among actors, investment on the resource, net-
working and lobbying capacity, rulemaking at different levels, monitoring and control
activities, co-management performance, processes of evaluation of the resource situa-
tion and of the effects of management initiatives, evolution of access to the resource
by different users, but also power dynamics and the effects and responses to market
mechanisms.

All these elements are important factors which need to be taken into account when
looking at groundwater governance through a SES lens. However, if taken separately,
they do not necessarily inform us as much as system dynamics. This is the reason why
several key criteria must also be identified to shape groundwater governance through
a SES lens.

3.3.2 Selecting criteria to shape groundwater governance
outcomes through SES lens

The purpose of using a SES approach is not merely to picture and frame the interactions
between groundwater and society, but rather to assess and stimulate the adaptive
capacity of the governance process. The diagnosis approach must not be a panacea,
but rather based on societal and environmental objectives tailor made for different
governance contextual settings, taking into account possible trade-offs between levels,
and including linkages out of the water box.

For any diagnosis we need a criterion, to use as a guide for the evaluation of
the outcomes of a process. Following the SES framework ontology, this subset of
criteria may coincide with (good) groundwater governance principles or indicators
(Lautze et al., 2011; Groundwater governance project, 2016b). Delgado-Serrano and
Ramos (2015) defined certain outcomes for SES governance: efficiency, socio-economic
sustainability, equity, accountability, effects of deliberation processes, empowerment
and adaptation strategies. When evaluating the governance of SES, the main desired
outcome is resilience, as well as allowing adaptive capacity for the system to be resilient.
However, despite the integrative view of the SES approach, and in particular when
looking at resilience, it is difficult to the social and the ecosystem or resource subunits
to be seen as one undifferentiated system. It may also be important to consider resilience
as a neutral outcome, as there can be systems in undesired states, and resilience of these
systems would only perpetuate a negative impact (Petit et al., 2017).

The resilience of the social subunit of the system may not go hand in hand with
the resilience of the ecosystem subunit, or the system as a whole. It may in fact be
contradictory with the definition of SES, but it seems that at certain scales it happens
that the equilibrium among subunits is not stable (Rica et al., 2014). There may be
a moment when the ecological subunit cannot stand the disturbance but the social
subunit draws upon external resources in order to keep resilient. In other words, the
“social subunit” breaks the dependency interaction with the groundwater resource, and
it would mean a sequential destruction of natural resources (Anderies et al., 2004).
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This is another way to explain socioeconomic development or growth at the expenses
of groundwater over-abstraction and resource system transformation (Lopez-Gunn
etal.,2012).

Box 3.2: Resilience, adaptability, transformability — what are we talking about?

First introduced in the field of ecology by Holling in 1973, nowadays resilience
stands as a central interdisciplinary concept which is being used in several research
fields besides ecology such as psychology, economics, or sociology. It summarizes
the magnitude of disturbance that can be tolerated before a system moves into a
different state and a different set of controls (Holling and Meffe, 1996). It has
also been called robustness with a similar meaning, “A SES is robust if it prevents
the ecological systems upon which it relies from moving into a new domain of
attraction that cannot support a human population, or that will induce a transi-
tion that causes long-term human suffering” (Anderies et al., 2004). Carpenter
et al. (2001) highlight three properties for resilience, namely a) the amount of
change the system can undergo; b) the degree to which the system is capable
of self-organization; ¢) and the degree to which the system is able to learn and
adapt.

“Adaptability” refers to the ability of an SES of learning, combining experi-
ence and knowledge to adjust to changing factors, and further develop within a
domain of stability (Berkes et al., 2003). Some authors have defined adaptability
as “the ability of the actors in the system to influence resilience” (Walker ez al.,
2006), concept linked to robustness. The “transformability” on the other hand,
refers to the ability of the system to transform their internal or external compo-
nents to create another social ecological system, where ecological, economic or
social structures make the existing system non-viable (Folke et al., 2002).

3.4 MAIN CHALLENGES OF A SOCIAL ECOLOGICAL SYSTEMS
FRAMEWORK FOR GROUNDWATER GOVERNANCE

The SES framework adapted to groundwater governance comes up against a number of
challenges which need to be taken into account in order to better understand the many
different aspects of groundwater governance. These challenges and limitations can
be complemented by mobilizing the different approaches of groundwater governance
presented in the second section.

First, groundwater governance is only rarely a matter of local institutions alone.
Various scales and institutional levels are mobilized to understand the relationships
between actors, sectors and issues. For instance, focusing only on groundwater
resources users can be useful to understand the collective action mechanisms imple-
mented by the end users to share groundwater resources according to the rules they
have themselves implemented. However, groundwater access also depends generally
on property rights and economic incentives established at the national level and the
(often ambiguous) role of the State must be taken into account to study groundwater
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governance mechanisms (Wester et al., 2011; Fofack et al., 2015; Molle and Closas,
2017). Thus, authorities at different levels can be active participants in collective action
processes. Then, we could be talking of co-management, when formal -or informal-
responsibilities are shared among different actors (Rica et al., 2012; Molle and Closas
2017).

Groundwater governance is often a question of multi-level governance analysis,
which refers to the dispersion of authority away from central government. Decisions
are not made at a single level, either only at the top (highest level of government
enforcing decisions), or the intermediate (state or provinces enforcing decisions ben-
eficial for their regions), or the individual level (Pahl-Wostl, 2009). The coordination
between the various stakeholders in charge of governing groundwater resources is how-
ever often difficult. This idea is known as the “problem of interplay” (Young, 2002).
According to Theesfeld (2010: 138): When different authorities need to work togetber,
ambiguity often exists in the definition of their respective central and local responsibil-
ities. Often the central level basically tries to retain control over local decisions while
simultaneously reducing expenditures for regional development.

Second, issues of group heterogeneity may increase governance complexity and
therefore need to be well addressed from a social-ecological system perspective. Par-
ticularly in larger aquifers, actor’s heterogeneity can be high. Eight design principles
were identified by Ostrom (1990) as key conditions that lead to optimal resource gov-
ernance: define clear group boundaries, match rules governing use of common goods
to local needs and conditions, ensure that those affected by the rules can participate
in modifying the rules, make sure the rule-making rights of community members are
respected by outside authorities, develop a system, carried out by community members,
for monitoring members’ behavior, use graduated sanctions for rule violators, provide
accessible, low-cost means for dispute resolution, build responsibility for governing
the common resource in nested tiers from the lowest level up to the entire intercon-
nected system. These principles have been tested and replicated in different studies.
However, it is unclear whether these would apply to larger-scale environmental gover-
nance dilemmas (Fleishmann et al., 2014). These design principles can be useful when
analysing or strengthening groundwater governance. However, it is also important to
keep in mind that other factors such as system size, or group heterogeneity can increase
governance complexity, and in fact can be more determinant than these design prin-
ciples (Rica et al., 2014). Recent efforts are being made in order to integrate group
heterogeneity on the study of larger social ecological systems (Cox, 2014).

Third, power relationships between actors are not properly addressed in most
SESs analysis (Fabinyi et al., 2014). It has been shown that power dynamics and the
inherent politics of groundwater governance often determine how water is actually
accessed and how access to decision making or appropriation of groundwater use
is not frequently equal among different actors or social groups (Rica et al., 2014;
Kulkarni et al., 2015; Pells, 2015). We need to develop approaches on governance and
sustainability that also incorporate power relations in decision making, as considered
by political ecology (Mukherji and Shah, 20035; Birkenholtz, 2009).

Fourth, one key issue that is not always addressed in groundwater governance
studies is equity (Hoogesteger and Wester, 2015). Access to groundwater and water
rights distribution is often conflictive, and less powerful groups or the environment
tend to be disadvantaged. Perreault (2014) suggests that equity in water governance



68 M. Rica, O. Petit & E. Lépez-Gunn

must be determined analyzing critically the institutional arrangements of the market,
the State and civil society through which water is allocated and accessed. This is where
the concepts of social and environmental justice arise, allowing to define a frame-
work to analyse groundwater (in)justice (Hoogesteger and Wester, 2015; Ameur et al.,
2017). Some argue that the SES framework does not tackle these questions properly,
and it may be better to complement the framework with a political ecology analysis.
Political ecology helps to detect problems related to inequities of access embedded at
multiple scales and problems related to the exercise of political and economic power
(Swyngedouw, 2009). Neal ef al. (2016) argue why environmental and social justice
should be integrated into groundwater governance, including local communities and
the environment in the decision-making and allocation process in order to avoid or
ameliorate potential social and/or environmental injustices. They provide examples
from Northern Australia and Saudi Arabia, highlighting the gap between the meaning
of justice and equity for individuals and ‘equitable use’ in international water law,
and the trade-offs between water rights and environmental justice — water rights for
some may in effect deny basic human rights to water for others (Mirosa and Harris,
2012). These situations are replicated all around the world, and trigger the discussion
on what uses should get priority under different circumstances, and what rationale,
from a socio-economic to justice basis, lies behind the decision.

As Fabinyi er al. (2015) stress, the contributions of resilience science to soci-
etal challenges such as poverty, security or inequity, with intrinsic environmental
dimensions, would gain from amplifying the focus towards conflict, contestation,
micropower and macrosystems dynamics. Thus, shifting to political and ethical ques-
tions as crucial drivers of social-ecological outcomes rather than ‘inconvenient’ politics
that can be simply sorted out through institutional design (Cote and Nightingale,
2011:484). This approach would contribute to match the analysis with the criteria of
social and environmental justice, and to align governance in this regard.

3.5 CONCLUSION: GROUNDWATER GOVERNANCE
FOUNDATIONS THROUGH A SES LENS

This chapter has focused on what a SES lens can bring to the understanding of ground-
water governance, adopting a perspective of coupled human and natural systems. It
has briefly outlined similar/complementary approaches, as well as the challenges these
approaches need to integrate or overcome to frame groundwater governance more
effectively.

Under a SES approach a key contribution is that it starts from the acknowledge-
ment that groundwater governance is a complex issue, and thus adopting a complex
system approach (like SES) could help to better understand groundwater governance,
or complement other approaches. Frameworks that build on social ecological con-
cepts and theories help to structure the complex interactions and feedbacks taking
place between different human and biophysical elements, and at different spatial and
temporal scales

The chapter though has adopted a critical approach to briefly outline the main
lessons learned from previous works dealing with SES theory and groundwater gover-
nance, but also to identify the shortcomings of the commonly applied SES approach and
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frameworks. Thus the chapter has looked at a SES framework to look at groundwater
governance from a critical yet constructive perspective that builds on the shortcomings
and advantages of the SES framework based on the literature and its evolution and
informed by real examples and experience from groundwater in particular.

We reviewed four different approaches, i) the study of groundwater governance
as collective action ii) the analysis made by T. Shah (2009) on informal groundwater
economies and iii) studies that draw from political ecology, and iv) an ecosystem ser-
vices and resilience approach. We argue, that far from being alternative approaches,
these can complement each other to help us analyze groundwater governance through
a Social Ecological lens.

The SES framework became mainstream after the seminal work by Ostrom in
the nineties on the role of collective action, followed by many other authors and
the Bloomington school. This has enriched our knowledge on the weaknesses and
inconsistencies (i.e. what we have learnt since the 1990s) which has helped make the
SES analytical framework more grounded in reality and thus more usable.

Indeed collective action is not the same as governance. However it is a key element
in the process to establish governance rules and structures, particularly for ground-
water even if we now know it is always subject to a scale. Through a SES lens we
see the key importance of self-organising systems as an emergent property- as a way
to understand collective action. In Ostrom’s works, collective action is mainly syn-
onymous with self-organising systems. However, economic incentives and command
and control mechanisms are also fundamental to understand the dynamics of ground-
water governance. Thus, the State (at different levels) can be an active participant in
co-management processes. Using frameworks that operationalize the analysis based
on SES theories help us tackle issues of scale, which we argue is key to understand
groundwater governance processes.

There is an emerging line of argument that defend that political ecology and
resilience need to be integrated in the social ecological approach towards ground-
water governance. A definition of the criteria used to analyse groundwater governance
should be done carefully. This would help to avoid neglecting issues of power imbal-
ances and politics, often inherent to realities of groundwater dependent societies, if the
criteria of social and environmental equity are to be met.
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ABSTRACT

Substantial changes in approach to groundwater governance are widely required
(a) to respond to the growing challenges of resource depletion and quality degradation
resulting from radical changes in land-use and water-demand associated with global
population growth and (b) to incorporate fully consideration of the sustainability of
groundwater-dependent ecosystems. Integrated groundwater policy formulation and
management planning are absolutely critical facets of sound governance to manage
the ‘required change process’. They need to be founded on a clear understanding of
the key linkages between groundwater systems and surface-water, land-use and other
sectors, which are thus discussed in some detail. It is simultaneously recognised that
community mobilization and stakeholder organization around a ‘shared vision’ of
resource sustainability are essential prerequisites to formulate and implement ground-
water management plans, but detailed discussion of the social dimensions is beyond
the present scope.

4.1 GROUNDWATER MANAGEMENT IN A CHANGING WORLD

4.1.1 The evolving paradigm for sound governance

Effective groundwater resource management and protection, and the improved gover-
nance arrangements that facilitate them, have become a pressing need worldwide (FAO,
2016a). The term ‘governance’ when applied to groundwater is generally taken to
encompass the promotion of responsible collective action by society to ensure resource
sustainability. For each defined resource unit this should include establishing the nec-
essary institutional and participatory arrangements, agreeing policy positions and
their translation into specific goals, providing procedures and finance for implementa-
tion, assuring compliance and resolving conflicts, and (most importantly) establishing
appropriate monitoring and clear accountability for outcomes (Foster et al., 2009).
In recent decades there has been clearer recognition of:

- the groundwater dependence of many aquatic and terrestrial ecosystems
- the increasing socioeconomic importance of groundwater resources for urban and
rural water-supply, irrigated agriculture, and industrial and mining enterprise
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— the vulnerability of groundwater resources to pollution by contaminant loads gen-
erated from urbanisation, agricultural intensification and the manufacturing and
extractive industries

— groundwater flow being easily and meaningfully translated into equations appli-
cable at a realistic field scale.

But groundwater is a classic ‘common pool resource’ — which can be susceptible
to its stakeholders acting solely in short-term self-interest, rather than taking long-
term communal requirements into account, because of a misperception that personal
interests cannot be assured through collective action. Thus ever-increasing pressures on
groundwater, for water-supply provision and from polluting activities, have led to seri-
ous degradation of the resource, due in essence to inadequate governance arrangements
(FAO, 2016b).

Calls for ‘groundwater management interventions’ usually arise when a decline in
water-table and/or waterwell yield and/or groundwater quality seriously affects one
group of stakeholders. Where groundwater systems have been subject to only limited
anthropogenic stress, traditionally it was deemed sufficient to safeguard the access
rights of registered groundwater users against ‘third-party derogation’. This was done
by regulatory controls on new waterwells and polluting activities and/or providing
a legal mechanism for them to recover damages for such derogation. With greater
anthropogenic stress, a need to promote ‘managed groundwater development’ within
socially-agreed scenarios is now occurring more widely.

Groundwater resource management has to deal with balancing the exploitation of
a complex resource (in terms of quantity, quality and surface water interactions) with
the increasing demands of water and land users, who can pose a threat to resource
availability and quality. Thus managing groundwater is as much about managing water
and land users (the socio-economic dimension), as it is about scientific understanding
of resource behaviour under stress (the hydrogeological dimension). Thus it is essential
that governance provisions facilitate blending both dimensions, and that structured and
informed community engagement be fostered (Steenbergen, 2006). In some situations
local stakeholders may wish to ‘take complete control of their local resource’ (perhaps
because of a breakdown of trust in the government acting as the ‘resource guardian’) —
but even where local hydrogeological conditions favour this, success is unlikely to be
achieved without some form of private-public partnership (Lopez-Gunn & Cortina,
2006; Garduiio et al., 2010).

4.1.2 Context of chapter

There is a fundamental need to move the ‘groundwater management target’ from
individual waterwells or springheads to entire aquifer systems. This ‘paradigm shift’
involves applying the concept of ‘integrated groundwater management’ and introduc-
ing governance principles that will facilitate such an approach. The EU has been in the
vanguard of the ‘integrated system approach’ with the principles being debated in the
1990s and enshrined in the Water Framework Directive-2000, and then supplemented
by the Groundwater Directive-2006 (EC, 2008; Quevauviller, 2008).

Meanwhile in the USA at federal level the advent of CERCLA and Super Fund for
contaminated land clean-up placed the focus much more at site scale than system level,
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except in a few specific states. At the same time other programmes were pioneering a
more integrated and participative approach, such as the World Bank GW-MATe Pro-
gramme of 2001-11 (Foster et al., 2010; Gardufio & Foster, 2011; Tuinhof ef al.,
2011), IWMI projects in Asia (Mukherji & Shah, 2005; Mukherji et al., 2009;
Shah et al., 2012) and IUCN initiatives in the Middle East (IUCN, 2016). Much
of this experience served as the basis for the GEF Global Groundwater Governance
Framework-for-Action (FAO-UN, 2016a).

4.2 POLICY AND PLANNING AS CRITICAL FACETS
OF SOUND GOVERNANCE

4.2.1 Shaping the framework

Strengthening groundwater governance must recognise the presence of a highly ‘decen-
tralised resource’, which is potentially affected by the actions of a large number of
waterwell users and potential polluters, and thus needs to be managed at the most local
scale compatible with the hydrogeological setting. There can be no simple blueprint
for integrated groundwater management (Foster et al., 2013) but rather a framework
of principles for policy and planning that foster subsidiarity in the detail of local appli-
cation and clear ‘vertical policy coordination’ between national, provincial and local
level. In reality the local hydrogeological setting and socioeconomic circumstances
together frame groundwater resource availability and use, and in turn constrain the
measures which are likely to be applicable to manage aquifer degradation risks and to
resolve potential conflicts (Foster et al., 2009).

There needs to be clear definition of the collective responsibility for the resource,
and who is accountable for the outcome of management measures (FAO, 2016a).
In turn, this will require specific management objectives defined within a stated time-
frame for the local aquifer system or sub-system (groundwater body or management
unit) in question. The management objectives would normally include one of the fol-
lowing (in addition to providing a certain level of water-supply security for legitimate
existing users):

— conserving the existing groundwater status in terms of maintaining water-levels
and water quality within existing fluctuations

— notallowing groundwater levels or quality to decline below a pre-defined condition
established on acceptability criteria

— reversing an existing trend of declining groundwater levels and/or quality to
achieve a satisfactory status within a given period.

To achieve such outcomes will, of necessity, require as an essential part of ‘good
groundwater governance’ (FAO, 2016a):

— elaboration of an effective groundwater management plan for the local aquifer
system in question, with agreed targets, desired outcomes, a programme of mea-
sures or interventions, financial support, clear time-frame, adequate monitoring
and periodic review — with an appropriate level of integration within the overall
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hydrologic cycle through co-management with other components of water and
land resources

— establishment of trans-sector policy linkages, and incorporating groundwater con-
siderations in policies of related sectors — because the principal drivers of change in
pressures exerted upon groundwater systems often arise from social development
goals enshrined in the national policies of other sectors (such as agriculture, built
infrastructure, industrial production, energy, mining, etc.).

4.2.2 Re-orienting financial incentives

In many countries food production and energy use subsidies make up a large proportion
of public expenditure. As part of effective groundwater governance, the incentives
for waterwell users provided by such subsidies need to be aligned with the needs of
sustainable groundwater management, since otherwise they may exert an overriding
negative influence on the behavior of groundwater abstractors (FAO, 2016a).

There are numerous examples of guarantee prices for high water-consumption
crops and/or subsidies on electrical energy/diesel fuel (or grants for solar-energy pan-
els) for waterwell pumping which create a perverse incentive to abstract even larger
volumes of groundwater regardless of the status of the resource. Individual ground-
water users often pay only the cost of waterwell drilling and pump installation/
maintenance —and do not meet the full cost of pumping energy or contribute to the cost
of groundwater management, and thus have no incentive to conserve groundwater.

Existing public finance of subsidies could be better used to help address the prob-
lems of groundwater depletion and salinization, and of ecosystem degradation, and/or
assisting the neediest members of the local rural community. The concept of farmer
payment for ‘environmental services’ is now gaining ground (Foster & Cherlet, 2014;
IUCN, 2016).

4.2.3 Learning from past experience

In the process of strengthening groundwater management policy and planning it will
be essential to evaluate why previous policies and plans have failed, through a sound
diagnosis of existing governance provisions, social engagement and (sometimes per-
verse) stakeholder incentives (FAO, 2016b). The absence of political awareness of
the issues themselves or of politically-viable solutions and/or the lack of capacity in
the responsible government agency to address them will often be more important than
deficiencies in the legal framework for resource management and pollution protection.

In some instances, resistance to groundwater governance reform and management
strengthening may be encountered because the current status quo is generating major
benefits for the vested interests of some well-established groups (Foster et al., 2009).
Thus the path from groundwater policy aspirations to delivery of desired manage-
ment outcomes is often a tortuous one, with many pitfalls that have to be avoided.
In this sense achieving context-appropriate timing and sequencing of management
interventions can be critical to success or failure.

Moreover, the perception of groundwater resources at the public and political level
are frequently inadequate, and need to improve if groundwater governance provisions,
policy formulation and management planning are to be strengthened (FAO, 2016Db).
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Even some water-resource administrators (like many water users) have limited under-
standing of groundwater and thus both excessive complacency about the sustainability
of intensive groundwater use and irrational under-utilization of groundwater resources
still occur. At the core of this problem are certain basic misconceptions about the dis-
tinctive characteristics of groundwater systems, which are discussed in the following
subsection.

4.3 GROUNDWATER CHARACTERISTICS - THE PHYSICAL
FRAMEWORK FOR MANAGEMENT

4.3.1 Large aquifer storage compared to recharge

All aquifers have two fundamental characteristics: a capacity for groundwater storage
and a capacity for groundwater flow. The vast storage of many groundwater systems
(much larger than that of man-made reservoirs) is their most distinctive characteristic,
but can result in the false impression that ‘groundwater resources are inexhaustible’.
Whilst the storage of most aquifers provides a very effective ‘natural buffer’ against
the high variability of rainfall and surface run-off, their contemporary recharge is
finite and limited, and it is this which controls the long-term physical sustainability of
groundwater supplies.

Different aquifer systems vary widely in storage properties (Foster et al., 2013)
because of:

— major differences of their saturated thickness (between 10-1000 m) and spatial
extent (from 10-1,000,000 km?) according to the type of geologic formation

— major variation of aquifer unit storage capacity (storativity), between unconsoli-
dated granular sediments and highly-consolidated fractured rocks.

As regards groundwater flow capacity, different geologic formations also vary
widely:

— unconsolidated deposits, such as sand and gravel, permit substantial flow in their
porous matrix which comprises up to 30-35% of their volume

— consolidated porous and/or fractured rocks — such as sandstones, that can have
porosities of 20-25% but pores so small as to allow only limited drainage, or
limestones with water in micro-fractures which rarely occupy more than 1% of
rock volume but can enlarge by dissolution in percolating acidic groundwater in
so-called ‘karst systems’ which can transmit groundwater very rapidly.

4.3.2 The dynamics of groundwater flow

As a result of being an ‘invisible resource’ the flow of groundwater is also still too
widely a source of public misconception — with ideas about ‘underground rivers’ or
‘subterranean lakes’ persisting. Groundwater normally moves very slowly through the
myriad of pores and/or fractures in aquifer systems, from areas of recharge to areas
of discharge (determined by the geologic structure). Tens, hundreds or even thousands
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Figure 4.1 Conceptual scheme of groundwater occurrence and waterwell behaviour (developed from
World Bank, GW-MATe Strategic Overview Series).

of years can elapse until eventual discharge to a spring, river, aquatic or terrestrial
wetland, or directly to the coastal zone.

Slow flow rates and long residence times, consequent upon large aquifer storage,
are another distinctive feature of groundwater systems, and they transform highly
variable natural recharge regimes into more stable natural discharge regimes. Where
aquifers dip beneath much less permeable strata, their groundwater becomes confined
(to varying degrees) by overlying layers, and this results in a degree of isolation from
the immediately overlying land surface (Figure 4.1), but not from the aquifer system
as a whole. In some hydrogeologic settings, shallow unconfined and deep confined
aquifer layers are superimposed, with leakage downwards and upwards between layers
according to local conditions.

Past episodes of natural climate-change have transformed some large land areas
(which formerly had much wetter climates) into deserts, and virtually eliminated all
contemporary groundwater recharge whilst some discharge to oases often still occurs.
Groundwater reserves which are not being actively recharged are known as Fossil
groundwater’. These reserves can be, and are being, tapped by waterwells but once
pumped out may never be replenished — they are thus termed ‘non-renewable ground-
water resources’ and as such merit special governance provisions (Foster et al., 2013;
Custodio et al., 2016a & 2016b).

Evaluating the relationship of surface water to underlying aquifers is an important
component of groundwater system characterisation, distinguishing between:

— streams, rivers and lakes on which an aquifer is dependent as a significant source
of its overall recharge
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— rivers that in turn depend significantly on aquifer discharge to sustain their dry-
weather flow

and having an appreciation of the sensitivity of hydraulic connectivity of the two
systems.

4.3.3 Inherent imprecision of evaluating groundwater recharge

Contemporary aquifer recharge rates are fundamental when considering the sustain-
ability of groundwater resource development. The quantification of natural recharge,
however, is subject to significant methodological difficulties, data deficiencies and
resultant uncertainties (Foster et al., 2013) because of:

—  wide spatial and temporal variability of rainfall and runoff events
— widespread lateral variation in soil profiles and hydrogeological conditions

Nevertheless, for most practical purposes it is sufficient to make approximate esti-
mates, and refine these subsequently through monitoring and analysis of aquifer
response to abstraction over the medium term.

A number of generic observations can be made about aquifer recharge processes:

— areas of increasing aridity will have a much lower rate and frequency of downward
flux to the water-table, with direct rainfall recharge generally becoming progres-
sively less significant than indirect recharge from surface runoff and incidental
artificial recharge arising from human activity

—  estimates of the direct rainfall recharge component are almost always more reliable
than those for the indirect component from runoff recharge.

4.3.4 Difficulty in specifying ‘safe yield’
and ‘resource overexploitation’

All groundwater flow is discharging somewhere, and extraction from waterwells will
intercept and reduce these discharges. But the source of pumped groundwater can be
complex. Any attempt at defining some form of ‘safe yield’ must:

- make value judgements about the importance of maintaining (at least a proportion
of) natural ‘beneficial’ discharge from the aquifer system

—  focus mainly on consumptive use and/or catchment export of extracted groundwa-
ter, and to some degree discount for non-consumptive uses which generate return
water.

In this way, after incorporating an additional allowance for future priority drinking-
water abstraction, a ‘reasonable cap’ on abstraction can be defined.

‘Aquifer overexploitation’ is an emotive term not capable of rigorous scientific
definition — but one which water resource managers would be wise not to abandon com-
pletely, given its clear register at public and political level. Most take it to mean that the
‘long-term average rate of groundwater recharge is less than waterwell abstraction’. But
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Figure 4.2 Potential impacts of groundwater exploitation on aquifer systems (developed from World
Bank GW-MATe Publication SO-4).

problems arise in specifying over what period and which area the groundwater balance
should be evaluated — especially in more arid climates where major recharge episodes
occur once in decades and pumping effects may also be very unevenly distributed. In
practice, when speaking of aquifer overexploitation we are invariably more concerned
about the consequences of intensive groundwater abstraction than its absolute level.
Thus the most appropriate definition is probably an economic one: that the ‘overall
cost of the negative impacts of groundwater exploitation exceed the net benefits of
groundwater use’. But these impacts can be difficult to predict and cost precisely, and
natural susceptibility to (the more important) irreversible side-effects varies widely with
aquifer type (Figure 4.2). Amongst the most critical of potential impacts from inten-
sive groundwater use is insidious salinization, which can arise by a number of different
mechanisms, only some of which are related to intensive groundwater pumping.

4.3.5 Complexity of groundwater quality controls
and pollution vulnerability

Groundwater is for the most part naturally of excellent microbiological and chemical
quality. The underlying reasons for this are:

— the capacity of subsoil profiles to filter-out fecal micro-organisms pathogens, and
all suspended solids and organic matter, from percolating recharge

— its long sub-surface residence time (decades to millennia) compared to the
environmental survival of pathogens (usually <50 days and rarely >300 days)

— the relatively low solubility and non-toxic nature of the matrix of most aquifers.

There are, however, some important exceptions to this since some aquifers exhibit:

— natural groundwater contamination with trace elements that create a health hazard
(arsenic and fluoride) or nuisance (dissolved iron and/or manganese)

— elevated vulnerability to pollution from the land surface due to their thin vadose
zone and/or the presence of highly-preferential pathways to the water-table
(Figure 4.3).
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Figure 4.3 Natural variations in groundwater pollution vulnerability (developed fromWorld Bank GWV-
MATe Groundwater Protection Guide).

Moreover, all aquifers are vulnerable to pollutants that are resistant to subsurface
adsorption and/or biodegradation — such as nitrate, salinity and numerous man-made
organic chemicals, some of which have serious ecotoxicological impacts in addition to
being a serious drinking-water hazard. The massive growth in urbanisation, agricul-
tural and industrial production, together with hydrocarbon development and mining
enterprises, over the past 50 years or so, is generating a much greater and more complex
contaminant load on the subsurface, in many instances beyond natural self-purification
capacity (e.g. by excessive application of animal manures and urban wastewater to the
ground).

Once polluted, groundwater is extremely difficult to clean-up, given its inaccessi-
bility and very slow rates of movement in finer pores and fractures. In many cases an
area of groundwater contamination has to be contained, allowing natural attenuation
processes very slowly to take effect. Since groundwater is a very important source of
water-supply for public use, sensitive industrial production, terrestrial ecosystems and
river baseflow, it is essential that its quality be protected for present and future use.
This requires the mapping of zones of high pollution vulnerability and drinking-water
source protection (Foster et al., 2013), with application of appropriate controls on
hazardous activities in such areas to reduce the risk of major groundwater pollution.

The situation is further complicated in situations where pollutants might gain
direct access to below the water-table, for example as a result of:

—  poor design, maintenance or misuse of in-situ sanitation units, drainage soakaways
or sewerage systems with direct discharge of pollutants to water-table

— inappropriate waterwell design allowing cross-connection of shallow contami-
nated zones with deeper groundwater
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— inappropriate design and maintenance of subsurface storage facilities
— polluted mine-water drainage leaking into freshwater aquifer systems.

4.4 IMPLICATIONS OF GROUNDWATER SYSTEM
CHARACTERISTICS

4.4.1 Need for adaptive management and
the precautionary principle

A relatively high level of uncertainty results often from limited hydrogeologic data on
such factors as the continuity and connectivity of major fracture zones in aquifers,
the temporal variation of rainfall and periodicity of extreme drought and reduction
in groundwater recharge as a result of river engineering works. When coupled with
the changing pressures on groundwater systems arising from land-use change and
global warming, this represents a strong argument for the adoption of an ‘adaptive
management approach’ to groundwater resources. To facilitate this, a groundwater
management plan has to be drawn-up on the basis of best available information,
but its outcomes are subject to systematic review of aquifer response after 5 years,
with adjustment of the programme of management measures according to the periodic
evaluation of resource status and trends (Foster et al., 2015).

One other issue that arises is how to approach certain decisions on waterwell
pumping and on conditions for permits for polluting activities that arise at the outset
of development or prior to the S-year periodic review. The elaboration of a ‘worst-
case scenario’ numerical model is recommended to generate data and develop cautious
guidance on the related decision.

4.4.2 Supply versus demand side interventions

In groundwater resource management to confront situations of excessive and unstable
groundwater resource exploitation, it is helpful to distinguish clearly between:

—  demand-side management interventions (such as restricting waterwell use at
certain times, making savings in consumptive use in irrigation or industry)

— in-situ supply-side engineering measures (such as rainwater harvesting, managed
aquifer recharge enhancement).

It is important to stress that constraining demand for groundwater abstraction will
normally be essential to achieve a groundwater balance, irrespective of what local
supply augmentation measures can be economically undertaken. Of course, importing
water from outside the groundwater basin will also usually be another option (in some
cases even involving desalination of brackish groundwater or sea-water), but unless
this is done with full economic cost recovery from local users then it will introduce
distortions into the management of local groundwater resources.

The concept of real water-resource savings in irrigated agriculture is critical in this
regard (Foster & Perry, 2009) — and such savings are only made through reductions in
beneficial and/or non-beneficial consumptive use, and in loss to saline water bodies, but
not those reductions which would have generated aquifer recharge. In urban areas, real
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water savings can be made by reducing water-mains leakage and wastewater seepage,
but only where they generate discharge to brackish water bodies or create drainage
problems.

4.4.3 Potential polluter pays for protection

The economic concept usually prescribed to constrain point-source water pollution is
the ‘polluter-pays-principle’ (Quevauviller, 2008). This incorporates the cost of pollu-
tion externalities into the cost of industrial production, rather than leaving them for
society to pay. However, in the case of groundwater the burden of proof of pollution
is often onerous, because determining who is to blame is made difficult by both the
hydraulic complexity and the very large time-lag in pollutant transport (even in some
cases just to reach the water-table), which is typical of many (if not all) aquifer systems.
Thus the above approach is not readily applicable to groundwater, and would be largely
ineffective as regards precautionary protection of aquifers — because of the extreme per-
sistence of some contaminants in the subsurface and the frequent impracticability of
clean-up.

For groundwater the ‘polluter pays principle’ should be interpreted as the ‘potential
polluter pays the cost of required aquifer protection’, which will vary spatially with
soil profile, underlying geology and be greatest in important groundwater recharge
areas. Moreover, in drinking-water protection zones it will be desirable to exclude
hazardous activities, through a combination of regulatory provisions and economic
instruments, in preference to controlling their design and operation incrementally.
It will be preferable to introduce incentives for potential polluters to improve exist-
ing industrial premises and their wastewater handling, treatment, re-use and disposal
facilities, and the minimisation and safe disposal of solid wastes, especially in areas
where aquifer vulnerability assessments suggest high risk of groundwater pollution.
The imposition of strong sanctions for non-compliance, as well as incentives for
compliance, will be essential.

4.5 GROUNDWATER MANAGEMENT POLICY - KEY LINKAGES

4.5.1 Principled pragmatism required

The identification of linkages, and assessing how important they are for ground-
water management, will involve a diagnosis of current governance provisions, the
main drivers of change and their potential impacts in the local hydrogeologic,
socio-economic, political and macro-economic setting. The complexity of ground-
water governance and management increases as more linkages are considered, and a
pragmatic decision will need to be made on which are most relevant (FAO, 2016a).
Groundwater management will need to maintain a reasonable balance between the
costs and benefits of interventions, and thus take account of the susceptibility of the
system in question to degradation and the legitimate interests of water users, includ-
ing ecosystems and those dependent on downstream baseflow. Possible interventions
need to be put in the context of overall groundwater development, and preventive
management approaches are likely to be more cost-effective than reactive ones. Policy



84 S. Foster & J. Chilton

development, management options and possible interventions may also be contingent
on the legal status and the precise nature of the public or private ownership model of
the main water users and the ways in which these determine the interests and influence
of various stakeholders.

However, the essential policy linkages that always have to be addressed in ground-
water governance and management are those with interrelated surface water features
and with land-use in aquifer recharge areas.

4.5.2 Appropriate integration with surface
water ecosystems

Groundwater is an inseparable component of the hydrological cycle (interacting
directly and indirectly with other components) and thus requires an integrated
approach, which takes such linkages fully into account (Foster & Ait-Kadi, 2012),
and avoids the potential oversights that can arise from narrower approaches. It must
also explicitly consider the needs of groundwater-dependent ecosystems, which are
usually characterised by phreatophytic plants deriving a major proportion of their
water needs from saturated soils. Long-term groundwater depletion will eliminate
these species and their ecosystem function, and their removal (to reduce groundwater
evapotranspiration) may cause the water-table to rise, lead to soil waterlogging and
other environmental problems.

The level and mode of management integration, however, needs to be appropriate
to the hydrogeological setting — with rapidly-connected systems such as karstic lime-
stone formations and major alluvial aquifers requiring a different approach to deep
sedimentary aquifers in arid regions. In most circumstances groundwater should be
managed conjunctively with surface-water resources, since streams, rivers, reservoirs,
lakes and irrigation canals are a major source of groundwater recharge, especially
in more arid climatic zones, whilst more widely surface water bodies are fed by
natural groundwater discharge (as springs, seepages and baseflow). The policy chal-
lenge is to define, for any given setting, the mode of conjunctive use of surface-water
and groundwater use that is balanced and complementary (Foster & Steenbergen,
2011).

Moreover, groundwater represents a key resource for climate-change adaptation,
providing an opportunity to buffer the increased variability and scarcity of surface-
water predicted under many global-warming scenarios (OECD/GWP, 2015). Water
resources management policy and planning need to take full advantage of aquifer
storage to improve water-supply security, but also recognise natural variability in
the resilience of groundwater systems themselves to the pressures arising from global
change.

4.5.3 Promoting groundwater-friendly rural land-use

Land-use in groundwater recharge areas exerts a major influence on recharge quality
and quantity, and thus needs to be systematically linked with groundwater management
(Morris et al., 2003). But this is not straightforward since land-use decisions are usually
the domain of local government and strongly influenced by national agricultural policy
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in rural areas. This linkage is critically important in the capture zones of waterwells,
wellfields and springs used as municipal drinking-water sources to:

— prevent or limit certain types of point-source pollution threat, through legal
provisions and local regulations

— control the agricultural diffuse pollution threat from intensive cultivation using
heavy applications of fertilisers and pesticides, which can often only be influenced
indirectly through national agricultural and forestry policy, promulgation of vol-
untary codes of best practice and/or payment for ecosystem services (Foster &
Cherlet, 2014).

Groundwater management requires a consultation mechanism with the planning,
investment and management procedures related to land-use in both urban and rural
areas. Where groundwater performs a strategic municipal water-supply and/or ecologi-
cal function, a useful instrument to facilitate such consultation is a regulatory provision
to declare special ‘groundwater protection zones’ (for highly vulnerable recharge areas
and/or drinking-water capture zones), which will allow the water-resource agency to
exert restrictions on land-use practices and potentially-polluting development in such
zones.

4.5.4 Essential integration with irrigation water management

The practice of irrigated agriculture in aquifer recharge areas always results in an
intimate linkage with groundwater resources — but the nature of this relation varies
considerably with hydrogeological setting (especially water-table depth) and whether
groundwater or surface water is the main source of irrigation water-supply (Gardufio &
Foster, 2010).

Where groundwater is the main source, finding ways to reduce the amount pumped
is extremely important because agriculture is widely the largest consumer of groundwa-
ter. The replacement of flood irrigation with precision drip or sprinkler technology can
reduce the volume of groundwater applied to a specific crop and therefore reduce the
energy used for pumping. In addition well-managed precision ferti-irrigation delivers
nutrients directly to the root zone, reducing weed growth and increasing crop yields —
but it must be stressed that this so-called ‘efficient irrigation’ is certainly not usually
a significant ‘water-resource saving measure’ and its introduction often has negative
consequences for the groundwater system as a whole (Foster & Perry, 2009) through:

- greatly reducing groundwater recharge from irrigation-water returns
—  build-up of soil salinity, reducing crop yield or quality and requiring leaching to
restore fertility, which in turn causes increasingly saline groundwater recharge.

Moreover, expansion of the irrigated area is often justified by the ‘alleged water saving’
leading to an overall deterioration of the groundwater balance. If surface water is the
water-source the reduction in irrigation-water returns and incidental aquifer recharge
may be even greater.

Thus a well-informed and carefully-balanced policy approach is required, and
the challenge (particularly in arid areas) is not only to focus on ‘efficient water-use’
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but also to reconcile gross groundwater abstraction with overall average recharge.
Irrigation-water management should be founded upon evapotranspiration quotas and
include soil management to retain favourable moisture and salt balance (Gardufio &
Foster, 2010). Governance arrangements are also required that boost crop-water pro-
ductivity (net income/m? evaporated) (Llamas & Martinez-Santos, 2005; Garrido
et al., 2006) — but also in the long-run constrain groundwater use to achieve resource
sustainability.

Metering of irrigation water-use is a highly-desirable governance requirement and
management provision, but one that is often resisted as being too complex and costly.
A simpler (and usually adequate) proxy is to meter the energy supply for waterwell
pumping, which for example can be facilitated by using electronic smart-card technol-
ogy for pump activation, with individual card allocations being tradeable, chargeable
and annually varied according to aquifer water-level trends. Moreover, rural energy
pricing could be used as part of an incentive framework for promoting sustainable
groundwater extraction, with joint billing of pump energy consumption and ground-
water resource use (with connection depending on payment) (Gardufio & Foster,
2010). Rationing of supply from power lines dedicated to irrigation pumping has
also been used successfully and facilitated improvements in village domestic electricity
supplies (Shah et al., 2012).

In many ways the introduction of solar-panel generated energy to power waterwell
pumps is a welcome development, since it will reduce (perhaps greatly in the longer
term) dependence on electricity generated from fossil fuels (Shah ez al., 2012). However,
it will be very important for water resources agencies to work with power companies
to introduce ‘grid buy-back tariffs’ that are sufficiently attractive to avoid solar energy
being used for continued over-pumping of groundwater.

4.6 POLICY INTEGRATION BEYOND THE WATER SECTOR

The principle drivers of change and degradation of aquifer systems can also be gener-
ated from outside the water-sector. Thus incorporation of groundwater resource and
quality considerations in policy formulation of certain related sectors or sub-sectors
(so-called horizontal policy integration) can be required to avoid national policies with
contradictory signals and perverse incentives (Figure 4.4) (FAO, 2016a).

4.6.1 Urban infrastructure including sanitation

Urbanisation has a major impact on the underlying groundwater regime in terms of:

— quantity — with recharge simultaneously being reduced by paving and roofing,
and increased by water-mains leakage and seepage from in-situ sanitation units
and drainage soakaways

— quality — from large volumes of domestic and/or industrial wastewater and solid
waste — with the extent to which this threatens groundwater depending on the
adequacy of sanitation, wastewater and waste management arrangements; the
groundwater hazards posed by industrial zones usually being reduced by regula-
tions on the use, reuse, treatment and disposal of specific chemical substances.
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Figure 4.4 Institutional structure for groundwater policy development (developed from World Bank
GW-MATe Publication SO-I).

Of particular significance are in-situ sanitation practices and wastewater handling/
re-use from mains sewerage systems, which provide a significant component of urban
groundwater recharge in more arid climates, but simultaneously pose a serious threat
of shallow groundwater pollution (including pathogenic micro-organisms, ammonium
or nitrates, toxic community chemicals and pharmaceutical residues). The pollu-
tion risk varies widely with the local hydrogeological setting, density of population
served, design of in-situ sanitation units or the level of wastewater treatment, and
location/mode of wastewater reuse. Thus it is critical that groundwater vulnerability
and dependence are taken into consideration in the planning and implementation of
sanitation investments — but the governance and operational arrangements for this to
occur are still widely lacking.

4.6.2 Subsurface space and extractive industries

The use of subsurface space and the extraction of subsurface resources are both on
the increase, and can have strong impacts on groundwater (FAO, 2016a). But widely
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they are almost unmanaged or subject only to fragmented regulation. Procedures to
factor groundwater considerations into related decision-making are thus an important
element of effective groundwater governance. The following are the more common
activities:

— the construction of buried pipelines, underground railways and roads, car parks
and deep basements, which often have a temporal or permanent impact on
groundwater levels and may present a serious hazard for groundwater quality

—  hydrocarbon (oil and gas) extraction, and the related surface storage and subsur-
face injection of formation brines, which can be both a significant demand on
groundwater resources and a serious groundwater pollution hazard

— hydrocarbon fuel tanks and seasonal heat storage in the subsurface, and subsur-
face radioactive and hazardous waste repositories, which can perturbate the local
groundwater system and/or create a groundwater quality hazard

— open-cast extraction (of sand-and-gravel, coal/lignite, etc.), which usually pro-
duces a significant disturbance of the local groundwater regime and can be a
groundwater quality hazard

— deeper mining activities (for coal, metals, salt/potash, precious minerals, etc.),
which often involve pumping large volumes for drainage modifying the ground-
water flow and quality regime, and on abandonment with water-table rebound
can lead to the discharge of highly-acidic and polluted groundwater.

All these activities can be very risky for groundwater, unless keen awareness of the
risks and great care is taken in technical design and routine operation. Eventually
coordinated governance with groundwater resources (involving cross-sector regula-
tion and joint planning) will be required to facilitate harmonisation. Recently voices
are emerging that advocate long-term financial and administrative provision for envi-
ronmental management of all such activity and construction throughout its entire
‘life-cycle’.

4.7 GROUNDWATER MANAGEMENT PLANNING PROCESS

4.7.1 General rationale

An effective groundwater management plan (GW-MaP) should capture and integrate
basic scientific understanding, sustainable management measures and a focused action-
plan for a specified priority groundwater management unit in a single document. This is
an essential component of groundwater governance (Foster et al., 2015). In some ways
groundwater management planning is an art form, and a far from fashionable one —
but one which is central to so-called adaptive management for groundwater, which
is needed to confront the joint challenges of global change and scientific uncertainty.
It is important from the outset to emphasise that adaptive management is in no way
inconsistent with groundwater planning, since a GW-MaP will have fixed targets,
which will be achieved by a programme of measures that will almost always require
adjustment following periodic review of their effectiveness.

GWMaPs have another important governance function in that they help
to harmonise the groundwater-related activities of all government organisations
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(Foster et al., 2015). The sustainability of the groundwater resource base will
depend on the technical adequacy, institutional suitability and implementation effi-
ciency of GW-MaPs. Specific management instruments and measures must be tailored
to local context as regards:

— the hydrogeologic setting of the groundwater body under consideration
— the social, economic and political position of the country/province concerned.

It will thus vary significantly with position along the developmental cycle.

The groundwater management planning process should be promoted by the
responsible national groundwater ministry or agency (through provision of proto-
cols and guidance) and undertaken by the corresponding local groundwater resource
agency or office together with all relevant stakeholders. It will require co-mobilisation
of financial investment for the demand management and/or pollution control mea-
sures required for plan implementation. A GW-MaP should be dynamic in nature and
implemented as a structured, step-wise long-term (5-10 year) sequence. Indicators of
resource status (for example a predefined groundwater level or quality at a strategic
monitoring site) can act as barometers of aquifer condition and facilitate the adaptive
management approach.

Groundwater is quintessentially a local resource (with large numbers of actual
abstractors and potential polluters). Thus, priority groundwater management units
should generally be defined at the lowest rational spatial scale, and managed as close
as possible to these local stakeholders—usually differentiating between areas in which
the major resource and quality stress is urban development or intensive agriculture.
There are, however, some exceptions to this rule—for example, where a larger aquifer
system extends across international frontiers and a component of transboundary coop-
eration will be required for its successful governance, even if many aspects of routine
management can be handled locally in groundwater sub-catchments. The same applies
to some large aquifers extending across state boundaries in federal countries.

The process proposed conforms in general terms with that adopted by both the
EU-Water Framework Directive (EC, 2000) and the GEF Groundwater Governance
Programme (FAO-UN, 2016a) and is transparent, consultative and evidence-based,
thereby creating a framework for cooperation and accountability. The resulting plans
comprise a formal public document with budgeted, time-bound, actions and outcomes
that can be evaluated. They also bring all governance provisions together, test them
and make it possible to assess their effectiveness.

4.7.2 Fundamental steps of plan elaboration

The 1st Step-Characterisation of Priority Aquifer Systems (also referred to as ‘ground-
water management units’ or ‘groundwater bodies’) can be achieved in various
ways:

- physical delineation of the system considering groundwater flow regime from natu-
ral recharge to discharge zones (thus connecting the landscape with the subsurface
system), whilst taking account of major man-made perturbations
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Figure 4.5 Stages and factors in the elaboration of a groundwater management plan (developed from
World Bank GW-MATe Publication SO-4).

— evaluating the importance of the system to socioeconomic development and to
ecosystem conservation — highlighting where groundwater plays a critical role in
public water-supply, irrigated agriculture, industrial production and/or aquatic
ecosystem sustainability

— assessing pressures on the system, and in particular its susceptibility and vulnera-
bility to irreversible degradation (through subsidence, salinization and persistent
pollution) or tendency to be associated with land water-logging and groundwater
flooding.

Priority aquifers systems should be chosen on the basis of sound professional reason-
ing and broad socio-political support. Whilst they occur in a variety of developmental
situations, urban aquifer systems will often be amongst the highest priorities because
of their strategic importance in water-supply and the major pressures to which they
are subjected. An ‘integrated approach’ to urban groundwater plan elaboration and
implementation is strongly recommended, which will benefit from a powerful cham-
pion (e.g. municipal mayor or water-utility chief engineer). A plan is an important
governance action, even where large-scale water-supply transfers are going to be



Groundwater management: policy principles & planning practices 91

introduced into urban areas previously heavily-dependent on local groundwater sup-
plies. Groundwater quality is intimately linked with urban land-use, and improved
metropolitan/municipal planning based on an integrated vision needs to be aligned
with groundwater management planning to avoid persistent and costly problems.

The 2nd Step-Assessment of Groundwater Resource Status is a basic foundation
of all GW-MaPs and requires consideration of:

— the geographical scale of the aquifer system and size of its storage reserve (a func-
tion of aquifer type), which will determine how identifiable it will be for local
stakeholders and how amenable it might be for user self-regulation

— the degree of connectivity with surface water, determining whether conjunctive
management of surface and groundwater is essential to achieve the efficient use
and improved conservation of both resources

— the level of contemporary recharge, since if the use of non-renewable groundwater
resources is likely to be involved it should be subject to rigorous control given the
strategic implications for intergenerational equity

— aquifer susceptibility to irreversible degradation and groundwater vulnerability
to pollution, which together will determine the urgency for action and whether
comprehensive provisions in a regulatory sense are essential.

This work will normally be undertaken (and in due course owned) by the corresponding
local groundwater agency (in collaboration with local specialists and stakeholders),
following protocols provided by the responsible national groundwater focal-point.

The 3rd Step-Plan Consultation Process will be essential to promote dialogue
aimed at establishing consensus on the priority services required from the aquifer
system under consideration, which could be:

-  water-supply security for urban, agricultural or other purposes
— guaranteed access for small private users
— sustaining dependent ecosystems and dry-weather riverflows.

This consultation is, by definition, a participatory process, with final decisions resting
with the government agency mandated to manage groundwater. It is very important
that the consultations are well informed about current groundwater resource and qual-
ity status, any related trends, the potential consequences and costs of ‘management
inaction’, and the options as regard management measures. Such information needs
to come from, and be delivered explicitly by, a recognised expert(s) of independent
stature.

Some governance provisions (and sets of management instruments/measures)
will need to be specifically tailored to certain facets of the socioeconomic situation
conditioning groundwater use, dependence, management and protection, such as:

—  density of groundwater abstraction points and/or potential polluters — since if ele-
vated it will not be realistic for the public administration to promote conventional
regulation (unless these users can be brigaded into logical groups)
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—  state of institutional evolution — since regulatory and charging approaches require
a public administration with considerable authority, capacity and experience

—  proportion of population directly abstracting groundwater — since if this is high
‘democratic influence’ may be exerted for continuing environmentally-perverse
subsidies

—  economic significance of groundwater resource use — since this will influence the
ease with which finance can be raised to invest in governance provisions and
instruments and the necessary monitoring of their effectiveness

The 4th Step-Planning Document Elaboration will require stakeholder interaction
and/or participation, since the detail of the plan will need to be accepted as a ‘bal-
anced way forward’ to achieve groundwater resource sustainability. It will thus be
important to find the most appropriate form of stakeholder participation and for the
public administration to nurture this as a vehicle for plan implementation, including:

— identifying regulatory measures, economic incentives and policy changes to address
groundwater management needs within the given legal and institutional frame-
work — and thus achieve a practical balance between top-down administration
and bottom-up stakeholder participation

— identifying a technically and economically sound array of demand-side and supply-
side measures to re-balance groundwater withdrawals with average recharge, such
that the risk of irreversible damage to aquifers and ecosystems is avoided

— definition of stakeholder roles, and specification of how these roles will be factored
into planning and management, and be maintained

— recognising any dependence upon essentially non-renewable groundwater
resources, requiring additional governance provisions and management strategies

— identifying situations of groundwater over-abundance, in which soil water-logging
and land drainage problems need to be avoided through conjunctive management

- identifying monitoring requirements for evaluating the effectiveness of measures
or the impact of ‘no management action’.

Groundwater management plans will often need to incorporate groundwater pollu-
tion control measures, accepting that trade-offs will be necessary to reach balanced
agreement. In this context it is important to recognise the difference between:

— attempting to protect all groundwater recharge, or focusing only on protection of
the capture zones of major public water-supply sources

— dealing with point-source pollution (which is relatively easy once the problem has
been identified), whilst recognising that the control of diffuse-source pollution is
likely to take much longer and requires a different approach

— addressing the diffuse-source pollution threat from intensive agricultural land-
use through promulgation of ‘best farming practices’ that guide the applica-
tion of manures, fertilisers and pesticides based on groundwater protection
considerations.

Monitoring requirements for groundwater quality assessment are onerous and data
are often insufficient or their interpretation subject to considerable uncertainty.
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Substitution of indirect hydrogeologic methods to assess pollution vulnerability are,
however, acceptable as a first approximation for initiating the planning process.

The 5th Step-Implementing & Reviewing Plans, which by definition are consen-
sualised, should be undertaken progressively on a structured basis. The plan must
include an operational time-frame and management monitoring network endorsed by
the responsible national/local groundwater agency and all relevant stakeholders. Its
implementation will often require some strengthening of institutional linkages, raising
substantial capital investment, improving groundwater use/protection measures and
aquifer response monitoring, promoting more effective public information campaigns
and undertaking capacity building. It will also be necessary to pursue inter-ministry
cross-sector coordination to avoid agricultural or industrial development plans which
are incompatible with groundwater resource constraints and the co-mobilisation of
financial investment for the required demand management measures.

The plan must be dynamic providing capacity for adaptation to change in technical
knowledge and in external drivers (such as climate-change and land-use). Indicators
of groundwater status (such as pre-defined water-table level or quality at a strategic
monitoring site) can act as barometers of aquifer condition. Whilst some types of
aquifer system are relatively rapid to respond to changes in groundwater pumping
and pollution load, and a response can be expected to manifest itself within 2 years,
others (especially quality-related responses in thick aquifer systems) can take more
than 10 years to become apparent. A carefully-designed monitoring network is highly
desirable to avoid falling into a false sense of complacency when considering the initial
aquifer response to newly-applied pressures. Feedback from the first cycle of plan
implementation should be used to up-grade the GWMaP and, if necessary, to refine
the underlying governance provisions.
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ABSTRACT

Lack of attention to groundwater governance and to water resources management
is irreversibly depleting and degrading the strategic resource, not only threatening
national economies but also contributing to social unrest, civil war and millions of
refugees. This paper identifies needed governance reforms and obstacles that under-
mine those reforms. Leadership has been insufficient and is needed at all levels to make
progress. A number of cases are presented to illustrate ways to foster such leadership,
ranging from NGOs and academia to communities, local governments, national sector
ministries as well as transboundary and global institutions. Case studies funded by the
Global Environment Facility (GEF) are described illustrating five GEF processes and
tools that can be used to foster partnerships and leadership. Integrated approaches
to land and water resources management (integrating surface water, aquifers, and
recharge areas) represent keys to balancing competing water uses in basins and aquifers.
Other reforms such as pricing water use, land tenure reform, water allocation systems
based on consumptive use have been piloted, and now need scaling-up. Professionals
need to be ready with reforms when disasters like drought strike, which provide politi-
cal driving forces for leaders to finally exercise political will for improving groundwater
governance.

5. INTRODUCTION

Inter-linked crises of land degradation, food security, ecosystem decline, water quality,
and surface/groundwater depletion still stand in the way of poverty reduction and
achieving the new Sustainable Development Goals (SDGs) adopted by Heads of State
(Box 5.1). New concerns about climatic extremes just make matters worse. Surface
and groundwater management has been abysmal in many rich and poor countries
with serious governance failures as irrigation, hydropower, mining, or drinking water
projects compete for what little water is left. For 40 years, since the green revolution,
sector by sector grabs for available water continue with little serious consideration of
downstream or aquifer impacts and little priority for water ecosystems.

With business as usual, catastrophic shortages of food and water coupled with
seriously degraded ecosystems lie on the horizon. Estimates are that 60% more food



100 A.M. Duda

is needed by 2050 to meet growing needs (World Resources Institute, 2013); this
challenge will be difficult given increased water use for industry, energy, people, and
ecosystems. Many solutions integrating land and water management are known and
were demonstrated in pilot situations and published in reports. Integrated manage-
ment will prove critical to free up excessive water used in irrigation and reallocate
it to other damaged uses in basins and aquifers to meet multiple SDGs. Other-
wise, SDGs may serve as ministry silos, each trying to grab water to achieve their
related SDG.

Meanwhile, estimates of people living in basins under water stress have risen from
1.7 billion (Johnson et al., 2001) to at least 2.6 billion for the period 1996-2005 based
on more accurate assessments related to consumptive use on a monthly basis (Hoekstra
et al., 2012). Recently, Mekonnen and Hoekstra (2016) utilized updated techniques
and estimated that 4 billion people, two-thirds of the planet, experience severe water
scarcity at least one month a year. With so many people being inconvenienced, the
SDGs adopted by the UN in 2015 provide a new, potentially significant driving force
for improving groundwater governance as noted in Box 5.1.

Box 5.1: Sustainable Development Goals (SDGs) to Catalyze
Transformational Change

In 2015, Heads of States met at the United Nations and adopted the SDGs,
known officially as: Transforming our World: the 2030 Agenda for Sustainable
Development. It is a set of 17 aspirational goals with 169 targets that replaces
the older Millennium Development Goals and is intended for all nations on the
planet as a guide for coordinated investment. The goals range from “end poverty”
and “end hunger” to the water-related Goal 6 “ensuring the availability and
sustainable management of water and sanitation for all”. Goal 6 has 6 targets
including: 6.1 By 2030, achieve universal and equitable access to safe and afford-
able drinking water for all; 6.5 By 2030, implement integrated water resources
management at all levels, including through transboundary cooperation as appro-
priate; and 6.6 By 2020, protect and restore water-related ecosystems, including
mountains, forests, wetlands, rivers, aquifers and lakes. Through the elements
of protecting and sustaining aquifers for drinking water and through integrated
management and protection of aquifers, there is new impetus for improving both
water and groundwater governance. The SDGs are intended to align all govern-
ments, sectors, civil society and international organizations to cooperate toward
transforming our world. More information on the SDGs is available from the
UNGA (2015) and the UN website for SDG 6 (UN Department of Economic &
Social Affairs, 2016).

5.2 SCALES OF GOVERNANCE IMPROVEMENTS

Improved groundwater governance is needed at all scales, from the very local farmer’s
field or city catchment to sub-national and local government, hydrologic units such as
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river basins or aquifers to national water resource management and sector management
policies and ministries, transboundary water systems, and global institutions. Differ-
ent actors may work at the different scales to provide leadership and foster needed
political will. For example, much capability exists in university systems to under-
take investigations and analyses that may catalyze action at every scale. The work of
Hoekstra et al. (2012) on a global scale for analyzing water scarcity from a consump-
tive use estimate and monthly time scale represents a great case. This new approach
identified more people living with water scarcity compared to historic ones that con-
tinually used water withdrawals as the basis for global estimates that under-predicted
the severity of the global crisis. Similarly with NGOs, campaigns based on science
and advocacy can make a difference in pressure for political will from local groups
to global NGOs helping build constituencies for action at the national and global
scales.

The Global Environment Facility (GEF) worked to encourage the World Bank and
FAO as GEF agencies to collaborate with UNESCO on a GEF International Waters
(IW) project to assess the state of groundwater governance regionally and develop
a global vision and action framework for improved governance (FAO, 2016b and
2016c). The project’s diagnostic (FAO, 2016a) notes that most every country has
some groundwater-related legal framework but most have fragmented, poorly funded,
capacity-poor systems not linking well horizontally with other sectors (like irriga-
tion) or vertically to local institutions. Even rich countries could use improvement to
address gaps, overlaps, and resource constraints if SDGs are to be met. Each of the
types of governance institutions requires immediate attention as described in following
sections.

5.2.1 National sector interventions supporting local action

National sector policies, legal frameworks, programs of support, and resources are all
critical for supporting not only sector decisions but also local actions. First and fore-
most, groundwater is a local issue. It is often related to land use, and some countries
do not have national laws to directly manage groundwater because it is the purview
of lower levels of government — for example in the US. However, sub-national govern-
ments many times do not have capacity or resources to improve management; national
ministries must take leadership and secure resources to build capacity if action is to be
expected. This support begins with policies and legal frameworks, which have been
reviewed to be mostly inadequate by the Global Groundwater Governance project
(FAO, 2016a). Clearly leadership starts here in the national ministries to ensure sus-
tainability for precious aquifers even if sub-national institutions are the regulatory
actors.

Two types of national legal frameworks seem appropriate — one aimed at spe-
cific sector activities that may impact groundwater and a second type aimed at the
groundwater resource itself. Examples of the first would cover mining, irrigation
projects, oil/gas drilling, waste disposal, underground injection, remediation of already
chemically polluted aquifers to minimize extent of damage, etc. National environ-
mental impact assessment legislation that most countries have can also assist. The
US Superfund represents an example of the remedial type of national law aimed at
old waste sites while the US Resource Conservation and Recovery Act is another
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example in requiring sub-national governments to regulate waste disposal and autho-
rize national funding to sub-national governments. National, legal frameworks under
EU legislation represent another example, with policies and directives aimed at national
actions.

The second type, focused on the water resource, is also critical for national policy
to protect groundwater in conjunction with the sector laws. Once again, the EU rep-
resents a best case with its “nitrates directive” and the newer Groundwater Directive
that was spurred by existing gaps. Another example is US national water quality legis-
lation, which sets standards for water quality, and the related Safe Drinking Water
Act. Ultimately, legislation creates ministries and agencies with program missions
to set rules and undertake valuable monitoring of surface and groundwater quality
and quantity. Annually agencies and ministries compete for funding to support their
work and face perennial cuts in budget as political figures desire to place resources
elsewhere.

The EU approach toward groundwater resource protection has been termed state
of the art in the recent global review (FAO, 2016a); the United Nations Economic Com-
mission for Europe Transboundary Water convention also provides opportunities for
improved governance for waters within cross border water systems. Other regional eco-
nomic bodies like Southern Africa Development Community or Association of South
East Asian Nations need to contribute to improved groundwater governance by fos-
tering political will for national action because economic competition creates unfair
advantages for countries refusing to protect water. The EU approach provides political
will for members to act nationally to overcome special interests.

5.2.2 Local land use planning and aquifer protection

Well-head protection programs, sub-national and local land use planning and zon-
ing, permitting programs, water user organizations, and implementation of programs
authorized by national law are at the front-line of improving groundwater gover-
nance. As noted earlier, NGOs, community groups, and academic interests can all
help raise awareness and demonstrate leadership in creating the political will to act.
Communication programs and the media are key tools for the campaign. As noted
in section 5.5, donors and international organizations have helped in this regard in
developing countries to foster local leadership leading to some political will for local
action.

A key decision is whether or not to protect an aquifer’s recharge area. Small Island
States have virtually no choice but to protect what they have left with much of their
shallow groundwater polluted. Government must work with local officials and dec-
laration of various areas as parks can help. One example is from St. Kitts and Nevis
in the Caribbean. Funded by the GEF through a UNDP/UNEP project, the Basseterre
aquifer provides 60% of the drinking water for the capital. Development pressures
were changing the valley with urbanization. The GEF helped the communities pro-
tect the recharge area for the drinking water aquifer in reducing agriculture, urban
and sewage pollution, and successfully implemented a GEF requirement for a national
cross-department committee along with the communities and NGOs. In addition to
zoning and best practices, the national Cabinet has approved the recommendation to
formally declare the lower part of the Valley and unconfined aquifer a protected area in
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advance of the processes of establishing a National Park to protect the aquifer recharge
zones (Duda et al., 2009).

5.2.3 Local aquifer/recharge area-specific
management needed

Ultimately, aquifer-specific interventions will be needed to sustain the resource, involv-
ing both resource management as well as sector reforms. In terms of developed
countries, support from legislation or creation of ad hoc programs still is needed.
In Spain, there is a long history of water and aquifer management. With its dry cli-
mate, more and more groundwater withdrawals for irrigation still pose problems.
National law and programs promote aquifer management with aquifer management
bodies and water user associations, but the largest use for irrigation still is not ade-
quately addressed (Stefano et al., 2015). In the US, the California legislature finally
found the political will to enact a recent groundwater law as a result of the latest
drought but implementation still has a decade to go.

Morocco has reformed its water law in a lengthy process to address governance
of groundwater after it found that water depletion was the greatest threat to economic
development. It has implemented improvements in a national irrigation water savings
program (African Development Bank, 2009) as part of its Green Morocco Plan to help
balance water uses such as in the Sousse Valley where a strategy has been legislatively
adopted through aquifer contracts to reduce over-pumping. Measures ranged from
increased fees for water use and new technology like drip irrigation to closing ille-
gal wells and limiting irrigation expansion. This approach illustrated leadership and
political will of the King and ministers to do what is best for the country as noted by
the World Bank (2009a). A recent review of actual implementation of the excellent
government reforms has shown that elites have still dragged their feet and frustrated
the restoration of over-exploited aquifers so that they can continue to over-pump to
maintain their agricultural exports (Closas and Villholth, 2016). Political will must
extend to enforcement of legislative reforms.

5.2.4 Community to cabinet aquifer protection: top-down
meets bottom-up

GEF IW interventions in the Pacific Islands have resulted in coining a phrase referring
to combining top-down interventions with bottom-up: from community to cabinet as
outlined across the GEF waters focal area by Duda et al. (2012). The saying describes
the GEF strategy involving top-down interventions where inter-ministry committees for
the project (required by GEF) work across sectors influencing surface water, ground-
water, and recharge areas along with bottom-up action with local communities. These
committees are one key to GEF’s promotion of IWRM as described by Duda and El
Ashry (2000) and actually are a key tool for integrating land management with surface
and groundwater management.

This strategy for generating political will illustrates benefits of new practices and
measures to both villagers and ministers to conserve water resources and protect its
quality while supporting local income. This approach results in ministers from cabinet
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visiting local demo sites and seeing how local people benefit. The ministers then go
back to cabinet and push for the budget envelope to scale up interventions or press
donors for funding, or enact the needed reforms.

Two other examples come to mind of top-down meets bottom-up in the Pacific.
Majuro Atoll is the capital of the Marshall Islands with its primary drinking water
coming from rain on the airport runway and groundwater as a reserve source. Majuro
is one of the most densely populated places in the world and is no wider than 400 meters
in places. Part of the island is known as Laura’s Village and was being urbanized. The
GEF/UNDP/UNEP project aimed to utilize zoning, best practices, and community
involvement to reduce density and protect the recharge area so that it can supply
safe drinking water. A Pacific Drinking Water Safety Guide makes the protection of
water sources understandable for communities, and the Laura Water Lens Protection
Coordinating Committee leads the inter-ministerial coordination committee (Duda
et al., 2009).

In the Pacific country of Tuvalu, septic tanks and latrines contaminate groundwa-
ter. The capital island of Funafuti is regularly affected by long and difficult droughts.
Rainwater is the only cheap and reliable source of potable water in recharging ground-
water. As a direct result of the Tuvalu GEF IWRM demonstration project there has
been a remarkable increase in community demand for the waterless, composting toi-
let to reduce the use of water and adverse impacts. After the first 40 demonstration
composting toilets were installed, a survey of 530 households found 100% of respon-
dents answered “yes” to composting toilets. Community engagement work, publicizing
advances of composting toilets with their savings of 30% in water use, a community
road show, less cost, and continuing droughts convinced the residents, cabinet, and
Prime Minister that the risks of typhoid and other diseases a were just too much. The

Tuvalu government approached New Zealand for help in scaling up as reported Duda
et al. (2009).

5.2.5 Transboundary aquifer and basin systems

Transboundary aquifers underlie up to 40 percent of the world with at least 367 sys-
tems identified. Governance for transboundary aquifers has been analyzed in the GEF
supported Global Groundwater Governance project (FAO, 2016a) and in the recently
completed GEF Transboundary Waters Assessment Program (UNESCO, 2016). The
analysis reported that most large aquifers are away from intense irrigation and are
still in good shape for future use. However, the aquifers will need joint management
institutions to keep sustaining benefits.

One shared aquifer between France and Switzerland has such an institution while
fledgling cooperative frameworks have been fostered by the GEF for the North-
west Sahara, Tullemeden, Nubian, and Guarani aquifers the last decade. Integrated
approaches to conjunctively manage surface and groundwater represent an important
avenue for improved governance. GEF also tried to catalyze surface and groundwater
management in its Nile Basin projects but the countries focused mostly on surface
water. GEF funded one project in Egypt on groundwater as an alternative to sur-
face water and then a small Nile Basin-wide groundwater project with UNDP (2008).
Countries still focus most attention on surface waters and the Nile treaty that is open
for signature and ratification. A new initiative has been funded by the GEF for the
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combined Niger River Basin through their treaty/basin organization linking with the
Iullemeden and Taoudeni-Tanezrouft Aquifer System that underlies it (UNDP and
UNEP, 2014).

5.3 GEF CASE STUDIES OF PROCESSES AND TOOLS
TO FOSTER LEADERSHIP/POLITICAL WILL

The GEF is best known as the financial mechanism for a number of global environment
conventions such as the climate change and biological diversity. The GEF’s mandate
is to provide incremental cost finance to address these global environment issues that
include international waters (IW) — which covers transboundary surface/groundwater
systems, marine waters and basins draining to those coastal and marine waters. The
only new funding to emerge from the 1992 Earth Summit, GEF has allocated in its
IW focal area over $US 100 million the last 15 years in helping 49 countries that
requested work toward improved groundwater governance. Processes recommended
by GEF that build trust and confidence and fill information gaps have been tested in
GEF initiatives for aquifers like the North-west Sahara, Iullemeden, Guarani, Dinaric
Karst, and Nubian. They help build sector and ministerial leadership for making the
case in capitals that better governance is essential. The GEF strategy involves work at
various levels of government — from multi-country to national sector as well as sub-
national and local levels. Box 5.2 outlines these processes that can catalyze leadership
to improve groundwater governance.

Box 5.2: GEF International Waters (IW) Project Processes
that Help Catalyze Leadership

The GEF IW focal area provides grants to countries to address different water-
related conflicts in basins and aquifers toward improved governance. GEF’s
practical experiences have validated three recommended processes and two GEF
requirements fostering IWRM. The processes are: (1) formation of national inter-
ministry committees; (2) production of an analysis for the basin of concern
on status of the river or aquifer basin, different sector water uses, conflicts,
and future projections (known as a Transboundary Diagnostic for multi-country
water systems or a diagnostic analysis for single country systems), and (3) devel-
opment of a strategic action program of policy, legal and institutional reforms and
investments that address the priorities in the analysis through multi-stakeholder
participative processes across sectors to balance the competing uses, make trade-
offs and form partnerships for action. Additionally two requirements also help:
required stakeholder participation and funding for local demonstration projects
in hot spots to engage local communities and spur action among officials in the
capitals.

If ministers agree to implement the action program, GEF may follow up
with multiple projects to help implement solutions to the priorities identified by
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the analysis and included in the action program. Establishment of the function-
ing national inter-ministry committee is an indicator to be reported in project
monitoring and evaluation. The analysis and draft program of action provide
tools for engaging stakeholders in the process to foster leadership. Both are
intended to simplify complex situations in order to better understand them. For
ease of implementation, actions are divided into individual sector pieces to be
included in budgets of local or national institutions, and local leaders can facili-
tate pushing for needed political will in the capitals. The GEF processes coupled
with stakeholder participation and locally relevant demonstrations projects have
been shown to catalyze leadership toward the MDGs and now SDGs. Further
explanation of the GEF International Waters Strategy can be found in Duda and
La Roche (1997).

5.3.1 National integrated river basin/aquifer management

Integrated land and water resources management (IL&WRM or IWRM) and con-
junctive management has been fostered by the GEF with the recommended processes
outlined in Box 5.2 and stakeholder participation anchored not only in the other pro-
cesses but also in local demo projects. There is one notable case with a GEF project
that illustrates success in a basin with intense irrigation. The government of China
requested a GEF IW project through the World Bank to test innovative means of
IWRM for surface water and underlying aquifers for a degraded basin, the Hai River
basin from Beijing to Tianjin in the irrigated and intensively cropped North China
Plain. Box 5.3 illustrates features of the $110 million project ($17 million GEF) that
represents a best practice case for issuing water allocations based on consumptive use,
water rights for farmer user associations, use of satellite technology for allocations
and enforcing compliance with rights and allocations under the water law. Additional
features of the GEF Hai Basin project include use of pricing to reduce irrigation for real
waters savings, conjunctive management of surface and groundwater—both quantity
and quality, and increased farmer income while using much less water that left the
stakeholders satisfied. China is now upscaling the approach, and with the experiences
in Australia for the Murray-Darling basin, the Hai Basin example illustrates paths
forward on conjunctive management for basins with intensive irrigation to meet the
SGDs.

Box 5.3: GEF Hai River Basin and Aquifer Project Illustrates
Key Governance Reforms

The GEF/World Bank Hai River Basin IWRM project involved many facets of
water and land reforms for improved quality in the river and aquifer as well
as reduced water use in irrigation so more will be available for environmental
flows to the river and reduced overdraft of the aquifers. The 7-year project,
with $74 million from the Government of China, $41 million from the World
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Bank, and $17 million in grants from the GEF water focal area, pioneered
water and land management reforms in an integrated manner. The Hai Basin
project demonstrated the utility of increased charges for irrigation water, a new
water rights/allocation system under Chinese Law based on consumptive use
(estimates of evapotranspiration or ET) and not standard withdrawal amounts,
satellite technology for integrated land-water planning to support issuing and
then enforcing the water allocations under law, and other water saving irrigation
technologies to begin the process of rebalancing food security and water and
environmental uses in the basin and its depleted aquifer system.

A truly innovative approach to IL&WRM, the project also included water
quality improvement measures, capacity building for the basin water resources
commission under Chinese law, and use of pre-paid cards for individual farmers
with only enough allocations for their pumping to meet the reduced allocations
needed for the real water savings. Satellite data on estimated evapotranspira-
tion at a 30 meter by 30 meter scale was utilized with simulation models to
provide reduced allocations to farmer-led water user associations, which in turn
distributed the quotas to over 100,000 farmer households through pre-paid cards
for pumps that they pay for. Once the allocation was gone, no more water could
be pumped. Extension services assisted with practices for green water savings,
best management practices (mulching, plastic, cropping patterns, drip technol-
ogy), and alternative crops for increased farmer income. The result of the project
was per capita income increases of 193 %, water productivity increases of 82 %,
and a 27% decrease in consumptive use-with the real water savings available to
stabilize the aquifer draw-down and leaving more water in the river for ecosystem
use (World Bank, 2011; and Duda et al., 2012).

5.3.2 Fostering the Guarani transboundary aquifer
cooperative framework

With very few legally binding cooperative frameworks for transboundary aquifers, the
time is right for leadership in negotiating those frameworks to avoid future degradation
and depletion. One good example funded by GEF water area is the Guarani Aquifer.
Shared by Argentina, Brazil, Paraguay, and Uruguay, the Guarani is the largest aquifer
in South America. Little attention was paid to the groundwater in the water-rich area,
and no regional cooperative framework was in place when the countries approached
the GEF for assistance to better understand and manage the system which provides
more than 15 million people with drinking water. The GEF encouraged the World
Bank as the appropriate GEF agency for the IW project, as described in Box 5.4 and
by the World Bank (2009b). The project utilized all five processes outlined in Box 5.2
in the GEF International Waters Strategy, and fostered leadership at all scales resulting
in the Heads of States signing the Guarani Agreement. It is the first joint aquifer
management agreement that is consistent with the 2010 United Nations Resolution
on the Law of Transboundary Aquifers and provides an important model to improve
governance of shared groundwater.
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Box 5.4: Guarani Aquifer GEF IW Project Creates Opportunities
for Leadership in Many Ways

The Guarani supplies drinking water to some 15 million people in the four
countries including about 500 cities and towns in Brazil. In the 1990s pumping
on border areas between Argentina and Uruguay had led to increased tensions
while agriculture was threatening potential contamination of sensitive recharge
areas in all countries. The four countries approached the GEF for support to
develop an integrated management framework with the objective to “implement
a shared institutional, legal, and technical framework to preserve and manage
the Guarani Aquifer System for current and future generations”. Consistent with
GEF practice, all countries established national inter-ministry committees to pro-
mote cross-sector action to protect the Guarani. In Brazil similar committees were
also established by sub-national state governments to ensure a more integrated
management approach by the many cities and towns depending on the aquifer.
The transboundary analysis was produced to engage the technical community
and enhance understanding of the aquifer system, providing a basis for differ-
ent stakeholders and policymakers to discuss the draft analysis that describes
complexity in simple terms.

The formulation of a Strategic Action Program (SAP) also helped to increase
stakeholder dialogue and utilize existing political processes to help determine
a shared vision for the future transboundary management of the resource.
Given the sheer size of the Guarani, countries targeted management actions
on important recharge zones and sensitive border areas. The SAP included
measures aimed at national reforms in addition to the legally binding coop-
erative framework that was negotiated then signed by all 4 Heads of State.
All countries have now taken practical measures to protect the Guarani at the
provincial and national levels as noted by Duda et al. (2012): Brazil integrating
groundwater considerations into its National Water Resources Plan with funding
allocated to support the implementation of its Surface and Groundwater Inte-
grated Management Program; all six Guarani aquifer provinces in Argentina are
now represented on the Argentina Federal Water Resources Council; Paraguay’s
new Water Resources Law now includes groundwater; and Uruguay has estab-
lished a national Guarani Management Unit. Participation and awareness were
advanced among the wider public and indigenous communities through a ded-
icated “Citizen’s Fund” established to encourage community- based NGOs in
participating.

The Guarani Aquifer is one of the largest aquifers on the planet. Little
attention was paid to the groundwater in the water-rich area and no regional
cooperative framework was in place when the countries approached the GEF for
assistance to better understand and manage the system which provides more than
15 million people with drinking water. There was a hint of concerns with agricul-
tural chemicals being applied in suspected recharge areas and excessive pumping
on the border of Argentina and Uruguay. The World Bank and GEF helped the
countries obtain a GEF IW project to support he countries to follow the GEF
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recommended procedures to build trust and confidence and provide analysis
products for stakeholder dialogue to catalyze leadership opportunities. Each
country established a national inter-ministry committee and Brazil went down
to the next level and established state inter-ministry committees to ensure verti-
cal and horizontal collaboration, especially with cities and towns and business
stakeholders.

The results of the project are covered in Duda et al. (2012) and World Bank
(2005).

54 REFORMS TO IMPROVE GROUNDWATER GOVERNANCE
AND IL&WRM

Past experiences point the way toward strategies for meeting multiple SDGs by scaling
up conjunctive management of surface and subsurface waters and their catchments
through IL&WRM as a first step toward balancing competing uses of water. Only
place-based, integrated approaches on the landscape combined with sector reforms
will work. Key reforms include land tenure reform (and women’s rights to land) and
water pricing (charges from irrigation, mining, and urban water users). As noted many
years ago by Duda and El-Ashry (2000), sufficient water use charges are a critical tool
to encourage conservation and support management. The importance of pricing has
also been shown in the Hai Basin example and other places such as the Murray Darling
Basin for irrigation, urban water tariff increases with the recent California drought
that saved 25% of water (California Water Board, 2016), and the urban example of
Windhoek, Namibia with its comprehensive tariff approach (Lahnsteiner & Glempert,
2007).

Public grants and development assistance should include provisions for adopting:
water rights/allocation systems; water charges for larger irrigation, mining, and urban
uses (with the funding staying in the aquifer or basin); national inter-ministry commit-
tees (with memoranda of understanding among ministries) for projects and programs
with integrated approaches to ensure horizontal and vertical government cooperation;
basin and aquifer-specific drought management planning to mitigate climatic variabil-
ity; and significant increases in development assistance support to enact the needed
reforms and operationalize IL&WRM to meet SDGs.

Other driving forces for local and national reforms for better subsurface gov-
ernance include subsidence of infrastructure/buildings and aquifer compaction with
over-pumping that can damage aquifer structure. Serious economic costs result glob-
ally from subsidence as subsurface space is compacted; more information about the
issue is available from van der Gun et al. (2012). Vast damage can result with remedial
actions being very expensive. For example, the Norfolk-Virginia Beach coastal area of
Virginia has over-pumping its aquifer for many decades producing serious subsidence,
infrastructure damage, and sea level incursions into the four-city area as noted by the
US Geological Survey (Eagleston and Pope, 2013), making the urban area the second
most susceptible city in the US to storm inundation from the sea next to low-lying New
Orleans. The solution under development is large-scale treatment of wastewater with
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injection into the aquifer to prop it up (Fears, 2016) which will run into the hundreds
of millions of dollars. Limiting fracking and injection of fluids for energy extraction to
appropriate areas and banning hazardous disposal into the subsurface are also needed
and require national and local reforms.

Integrating groundwater management with surface water represents another
reform necessary to meet SDGs. Ministries and agencies often have separate authorities
for quality, quantity, surface and subsurface waters, which erect barriers to integrated
water and land resources management. The Australian government presents good
examples of conjunctive management of surface and groundwater and the background
for application (National Water Commission, 2014). The GEF global groundwater
governance project supported a paper covering features of this important integrated
approach (Evans et al., 2013). Likewise, aquifers serve as important tools in reducing
droughts with water harvesting adopted as part of climate smart agriculture and man-
aged aquifer recharge becoming common, with guides available from UNESCO (Gale,
2005).

Unfortunately, conjunctive management legislation has not been popular.
Approaches such as described by Duda (1989) for integrating groundwater into surface
water legislation in the US have gone nowhere with special interests being successful in
keeping the status quo in the US Congress. Leadership must be exercised in most coun-
tries to authorize integrated management of the much larger groundwater resource with
the much smaller surface water resource that gets all the attention. With adoption of
the SDGs by Heads of States in 2015 and climate adaptation funding becoming avail-
able for drought management planning as a result of increased droughts, opportunities
are becoming available to catalyze needed action for integrating surface and ground-
water governance with agricultural land management in catchments and recharge
areas.

At the multi-country, transboundary scale, GEF experiences detailed herein and
by Duda et al. (2009) illustrate that processes have been developed to build trust and
confidence among countries to enter into cooperative management frameworks rang-
ing from exchanges of information to management arrangements signed by Heads
of States. The GEF pilot now underway for the Niger Basin and the Iullemeden and
Taoudeni-Tanezrouft Aquifer System that underlies it will provide an indication of
practicality on a transboundary scale. At a global scale, a whole host of issues related
to trade policy, global markets, land grabs by foreign nations, prices for commodities,
and distortions caused by agricultural and energy subsidies in many countries have
accompanied globalization. Agricultural subsidies in the North reduce prices for food
produced in developing countries so that farmers find it hard to compete with those in
rich countries. The World Bank (2008) estimated global agriculture subsidies to exceed
$US 245 billion annually. Other damaging subsidies include subsidized electricity to
run irrigation pumps (half of India’ irrigated land comes from pumping ground-
water) that discourage spending on water savings or restoration of overly-exploited
aquifers (World Bank, 2008). Fertilizer subsidies that divert money for conserva-
tion or water savings to benefit elite farmers also need elimination. While improved
IL&WRM measures and polices need up-scaling, there is a set of interventions and
campaigns needing to be waged on a global scale for these politically sensitive policy
issues.
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5.5 HIGH LEVEL POLITICAL WILL, LEADERSHIP
AND PARTNERSHIPS

At a global scale and within international institutions, obstacles exist to coherence
on action among national government sectors, international organizations, donors,
civil society, and the private sector for catalyzing sustainable surface and groundwater
management. Heads of States and national legislatures sometimes need encouragement
to generate political will. Agenda 21 from the 1992 Rio Conference and the Millen-
nium Development Goals (MDGs) in 2000 represented a “light touch” on the part of
Heads of States. Given these experiences, the need for more comprehensive, integrated
approaches was recognized by Heads of States in their adopting the SDGs. This may
prove to be the driving force necessary for political will.

In support Agenda 21 and the MDGs, the GEF was tasked with testing and
demonstrating on-the-ground measures and accompanying policy reforms to achieve
sustainable development. The GEF water area has provided leadership on groundwater
governance and integrated approaches since the 1990s with several dozen groundwater
projects. Even today, current funding priorities for GEF through 2017 include trans-
boundary aquifer systems and conjunctive management of surface and groundwater
(GEF, 2014). More importantly, the GEF-supported Global Groundwater Governance
Project that was successfully concluded in early 2016 and described in Box 5.5 has
generated valuable governance analyses regionally as well as a global vision with a
consensus global framework for action that provides a pragmatic roadmap for coun-
tries, businesses, and organizations to improve groundwater governance (FAO, 2016b
and 2016c¢).

Box 5.5: Global Vision and Framework for Action — GEF GLOBAL GROUND-
WATER GOVERNANCE INTERNATIONAL WATERS (IW) PROJECT

Following the late 1990s development of a vision on water, which was mostly
surface water based, the GEF realized the gap in such processes for groundwa-
ter and worked with the World Bank, FAO, UNESCO, and the International
Association of Hydrogeologists to develop a similar global dialogue process for
improving groundwater governance. The GEF Council approved the proposed
global GEF IW project to undertake the work, and after five years, it successfully
concluded in early 2016. The diagnostic phase of the project undertook develop-
ment of thematic papers from experts, regional diagnostic analyses of the state of
groundwater governance in countries, five regional consultations with hundreds
of interested professionals, and a global synthesis of shortfalls, gaps, good gover-
nance examples, and options for improving governance with policy responses and
financial needs as reported by FAO (2016a). A global visioning process was also
undertaken and a consensus Shared Groundwater Governance Vision detailed
critical aspects of good governance that can help support sustainable develop-
ment as reported by FAO (2016b). More importantly, the Global Framework
for Action represents a call for action by all segments of society to take urgent
steps to conserve and sustain invaluable groundwater resources. The Framework
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(FAO, 2016c¢) covers elements for good governance, building of effective institu-
tions at all levels, groundwater governance in the context of IWRM, developing
linkages with other sectors that complement well the new 17 SDGs adopted by
Heads of States, redirecting finance, and pragmatic steps to be taken toward
improved groundwater governance. The reform process doesn’t start from zero.
Background analyses, good practice cases, key elements, and consensus strategies
already exist for immediate application.

As GEF has demonstrated, grants can clearly catalyze some leadership, but much
more than GEF pilot funding needs to be allocated. Specialized UN agencies, regional
development banks and the World Bank, country development assistance agencies,
global NGOs, and universities as well as foundations need to work together coherently
in partnerships with national governments (not in competition) to achieve shared,
multiple goals. Adoption of the SDGs now makes this a possible driving force for
improved groundwater governance.

In the key area of water resources that underpin achieving most SDGs, The UN
Secretary General and the President of the World Bank recently took a valuable step
with leadership in operationalizing the new political will of the SDGs by creating a
High Level Panel on Water. As described in Box 5.6, the Panel may help support
countries that wish to make the transformational governance reforms with capacity
building, technical assistance, and funding for investments.

Still, countries of the North that may be influenced by special interests may not
enthusiastically work toward the SDGs. In these cases, civil society organizations,
NGOs, local governments, and the university community need to stand up and pro-
vide leadership in calling attention to the impediments to sustainable surface and
groundwater governance.

Box 5.6: UN High Level Panel on Water (HLPW) Created to Support
Water SDGs

Realizing that water resources underpin achieving most all of the SGDs through
inter-sectoral linkages, the Secretary-General of the UN established the HLPW
with the President of the World Bank Group. Consisting of 11 Heads of States and
Governments and an Advisor, the Panel is designed to advocate a comprehensive
and coordinated approach to water resources as well as increase attention and
investment in water-related services. As Heads of States and Governments, the
Panel has committed to lead the way forward with a new policy priority and
funding resources from the UN and development banks to support countries.
Achieving the water dependent SDGs requires a comprehensive and trans-
formative approach across sectors (both in capitals and vertically at the sur-
face/groundwater basin scale) and with development assistance organizations.
Leadership in terms of political will for this comprehensive approach is required
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for progress. The HLPW is aimed at motivating partnerships, governance
reforms, and local action across governments, civil society, and the private sec-
tor. For more information on the HLPW refer to High Level Panel on Water

(2016).

Perhaps the most important catalytic tool for leadership lies with partnerships
of global NGOS and multi-national corporations. Since the turn of the century, a
steady drum beat has come from the private sector about degraded and depleted
water resources becoming a serious risk to their profits and sustainability. Coca
Cola, Heineken, and other companies established partnerships with NGOs the last
decade and set corporate goals for water use sustainability. For several years, the
World Economic Forum has been discussing water constraints to global business.
The formation in 2008 of the 2030 Water Resources Group of private sector lead-
ers supported by the International Finance Corporation of the World Bank Group
led to its landmark call to action for business entitled “Charting our Water Future”
(McKinsey & Company, 2009). Now, as a result of recent risk analyses, new warnings
from the World Economic Forum (2015) have been issued that water problems rep-
resent the number one risk to the global economy. Corporate water stewardship has
become an important element (Rozza, 2013). Many companies are adopting measures
to reduce water use at facilities and work through their agricultural supply chains
(irrigation) to save water by using climate smart agriculture. This new interest in
protecting profits can be harnessed to provide leadership on improving groundwater
governance.

NGOs and governments of the North can catalyze the partnerships starting with
multi-national corporations and their supply chains in both the North and South
toward supporting reforms related to integrated surface and groundwater manage-
ment to meet multiple SDGs. If multi-national corporations walk the talk with their
operations and agricultural supply chains to influence high-level government officials
with whom they interact, leadership and political will for reforms, programs, and
investments can be catalyzed by these business contacts.

The potential for political will to exert leadership is at an all-time high with many
elements in place. Added to this new impetus for coherent action is the roadmap
associated with five years of global dialogue under the GEF Global Groundwater Gov-
ernance Project. The resulting diagnostic analyses, assessments, shared global vision,
and consensus framework for pragmatic actions now need to be utilized to improve
groundwater governance. The specter of a changing climate with extreme droughts
will energize civil society, academia, local officials, NGOs, and international organi-
zations to make sure this revolution toward integrated land, surface and groundwater
management takes place within governments and the business community.

5.6 CONCLUSIONS

Lack of attention to governance of aquifers, their recharge areas and the larger issue
of integrated water resources management is irreversibly depleting and degrading
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precious groundwater in many countries with devastating social and economic results
that will constrain future prosperity. Leadership has just been insufficient and gover-
nance has been weak. Two thirds of the people on our planet now suffer water scarcity
at least one month per year. There is no way that multiple goals of the new Sustain-
able Development Goals adopted by Heads of States in 2015 can be achieved without
improved surface and groundwater governance. That means that strong leadership
and political will is necessary not only for effective groundwater governance but also
to achieve multiple sustainable development goals.

Standing in the way of governance reforms have been policy failures not only
in water management but also in sectors that compete for water. This paper has
identified obstacles undermining efforts to improve groundwater governance and pre-
sented case studies of approaches in developing and developed countries that can foster
leadership to begin overcoming those obstacles. The obstacles fall into a number of
categories ranging from physical to economic and social. From a physical standpoint,
surface water, groundwater, aquifers, and catchments pose enormous complexities
and physical unknowns. Attempts at managing these open access and common prop-
erty systems are impeded by variable geology, lack of data/information on unseen
groundwater, a changing climate, and complex cause-effect inter-linkages that support
meeting multiple SDGs. Economic obstacles run the gamut from poverty and low gov-
ernment priority for assessment and management to generous sector subsidies stressing
groundwater and low funding priorities by foundations, NGOs, and international aid
agencies.

By far, social/institutional obstacles are most important for standing in the way
of progress. Culture, political interference, missing political will, lack of capacity and
awareness, and the challenge of mobilizing civil society participation are only a start. A
whole array of institutional failures conspires against action, including: lack of policies,
legislation gaps, lack of enforcement, corruption, few incentives and disincentives,
competition among ministries for water use, difficulty in cooperation among ministries
(horizontal), challenges in national and subnational (vertical) collaboration, and the
nagging lack of transparency and accountability in government.

Despite the obstacles, progress has been made in many countries but much remains
to be accomplished. Improved groundwater governance is needed at all scales, from the
very local farmer’s field or city catchment to sub-national government like provinces
or states, hydrologic units such as river basins or aquifers and their recharge areas to
national water resource management and sector management policies and ministries,
transboundary water systems, and global institutions. Different actors may work at
the different scales to provide leadership and foster needed political will. A chang-
ing climate provides impetus in developed countries for new leadership fostered by
university and scientific capacity, NGOs, community groups, foundations, and local
governments. Even in developing countries these groups must be ready with campaigns
and coherent partnerships aimed at creating political will when extreme events hit.

In developing countries, programs of rich country development assistance agencies
and international organizations, including NGOs, must exercise leadership, including
grant funding devoted to needed reforms for improving governance. Case stud-
ies illustrate that grant funding from the GEF International Waters focal area has
been successful in facilitating progress toward improved groundwater governance.
Three recommended GEF processes seem critical: establishing national inter-ministry
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committees, producing a diagnostic analysis, and formulating an action program based
on visioning and participation to set new priority for programs, reforms and invest-
ments. Two additional GEF requirements (civil society participation and on-the-ground
local demonstration pilots) have proven to be key elements to foster local leadership
and national commitment to action. This GEF concept termed “from community to
cabinet” is simply a combination of top-down and bottom-up processes that have
proven to catalyze integrated surface and groundwater reforms for basins and aquifers.
Other cases of local aquifer action, sector regulatory action, best practices, and piloted
governance reforms also contribute to integrating approaches to land, surface and
groundwater management Additionally, pricing water use, land tenure reform, water
rights and allocation systems, water quality protection institutions, utilization of cli-
mate smart agriculture, and removal of agricultural subsidies that distort food prices
and trade will be necessary to improve groundwater governance. Grant resources from
national governments to subnational and local governments have proven invaluable
to spur progress and are needed for targeting resources to important priority aquifers.

For the first time in 30-40 years since the irrigation and input-dependent agri-
cultural “Green Revolution” began devastating surface and groundwater resources
and their associated biological diversity, sufficient driving forces have come together
to stimulate the opportunity for real action toward improved and integrated surface
and groundwater governance. Lessons have been learned from the partially successful
attempts at sustainable development through Agenda 21 and the Millennium Devel-
opment Goals, resulting in a more transformative and integrated set of 17 Sustainable
Development Goals (SDGs) adopted in 2015 by Heads of State at the UN. On-the-
ground measures, tactics, and policy reforms for sustainability have been implemented
in some developed countries and pilot tested globally. The GEF has funded these inte-
grated approaches for two decades, and now leadership is needed from individuals in
every organization globally and locally to scale-up what has worked.

In response to the SDGs, the development assistance community has come together
more coherently to sustain water resources through leadership of the UN and the World
Bank in the High Level Panel on Water and through their organizational programs.
The private sector has now awoken to its potential loss of profits and sustainability
with corporate water stewardship becoming a necessity. Climate change adaptation
funding provides another driving force for action to convince ministers and Heads
of States to exert political will for reforms and funding to support integrated basin
and aquifer/recharge area participatory management. The GEF Global Groundwater
Governance Project has successfully concluded dialogues with thousands of people to
produce materials, strategies, a shared vision and key elements of a Framework for
Action in which we all can play leadership roles to improve groundwater governance.
It is a new day, and it will take everyone working coherently together to catalyze action
through partnerships that build political will for improving groundwater governance
and attaining the new SDGs.
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ABSTRACT

A mix of established and emerging trends in domestic groundwater-related legislation
is illustrated from a comparative law perspective. The analysis is arranged around
a number of questions or issues the reader may wish to ask or explore, from who
owns groundwater to what is regulated and how, from what role for groundwa-
ter users in resource governance to concern for the ecosystem-support function of
groundwater, from the land/subsurface space/groundwater nexus to conjunctive use
and managed aquifer recharge, to where groundwater regulation intersects the cus-
tomary water practices of traditional communities. Also, the body of international law
that governs relations between States as regards groundwater and aquifers that strad-
dle international or interstate boundary lines is illustrated. Despite the scanty evidence
on record, the implementation and enforcement of domestic groundwater legislation
is briefly addressed, and the importance of such legislation to meet States’ obligations
regarding transboundary groundwater and aquifers is emphasized. Advances in dis-
crete segments of the groundwater regulatory spectrum, and strides in reaching out to
non-groundwater regulation in view of its relevance to groundwater, are highlighted in
conclusion, alongside advances in the codification of norms of States’ behaviour, and
in the negotiation of treaties and agreements between States, regarding transboundary
aquifers.

6.1 INTRODUCTION

In this chapter, the legal practices — established and emerging — which underpin, and
are an integral part of, the governance of groundwater domestically and in a trans-
boundary inter-State context are illustrated, and discernible advances highlighted.
Well-established legal practices are illustrated first, and advances highlighted, in rela-
tion to groundwater ownership, regulation of groundwater extraction, control of
groundwater pollution from “point” sources, and the increasingly prominent role of
groundwater users in groundwater governance. Novel and emerging legal practices and
regulatory trends are illustrated next, signalling advances from mainstream ground-
water governance and regulation towards other facets of the groundwater governance
spectrum engaging, notably, the environment-support function of groundwater, the
land/groundwater interface and interaction, the surface water/groundwater interface
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and interaction, and the interface and interaction of customary groundwater rights and
practices with formal groundwater rights. The transboundary dimension of groundwa-
ter governance is addressed separately, with attention directed at advances in the legal
frameworks and in the practice of States as regards the governance of aquifers common
to two or more sovereign States, or also to two or more states or provinces of fed-
eral countries. The chapter casts the net further, by also exploring the much neglected
and largely un-charted governance territory of implementation and law enforcement.
Finally, the main features and advances in the legal practices and frameworks for
groundwater governance are summarized in a concluding section of the chapter.

6.2 ESTABLISHED TRENDS AND PRACTICES

6.2.1 Whose groundwater is it?

One of the cornerstones of contemporary groundwater governance is severing the
link that has long existed in law between ownership of the land and ownership —
and control - of groundwater lying below. This is a powerful link, also — and perhaps
foremost — in the minds of landowners, who tend to think of groundwater as some-
thing intensely private, and to behave accordingly, regardless of what the law says
(Mechlem, 2016). In view of the common-pool nature of groundwater, all landown-
ers can stake equally valid land property-based claims, fuelling conflict and litigation
compounded by the limited knowledge and poorly understood dynamics of groundwa-
ter, and risking over-abstraction and eventual depletion of the resource!. This circular,
highly conflictive and potentially destructive situation has effectively been tackled in a
vast majority of the countries the world over by removing groundwater from the exclu-
sive ownership and control of landowners, and by placing it under the stewardship of
the State. This way, opportunities for groundwater extraction and development have
opened up for non-landowners as well.

The shift from private ownership to State stewardship of groundwater is nowadays
firmly entrenched in contemporary water legislation. There persist, however, a few
isolated pockets where groundwater is regarded by law as the property of the overlying
landowner, notably India, Pakistan, and the state of Texas (USA). There, the so-called
rule of capture by the overlying landowners prevails?, negating effective governance,

'In a famous 1904 USA case (Houston & Texas Central Railway Company v. East, 81 SW
279) the Texas Supreme Court ruled that a landowner was not entitled to damages from a
railroad company whose drilling of wells for its steam locomotives had caused his well to go
dry (reported in Nowlan, 2005). To-date, Texas is the only USA state to maintain the so-called
“rule of capture” (see footnote 2 below). In two Indian Union cases dating back to 1923 [Babaji
Ramlin Gurav v. Appa Vithavja Sutar, AIR 1924 Bom 154 (High Court of Bombay, 23 February
1923)] and 1930 [Malyam Patel Basavana Gowd (dead) v. Lakka Narayana Reddi, AIR 1931
Mad 284 [High Court of Madras, 23 October 1930], the courts spent considerable time and
effort in attempts to unravel certain physical features of the groundwater in dispute between
adjoining landowners (reported in Cullet, 2012)

2The Texas Supreme Court has upheld the rule of capture in a contemporary landmark
case adjudicated in 2012 (Edwards Aquifer Authority v. Day, 369 SW 3rd 814, discussed in
https://scholar.google.com/scholar_case?case=17654424129403106972&hl=en&as_sdt = 6&
as_vis=1&oi=scholarr%5C) [accessed 18 April 2017]. That same ruling was subsequently
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as the sorry state of the resource in those jurisdictions amply demonstrates. The shift
from private ownership to State stewardship has not always been immune to legal
challenge before the courts of law, on grounds of a takings of constitutionally protected
private property rights, triggering the issue of compensation. The available record
shows however that claims of compensation have been consistently rejected by the
courts in the cases on record, notably, the USA (Arizona, New Mexico), Italy and
Spain, on mixed grounds of law and policy (Burchi, 1999; Burchi & Nanni, 2003).
As a result, and also on the strength of the experience of countries like South Africa,
where apprehensions about the constitutionality of dispossessing landowners of their
private property rights in water resources, surface and underground, turned out to be
ill-founded, any serious advance in groundwater governance is predicated on the State
asserting its role of steward or trustee, let alone owner, of the resource on behalf of
the public (GEE, FAO, UNESCO-IHP, World Bank, IAH, 2015 & 2016).

6.2.2 What is regulated, and how? From well-drilling and
groundwater extraction to groundwater pollution
from point-sources

It is well-established groundwater governance practice to routinely regulate the extrac-
tion of groundwater and the instrument to do so, i.e., the drilling of wells, by means
of administrative permits or licenses or other equivalent legal instruments. It is also
standard practice that such legal instruments, and the rights they carry, be time-
bound, and qualified as to, notably, volumes and rates of extraction. Groundwater
extraction rights are also adjustable through their lifetime to reflect changing circum-
stances, however the issue of compensation looms large in this regard?. Well-drilling
and groundwater extraction regulation is also selectively targeted at aquifers under
stress from over-extraction (the phenomenon is commonly known as groundwater
“mining”*). In the state of Texas (USA), for instance, permitting, well spacing and set-
ting extraction limits, are available inside the perimeter of Groundwater Conservation
Districts. Restrictions, however, are not mandatory as most of the districts which have
been established have worked to get landowners to implement conservation measures
voluntarily through educational programmes and by providing data on available sup-
ply, annual withdrawals, recharge, soil conditions, and waste. In Spain, groundwater
extractions may be curtailed in areas which are declared groundwater mining areas,
until a plan for the recovery of the aquifer is made and adopted (Burchi & Nanni,
2003). A similar approach is in effect in Algeria, however the government’s authority
to curtail extractions in aquifers under stress is not qualified as in Spain. In the states of

interpreted and applied by the Texas Court of Appeals in Edwards Aquifer Authority v. Bragg,
421 SW 3rd 821 (2013).

3Under Spain’s Water Act (2001), for instance, water abstraction licences can be curtailed to
accommodate the exigencies of the environment. Compensation has been ruled out by the action
of the courts (Brufao Curiel, 2008). A similar provision exists in the Water Resources Manage-
ment Act of Namibia (2013) with specific regard also to well drilling licences, however the issue
of compensation is not addressed in the Act, nor has case law emerged so far clarifying it.
“The term groundwater “mining” is also used in connection with the extraction of fossil
groundwater, i.e., groundwater stored in non-recharging aquifers.
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Punjab and Haryana (India), it is the practice of paddy rice cultivation which is the tar-
get of regulatory attention aimed at slowing down groundwater mining for irrigation.
Well-established governance practices often include the regulation of the well-drilling
trade and profession, like in most Western states of the United States, where moreover
it is a legal requirement to contract with duly licensed well drillers only.

Building upon baseline regulatory practices, mature groundwater governance sys-
tems tie the initial grant and/or management by government of extraction rights to
water planning instruments and determinations (e.g., France, Spain, the state of
California (USA)). In the state of Arizona (USA), extractions are tied by the state water
law to the maximum water duty or allotment on each farm, which is based upon the
crops historically grown and assuming increasingly stringent measures for the efficient
application of irrigation water, such as lining of irrigation canals and the use of laser
leveling fields. Other mature water governance systems, such as that in effect in the
Australian state of New South Wales, have turned the quantum of extractions from
a volumetric allocation to a variable share in the available groundwater from a given
aquifer. Relevant licences are thus made up of two parts: a “share component”, which
entitles the licence holder to a share in the available groundwater from the aquifer;
and an “extraction component”, which entitles the licence holder to take groundwater
at specified times, rates and at specified locations from the given aquifer. The share
component of a licence is the kingpin to this sophisticated governance regime, and
it is determined on the basis of water sharing “rules” negotiated in cyclical ten-year
aquifer management plans. The sharing rules may undergo change during the life of
the relevant plan, however access/extraction rights holders may claim compensation if
their rights suffer diminution as a result (Burchi, 2001; Burchi & Nanni, 2003).

The more advanced governance practices allow for a delicate balancing act where
the legitimate interests of groundwater developers are weighed at regular intervals
against the sustainability of extraction rates and against the survival of groundwater-
dependent habitats, thus taking on board also the interests of the environment and
those of future generations. Moreover, mature groundwater governance systems take
on board the economic value of groundwater by implementing the “user pays” prin-
ciple, and charging for the extraction of groundwater a price which generally reflects
the higher scarcity value of high-quality groundwater compared to surface water. In
the state of Arizona (USA), for example, a tax is levied on all users of groundwater
according to the volume which is consumed, and the proceeds from the collection of
the tax are directed to purchasing groundwater rights and retiring them from use.

As regards man-made pollution of groundwater, it is well-established governance
practice to regulate “point” sources of pollution, i.e., industrial outfalls and municipal
sewers discharging underground, notably through injection wells, by means of admin-
istrative permits, licences or other equivalent instruments. It is also standard practice
that such legal instruments, and the rights they carry, be time-bound, and qualified
as to, notably, the quality of the wastewater discharged (also termed “effluent”) and
the required treatment, and the timing and rate of discharge. The more sophisticated
governance systems attune the quality standards of discharges to the achievement of
pre-determined “ambient” water quality objectives for the recipient water body, and
complement discharge permits with payment of charges aimed at penalizing polluting
discharges (“polluter pays” principle). In view of the vulnerability of groundwa-
ter to irreversible pollution, however, permit-based and charge-based approaches to
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point-source pollution are qualified by paramount prohibitions as regards, in partic-
ular, the discharge of hazardous or toxic waste underground. In the European Union,
all direct discharges of pollutants to groundwater have been outlawed since 2012
(Mechlem, 2012).

6.2.3 What role for groundwater users
in groundwater governance?

Groundwater users are increasingly attracted by law in the making and implemen-
tation of decisions which affect them, and have become as a result a steady feature
of contemporary groundwater governance systems. Their active participation in the
governance of groundwater is widely seen and practised as an effective vehicle to build
support for, and eventual compliance with, unpopular decisions. The participation of
groundwater users is a well-entrenched feature of the traditional governance systems
in place in a number of countries. In Yemen, for instance, local communities manage
water supply systems, and a few have implemented schemes to protect groundwater
used for drinking purposes from intensive agricultural use. In the state of Gujarat
(India), there is a large farmer movement based on Hindu tradition to recharge dug
wells in hard rock areas (Burke & Moench, 2000).

In the formal groundwater governance systems, regulated groundwater planning
processes routinely provide opportunities for groundwater users’ participation in the
formation and adoption of plans, directly and through their elected representatives
on the committees tasked with the formation of the plans. In the French sophisticated
water planning system, detailed water master plans covering specific basins, sub-basins
or aquifers (SAGE) are formed and adopted by an ad hoc Local Water Commission,
one-fourth of whose members consist of representatives of water users. Water users
participate also in the adoption of general water resources plans (SDAGE) through
their one-third share in the membership structure of the Basin Committees (Burchi &
Nanni, 2003).

Users’ participation is further fostered by legislation governing the direct involve-
ment of water users in the management of groundwater resources under stress from
accelerated depletion (also known as groundwater mining) and/or from pollution. In
Spain and Chile, for example, Water Users’ Groups must be formed from among the
users of overexploited aquifers. These groups are to share in the groundwater man-
agement responsibilities of the government and, in particular, in the management and
policing of groundwater extraction rights. In the state of New South Wales (Australia),
the Minister has the power to declare aquifers that are classified as being under envi-
ronmental stress as groundwater management areas, and to establish groundwater
management committees to advise him or her on the necessary measures. Govern-
ment, local councils, groundwater users and interest groups present in the groundwater
management areas must be represented in the groundwater management committees.
Amongst other things, the committees are responsible for developing draft aquifer
management plans in consultation with the community. Approved plans are binding
on government and on groundwater users alike. In the state of Guanajuato (Mexico),
where groundwater overdraft is particularly severe, “Groundwater Technical Commit-
tees” (Comités Técnicos de Aguas Subterraneas — COTAS) have been actively promoted
and have become part of the state groundwater governance system, canvassing all
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groundwater users and stakeholders within an aquifer. COTAS are civil society orga-
nizations functioning in a consultative, consensus-building capacity, and in support
of Basin Councils and of the government groundwater rights administration (CNA,
2006). In yet another twist on the same theme, France’s innovative use of contractual
instruments for the management of aquifers under stress is noteworthy. The contract
between government and groundwater users (contrat de nappe) is seen and used as
an instrument binding groundwater users to remedy the vulnerability of an aquifer to
over-exploitation or pollution, by adopting such aquifer management measures as are
agreed among them and with government. Contracts cannot curtail existing ground-
water users’ rights, and in actual practice the government insists that contracts align
with approved water plans (Burchi & Nanni, 2003; Burchi, 2012; supplemented by
personal communications to the author). The contractual approach to engaging with
groundwater users in the management of aquifers under stress is practised also in
Morocco, with mixed success (Closas & Villholth, 2016).

Groundwater users are a feature of contemporary groundwater governance struc-
tures also through their represention in the organs which make up the internal structure
of river basin authorities and agencies. For instance, Spain’s River Basin Author-
ities (Confederaciones Hidrogrificas) include water users’ representatives in their
decision-making and advisory organs. Similarly, users’ representatives make up at
least two-thirds of the total membership of the board of directors of France’s Water
Agencies (Agences de ’eau). They are also represented on the Agencies’ advisory Basin
Committees. Irrigators hold a minority of seats on the board of directors of Morocco’s
Basin Authorities. In South Africa and Panama, water users and environmental interest
groups are represented in the decision-making structure of the Catchment Management
Agencies. In Brazil, water users are represented in the basin committees, alongside the
representatives of civil society and of the federal, state and municipal governments. In
Mexico, water users form no less than one-half the total membership of Basin Coun-
cils. In the two countries, committees and councils have a consensus-building remit
(Burchi, 2012). In all the examples above-mentioned, however, the representation of
groundwater users is implied, as no seats are reserved for them explicitly.

6.3 NOVEL TRENDS AND EMERGING PRACTICES

6.3.1 Where does‘“environmental” groundwater stand?
The “greening” of groundwater laws

The environment-support function of water resources in general, and of groundwater
in particular at the point where it discharges feeding wetlands, or also as it provides
the baseflow of watercourses at times of low flow, has grown nowadays to the point
where it stands on a par with water’s entrenched utilitarian function and associated
water-related needs and wants. The resulting process of re-direction of water gover-
nance practices as reflected in the relevant laws has been described as a “greening”
of water laws (Burchi, 2010; Eckstein, 2010). Whereas a majority of the regulatory
mechanisms bearing out a “greening” trend are aimed at water resources in general,
including groundwater by implication — notably, the systematic recourse to an envi-
ronmental impact assessment (EIA) of water (and groundwater) development projects,
the reservation of water volumes or stocks for an environmental purpose, the priority
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ranking of environmental water allocations, and the independent standing of environ-
mental water allocations at the hands of an Environmental Water Holder — a few have
a distinct groundwater connotation. For instance, in the state of Texas (USA) a cap on
extractions from the Edwards Aquifer has been imposed, also for environment-related
purposes, under the authority of a dedicated law passed in 1993. A more articulate
approach is in effect in the state of New South Wales (Australia), where an “aquifer
interference activity” approval by the government is required of activities that interfere
with groundwater, and a management plan is required for the relevant area where such
controlled activities occur. The plan must identify the nature of the aquifer interference
having any effect, including cumulative impacts, on water sources or their dependent
ecosystems, and the extent of those impacts. Plans for such controlled activity also deal
with undertaking work with a view to rehabilitating the water source or its dependent
ecosystems and habitats. Aquifer “safe yield” determinations protecting the health and
functions of aquifers are also relevant in this context. In Tanzania and Namibia, for
example, the “safe yield” of an aquifer is the amount and rate of extraction which
does not damage the aquifer, the quality of groundwater or the environment, and
safe yield determinations are to guide the grant of groundwater extraction permits.
“Greening” is also at work where, like in Namibia, the government has authority to
scale down duly authorized borehole drilling operations in progress in response to any
adverse effect such operations display on a water-dependent aquatic ecosystem, or on
an environmental water reservation or allocation (Burchi, 2012). Finally, environmen-
tal considerations may be required to enter the formation of groundwater plans, as in
the state of California (USA), where “groundwater sustainability plans”, which are to
guide the management and recovery of the state’s groundwater resources, must include
impacts on groundwater-dependent ecosystems.

6.3.2 How about the land/subsurface space/groundwater nexus?

Land use regulation, and regulation of uses of the sub-surface space, are critical to
ensuring the proper functioning of aquifers, notably through the protection of the rel-
evant natural recharge and discharge processes and areas from interferences originating
from uses of the land above or from uses of the sub-surface space. Land use regula-
tion, and regulation of uses of the sub-surface space, are equally critical to ensuring
that the quality of groundwater is not polluted by “diffuse” (or “non-point”) sources
originating from rural and urban land uses. Equally so when pollution sources can be
pinpointed with accuracy, however are not in the nature of intentional discharges —
notably, landfills and waste dumps, and the underground storage of dangerous sub-
stances, where the threat of pollution originates from un-intentional leakage. Zoning
of the recharge areas of aquifers, and attendant restrictions on land uses, hold much
promise in this regard, and are beginning to be part of a systemic groundwater gov-
ernance response to these issues. Restrictions on cultivation practices and on the use
and storage of pesticides, fertilizers and animal manure with a view to preventing and
abating groundwater pollution from “diffuse” sources are a steady feature of mature
groundwater governance systems, as in the European Union.

As regulation of the uses of the land and of the sub-surface space is the province
of town & country planning, construction & building, mining, waste disposal, and
handling & storage of dangerous substances legislation, reconciling and harmonizing



126 S. Burchi

or simply coordinating and interlinking mainstream groundwater resources regula-
tion with other legislation, and the relevant respective administration on the ground,
remains a challenge. The Flemish Region of Belgium has responded to the challenge
by linking water governance and regulation to town & country planning governance
and regulation. In the specifics, a “water assessment” of construction projects is pre-
scribed by the water law to prevent, avoid or minimize the harmful effects of town
and country plans and of relevant permit decisions on the water systems, including by
implication groundwater. The prescription is mirrored in the town and country plan-
ning law, which directs that a water assessment must be taken into account before a
permit is granted under that law (Herman, 2010).

The land/groundwater link is also borne out of water abstraction charging schemes
which include an environmental services payment component, generally targeted at
the preservation of the groundwater-replenishment function of forested properties
in the upper watersheds. A notable example is Costa Rica, where part of the pro-
ceeds from the collection of kind-of-water-use and volume-based water abstraction
and (higher) groundwater extraction charges is returned to municipalities to fund the
purchase of private property for the specific purpose of protecting the recharge areas
of groundwater, feeding water supply systems in particular.

6.3.3 Conjunctive use and managed aquifer recharge (MAR): does
the law hinder or help?

The term “conjunctive use” of surface and groundwater has several different mean-
ings but basically stands for maximizing the beneficial use and economic benefits of
both surface water and groundwater through coordinated use. Methods include aug-
mentation of supplies, allocation of costs, managed aquifer recharge and storage of
surface water underground, and the coordination of rights reflecting the interconnec-
tion between the two kinds of sources. Mature groundwater governance systems have
adapted available regulatory instruments to enable conjunctive use practices, and to
reap the relevant benefits. In the Western states of the United States, for instance, the
rule of prior appropriation whereby s/he who is first in taking water from a source
has priority to keep taking it as a matter of right, is applied to interconnected surface
and groundwater. As a result, priorities of rights to the use of interconnected waters
are correlated and subject to a single set of priorities that encompasses the whole com-
mon water supply. In practice, new abstraction permits can be refused in the area,
permissible total withdrawals can be apportioned among appropriators, junior appro-
priators can be restricted or curtailed in their withdrawals, the extraction and use of
groundwater can be subjected to a rotation system and well spacing requirements can
be introduced for new wells. By no means is conjunctive use predicated on the rule
of prior appropriation. For conjunctive use is practised elsewhere in the United States
where prior appropriation does not control. In the state of Texas (USA), for instance,
irrigators using groundwater can move return flows to natural surface streams and
divert and use such flows further downstream, without fear of losing their water as
a result of seemingly abandoning it. In the states of California and Arizona (USA)
water users may store excess water underground when there is surplus flow available.
The water is recharged underground subject to call or trade when needed. In addition,
Arizona law allows any person to carry out groundwater recharge projects in return
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for groundwater recharge credits — something resembling a groundwater “banking”
mechanism. These credits may either be used by the recharger or sold to other water
users. Arizona law further allows a person to deliver water directly to a farmer to be
used by that farmer in lieu of water he would have pumped from under the ground
(known as “in lieu recharge”). This effectively leaves underground the groundwater
the farmer would have pumped. The “in lieu” recharger receives groundwater credits
which again can be used by the recharger or traded (Burchi, 1999).

The managed recharge of aquifers (MAR) with, in particular, treated wastewater
for eventual recovery and use or for environmental benefit is at the cutting edge of the
conjunctive use discourse and debate. The governance response of the few countries
showing significant levels of MAR activity with treated wastewater — i.e., Israel, South
Africa, Spain, and the states of Arizona (USA) and of Western and South Australia —
indicates that the regulation of the MAR cycle and activities is achieved in piece-meal
fashion, through the application of available strands of regulation to discrete com-
ponents/phases of the MAR cycle. These include wastewater discharge regulation for
pollution control purposes, and treated wastewater reuse/recycling regulation from a
public health perspective, at the recharge end of the cycle; and mainstream groundwa-
ter extraction regulation, coupled with regulation of the kind of permissible end-uses
of recovered groundwater from a public health perspective, at the recovery end of the
MAR cycle. Land use planning, building and environmental impact assessment legis-
lation add to the complexity of the regulatory frameworks currently in use for MAR
with treated wastewater. Exceptionally, mature groundwater governance systems have
sought to consolidate the regulation of discrete segments of the MAR cycle, and have
achieved varying levels of regulatory integration, like the state of Arizona (USA), and
the state of Western Australia (Burchi, 2014). Further strides in the direction of the
integrated governance of the MAR cycle from a regulatory perspective are being con-
templated in Palestine, under the guise of a dedicated regulation of MAR with treated
wastewater which builds upon various strands of regulatory legislation and aligns them
to the requirements of MAR, in addition to supplementing the MAR-specific elements
which are missing from the available legislation (Burchi, 2015).

6.3.4 Where groundwater regulation intersects the customary
water practices of traditional communities: conflict or
co-existence?

Customary law in many countries plays an important role in water governance, par-
ticularly at the community level in the rural areas. Despite the social and economic
significance of customary water-related systems and practices, water laws have tended
to ignore them, or have pushed them to the margin of the regulatory spectrum and
relieved them of formal administrative requirements as to their uses of water. The net
result is that such uses and users are left without legal protection before formal water
rights holders (Hodgson, 2016). Also the blanket statutory recognition of customary
rights and practices on the ground has the same effect, as such rights are separated out
of the mainstream “modern” water rights regulated by statute, and a separate legal
space is created for customary rights which, for want of statutory particulars, comes
close to a legal limbo. As a result, the limbo in which customary rights float leaves
the potential for conflict with formal rights intact (Burchi, 2005). The more mature
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water and groundwater governance systems seek to reckon with customary users on
the ground, including groundwater users, in a more articulate, less conflict-prone fash-
ion. In Chile for instance, the government is under a statutory duty not to grant a water
abstraction concession if the water rights of designated traditional peoples are affected,
and no alternative source of supplying their properties with water has been provided
first. In Mozambique, the traditional and customary rights practised in the rural areas
are accorded priority of allocation of available water resources. Moreover, the govern-
ment is under an affirmative duty to facilitate the enjoyment of the rights by creating
the necessary easements of access to the relevant water sources. The customary rights
of traditional communities have by law priority call on available water resources also
in Peru and in Paraguay, and statutory grants of water abstraction rights are subject
to such customary rights. In Mali, the appropriation of water for a private purpose is
subject to recognized customary rights. In Namibia, the government is required by law
to factor the impact of a proposed borehole drilling/groundwater extraction licence on
existing customary groundwater practices and rights on the ground, prior to granting
such licence. A similar approach is reflected, if in relation to water abstractions in
general, in the water laws of Bhutan and Zambia.

Opportunities for customary water rights to be reckoned with by the formal water
governance systems are routinely afforded, at least on paper, in the process of scruti-
nizing applications for a water abstraction/development licence or concession, or for a
wastewater disposal permit, and of litigating relevant administrative decisions through
the administrative or judicial review processes. As the rich experience in this specific
matter of Canadian Provinces, and in particular of British Columbia, proves, settle-
ment of customary water rights via conflict and litigation with formal water rights is
painful and costly, and the outcome un-predictable (Nowlan, 2004).

6.4 AQUIFERS WHICH STRADDLE THE BOUNDARIES
OF STATES: WHAT LAW FORTHEM?

Aquifers may extend across the international borders of two or more countries. They
may also extend across the borders of two or more states or provinces of federal
countries like Argentina, Australia, Canada, Germany, India, Malaysia and the USA.
The governance of transboundary aquifers extending across international as well as
inter-state (or inter-provincial) boundary lines is underpinned by rules aimed at equi-
tably apportioning the beneficial use of groundwater stocks, at preventing harm, or
at remedying the consequences of harm. The fundamental rule of behaviour among
States is that States are entitled to a reasonable and equitable share in the uses of
groundwater they have in common. This rule is complemented by the other, equally
fundamental, rule that no State has the right to inflict “significant” harm across the
international border, through its own actions or through those of its subjects. In fact,
States must take measures with a view to preventing “significant” cross-border harm.
If such harm occurs nonetheless, the responsible State must take measures to eliminate
or to mitigate the cross-border harm. These substantive rules are complemented by the
procedural duties of States to exchange information and data, and to provide prior
notification of planned measures likely to have a cross-border impact on neighbouring
aquifer States. These four cardinal rules of inter-State groundwater-related behaviour
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are at the heart of what is commonly referred to as customary international law, and
form the backbone of transboundary groundwater governance. They are crystallized
in the UN Convention on the Non-navigational Uses of International Watercourses,
which covers transboundary surface water bodies and linked groundwater, and which
is binding since August 2014 on the States which have ratified it. They are also crystal-
lized in the Convention on the Protection and Use of Transboundary Watercourses and
International Lakes, which was brokered in 1992 by the UN Economic Commission
for Europe (UNECE). Compared to the UN Convention, the UNECE Convention has
a distinct pollution prevention & control connotation, and a broader scope in that it
covers all kinds of groundwater, whether they are linked to a surface water system,
or are de-linked from it. In practice, whereas non-recharging aquifers are excluded
from the ambit of the UN Convention, they are included in the ambit of the UNECE
Convention. Moreover, since 2013 the UNECE Convention has the ambition to reach
out to a global membership from the original regional membership on which the Con-
vention is currently binding. As for all other States, the four basic rules of customary
international water law are binding regardless, and have inspired the few treaties and
agreements on record, made by States having a transboundary aquifer in common (see
below). These same four cardinal rules have been relied upon, and gained additional
authoritativeness as a result, in the few cases adjudicated by the International Court of
Justice, and by international arbitral panels, between disputing States. All such cases,
however, have regarded transboundary rivers®. UN Resolution 63/124 of 11 Decem-
ber 2008, carrying “Draft articles on the law of transboundary aquifers”, has added
to the complexity and articulation of the governance of transboundary aquifers, and
has pointed in the direction of significant advances. So do the “Model Provisions on
Transboundary Groundwaters” adopted in 2012 by the Parties to the UNECE Con-
vention mentioned earlier, and which closely mirror the UN Draft Articles. In addition
to crystallizing the four cardinal rules of inter-State behaviour illustrated above, the
UN Draft Articles cast the net much wider by adding to their scope non-recharging
(also known as “fossil”) aquifers and norms about their management, norms about
the recharge and discharge areas of aquifers, uses of aquifers other than the extraction
of groundwater, the ecosystem-support function of aquifers, and joint institutional
arrangements. The UNECE Model Provisions follow a very similar path. It must be
borne in mind however that, with the exception of the four cardinal rules illustrated
earlier, which are binding regardless, the balance of the rules cast in the UN Draft
Articles and in the UNECE Model Provisions are not binding and, as a result, have an
aspirational value and a moral weight only. Such weight is not to be under-estimated,
however, in view of the authoritativeness of the source the two instruments originate
from, respectively.

A handful treaties and agreements between or among sovereign States are so far on
record, addressing specifically a transboundary aquifer. These are the 2007 agreement

SNotably, the Danube (the Gabcikovo-Nagymaros project case between Hungary and Slovakia,
adjudicated in 1997 by the International Court of Justice (ICJ])), the Uruguay (the Pulp Mills
pollution case between Argentina and Uruguay, adjudicated in 2010 by the ICJ), and the Indus
(the Baglihar hydropower dam case between India and Pakistan, adjudicated in 2007 by an
appointed neutral expert; and the Kishenganga hydropower dam case also between India and
Pakistan, adjudicated in 2013 by an arbitral court).
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on the Geneva Aquifer, shared by France and Switzerland; three agreements on the
Nubian Sandstone Aquifer System (1992 and 2000), shared by Chad, Egypt, Libya
and Sudan, providing for a Joint Authority, and for monitoring and data collec-
tion and exchange; the agreement for the establishment of a tri-lateral consultative
arrangement for the North-Western Sahara Aquifer System, shared by Algeria, Libya,
and Tunisia (2002-2008); the 2010 agreement on the Guarani Aquifer, shared by
Argentina, Brazil, Paraguay and Uruguay, and the 2015 agreement on the Al-Sag/Al
Disi Aquifer, shared by Jordan and Saudi Arabia. An agreement made in 2014 by
Algeria, Benin, Burkina Faso, Mali, Mauritania, Niger and Nigeria for the establish-
ment of a Consultation Mechanism for the management of the groundwater resources
of the Iullemeden and Taoudeni/Tanezrouft Aquifer Systems is awaiting the signature
of three Party States to become effective. The Geneva Aquifer agreement is a complex
instrument covering controlled groundwater extractions, controlled artificial aquifer
recharge operations, pollution control, the apportionment of all relevant costs, and
a permanent bi-lateral institution for the administration and implementation of the
obligations undertaken by the Parties. The Al-Sag/Al-Disi Aquifer agreement concerns
a fossil aquifer, and places severe restraints on groundwater withdrawals and on the
kind of uses of extracted groundwater, to be monitored by a joint body. By contrast,
the other three are framework-type agreements, whose centerpiece is an inter-State
institution which is to administer aquifer monitoring, data collection and exchange
and, limited to the Tullemeden and Taoudeni/Tanezrouft Aquifer Systems agreement,
joint aquifer management, obligations.

Local-level arrangements between local authorities are also on record, regard-
ing international aquifers. The French Party to the 2007 Geneva Aquifer Agreement
cited earlier, for instance, are two communities and a unit of local-level government.
Elsewhere in Europe, most small international aquifers are managed by local author-
ities under local transboundary arrangements. These are facilitated by the 1980
European Outline Convention on the Transfrontier Cooperation between Territorial
Communities or Authorities (Sohnle, 2006). In the USA, a Memorandum of Under-
standing is on record between the water utilities of the adjoining cities of El Paso, Texas
and Ciudad Juarez, Mexico, regarding withdrawals of groundwater from the Hueco
Bolson aquifer straddling the USA-Mexico border. However, the USA federal govern-
ment has provided little if any guidance on such local initiatives, let alone shown any
interest in them. The resulting legal limbo casts a shadow of doubt as to the legal effects
of local-level arrangements made by US local authorities with their homologues across
the international boundary lines with Mexico and Canada (Eckstein & Hardberger,
2007).

More often, States have included groundwater in agreements on transboundary
surface waters or river/lake basins, and have extended to linked transboundary ground-
water the commitments made in regard to surface waters or river/lake basins. Examples
include the River Danube Convention (1994), the Rhine Protection Convention (1999),
the Sava River Basin Framework Agreement (2002), the Lake Tanganyika Convention
(2003), the Lake Victoria Convention (2003), the Peace Treaty between Israel and
Jordan (1994), and the Great Lakes Water Quality Protocol between Canada and the
United States of America (1983), amending the Great Lakes Water Quality Agreement
(1978) (Burchi & Mechlem 2005).
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The basic governance norms of aquifers extending across the borders of two or
more states or provinces of federal countries are no different to those of aquifers
extending across the international borders of two or more sovereign States. Such basic
norms, and additional, negotiated inter-state or inter-provincial aquifer-specific gover-
nance norms are crystallized in inter-state or inter-provincial agreements or compacts.
Seldom, however, are such agreements or compacts aquifer-specific, as more often than
not groundwater governance rules are included in agreements or compacts regarding a
surface water body, and connected groundwater. Known examples of aquifer-specific
agreements are the 1992 Pullman-Moscow Aquifer agreement between the states of
Idaho and Washington (USA), and the 1985 Border Groundwater agreement between
the states of South Australia and Victoria (Australia) (updated in 20035). In Australia,
a Consultative Council of representatives of the states of Queensland, New South
Wales, South Australia and the Northern Territory, all of which overlie the Great
Artesian Basin (GAB), and of the federal government, has been established to monitor
the implementation of an agreed GAB Strategic Management Plan, and to facilitate
the exchange of information among the GAB states (Caponera, 2007). Groundwater
is included in the 2001 Lake Eyre Basin agreement between the Australian federal
government and the states of Queensland and South Australia, in the 2001 Murray-
Darling Basin agreement between the Australian federal government and the states
of New South Wales, Victoria and South Australia, in the 2003 Paroo River agree-
ment between the Australian states of New South Wales and Queensland (Burchi &
Mechlem, 2005), in the 2005 Great Lakes-St. Lawrence River Basin Water Resources
Compact among the eight Great Lakes Basin states on the US side of the border, and
in the 2007 Water Charter for Sustainable and Equitable Management of the Hadejia-
Jama’are-Komadugu-Yobe Basin made by the federal government of Nigeria and the
six basin states. As they make explicit provision for the governance of surface water
and connected groundwater, these ostensibly surface water agreements reflect an inte-
grated resource pool perspective where, however, groundwater is “junior” to surface
water. The basic norms of governance of inter-state and inter-provincial rivers, lakes
and aquifers in a federal context have been relied upon and gained as a result added
authoritativeness as a result of inter-state litigation before the concerned countries’
highest judicial bodies. The United States Supreme Court, for instance, has adjudicated
several water disputes between or among states of the USA. Whereas the available case
law concerns exclusively rivers or lakes, the first ever inter-state groundwater dispute
is now pending before the US Supreme Court. The case regards an aquifer underlying
large tracts of Arkansas, Mississippi and Tennessee, and a small part of Kentucky, with
Mississippi disputing Tennessee’s alleged groundwater “theft” from the aquifer.

6.5 HOW DOES DOMESTIC REGULATION GET IMPLEMENTED
AND ENFORCED? AND WHAT ABOUT INTER-STATE
OBLIGATIONS REGARDING AQUIFERS STRADDLING
STATE BORDERS?

Implementation, administration and, in the event, enforcement of domestic ground-
water regulation are critical, if often neglected, aspects of groundwater governance.
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What scanty evidence is documented on this score lends credit to the widespread belief
that there is much room for improvement in all the three areas of water and ground-
water law and governance. In an effort to advance the knowledge and practice of
these neglected areas of water law and governance, the FAO of the United Nations has
provided a blueprint for addressing the implementation and administration of formal
administrative water abstraction and groundwater extraction licences. This hinges
on a structured and costed multi-year advance planning approach, and preparation
of government capacity ahead of new governance arrangements coming on stream
(Gardufio, 2001). Regarding the enforcement of water and groundwater regulation,
the patchy and anecdotical evidence available suggests that the chances of success
increase with the involvement of water/groundwater users. Effective policing by
groundwater users of negotiated groundwater extraction limits has halted the deple-
tion of Spain’s largest aquifer, feeding the Daimiel Tablas wetland in Central Spain,
which is a Ramsar site. At the government end of the governance spectrum, equally
anecdotical evidence indicates that the availability of environmental skills in the police
corps, in the public prosecutor offices, and in the judiciary; the coordination or consol-
idation of environmental police functions, coordinated law enforcement action by the
police corps and the judiciary as regards criminal offences in particular, and the inno-
vative use of law enforcement mechanisms, all help water and groundwater regulation
enforcement. For instance, in 2013 intensive and coordinated law enforcement action
by the three public prosecutor offices having jurisdiction on the Calanque National
Park in Southern France reportedly led to the detection and successful criminal pros-
ecution of uncontrolled waste discharge and uncontrolled pesticides use in the local
rice fields, threatening irreversible pollution of the underlying aquifer.

Domestic groundwater regulation is critical to the implementation of transbound-
ary aquifer obligations, in an international but also in a federal context. As obligations
between and among sovereign States always take precedence over domestic regulation,
the latter must always be aligned with the former. The availability of groundwater reg-
ulation domestically, therefore, and its implementation and eventual enforcement are
the prime instrument for compliance by States with their obligations regarding trans-
boundary aquifers, and for the implementation of the same by the concerned States.
For example, if an agreement provides for the sharing or apportionment of river flows
or of groundwater stocks between or among States, the domestic water governance of
such States must include regulation of water and groundwater abstractions in general
within each State, reverberating on the States’ ability to honor transboundary river- or
aquifer-specific sharing or apportionment obligations. And, if an agreement provides
for pollution control of a river or lake or aquifer, the domestic water governance of
the States Party to the agreement must include regulation of waste discharges to rivers,
lakes and aquifers in general, reverberating on the States’ ability to honor transbound-
ary river-, lake- or aquifer-specific pollution control obligations. Unless such domestic
regulation is (a) available on the statute books and (b) operational in actual practice,
i.e., implemented and in the event enforced, transboundary obligations risk remaining
dead letter, and risk engaging the concerned States’ responsibility for non-compliance
eventually (UNESCO-IHP, 2016). Despite its importance in the general economy of
transboundary groundwater governance, the alignment of the domestic groundwater
governance and regulation, including implementation and enforcement, of the States
which have stipulated a transboundary aquifer agreement, with obligations stemming
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from such agreements, and State compliance with such obligations, is un-charted
groundwater governance territory.

6.6 CONCLUSIONS

At the legal end of the governance spectrum, mature trends have been solidifying,
notably in regard to the State’s stewardship of groundwater, to the State-administered
allocation of available groundwater for extraction and use, and for the disposal of
wastes underground, through administrative grants, and to the role of groundwater
users, who have become a steady feature of mature groundwater governance systems.
At the same time, new trends are emerging which point in the direction of significant
advances in other areas of the groundwater governance and regulatory continuum.
The solidification process of well-established regulatory trends and practices, however,
is all but immune to innovation and advancement. The switch from volume-based
to share-based administrative allocations and extraction rights, and from fixed to
adjustable allocations and extraction rights during the latter’s life, signal significant
advances in the well-established practice of regulating groundwater allocation and
extraction with the instrument of administrative licences or concessions. So does the use
of groundwater extraction regulation for the purpose of preserving the environment-
support function of aquifers from competition from productive uses of groundwater.
Advances are also reported in the direction of ensuring a meaningful representation of
water users in the governing bodies of river basin organizations, including groundwater
users by implication. The novel and emerging trends point in the direction of growing
attention to facets of groundwater governance which have traditionally escaped the
radar screen of mainstream groundwater regulation, and of linking non-groundwater
areas of governance and regulation with mainstream groundwater governance and
regulation. Groundwater regulation-mandated recourse to zoning the recharge areas
of aquifers for controlled land uses, and regulation of discrete land uses — notably,
cultivation and livestock rearing — impacting on groundwater quality, signal significant
advances in the direction of recouping the connection with land use regulation. So do
instances of linking land use determinations to the relevant groundwater impact, from
the perspective of land use regulation and of groundwater regulation combined. Water
regulation-mandated EIA of groundwater development projects signals advances in
the direction of linking with environmental regulation, in the larger context of the
environment-support function of aquifers gaining centre stage on the radar screen of
groundwater governance and regulation.

Opportunities for the conjunctive use of surface water and groundwater, and
for managed aquifer recharge, are pursued in mature groundwater governance sys-
tems through the creative adaptation of available regulatory mechanisms, coupled
with water credit instruments echoing the commercial banking system. Advances are
reported, admittedly in isolated instances, in the direction of the integrated gover-
nance of the managed recharge of aquifers with treated wastewater. The intersection
of formal groundwater rights with the customary groundwater rights and practices
of traditional communities is another area of groundwater governance showing sig-
nificant advances on paper, as modalities of peaceful coexistence have been sketched
out, which are premised on the legitimacy but also on the primacy of traditional rights
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and practices over formal rights and the relevant administrative grants. The effective-
ness on the ground of primacy-based coexistence, however, remains to be tested and
documented.

As regards transboundary aquifers, significant strides have been made towards
the codification of norms of inter-State aquifer governance reaching past the core
norms of equitable and reasonable use of groundwater, of not causing significant
cross-border harm to an aquifer, of exchanging aquifer-relevant information and data,
and of providing prior notification of planned measures regarding or impacting an
aquifer. Whereas these core norms are binding on all nations, the more articulate
and advanced norms, crystallized in particular in a dedicated 2008 UN resolution,
and canvassing other facets of transboundary aquifer governance, are not. Advances
have also been made in the negotiation of aquifer-specific agreements and governance
norms by sovereign states, with local-level arrangements between local authorities
also beginning to emerge where the legal circumstances permit, notably in Europe.
Aquifer-specific governance norms, and the agreements recording them, however,
are in the minority compared to surface water governance norms and agreements.
It is noteworthy that a number of these canvass groundwater which is hydraulically
linked to a surface water system. As surface water dominates in such agreements,
however, groundwater inevitably trails behind in the implementation agenda of the
agreements.

Implementation and eventual enforcement of domestic groundwater regulation
remain to-date largely un-mapped groundwater governance territory. Authoritative
international wisdom emphasizes the importance of building up the government’s
administrative response capability in advance of new water and groundwater gov-
ernance arrangements coming on stream. Evidence of actual advances on this score
is scanty and anecdotical, offering nonetheless some useful pointers as regards, in
particular, law enforcement.

As a final note, experience suggests that advances in the regulatory systems of
groundwater governance, and the sophistication the more advanced such systems
imply, are inextricably linked to, and premised on, the availability of comprehen-
sive and reliable sets of data, enabling a good understanding of the aquifer and reliable
assessment of the groundwater in it, and providing a credible science-based bedrock
for informed, quality decision-making.
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ABSTRACT

Groundwater basins provide diverse benefits, from consumptive water uses, to water
storage, to riparian and aquatic habitat. Realizing these multiple benefits while manag-
ing the negative spillover effects requires the engagement and participation of diverse
stakeholders and citizens. In this chapter we examine how institutional arrangements
encourage different forms of participation and the realization of different values. We
illustrate the effects of institutions on participation and governance through two case
studies from the western U.S.: the Edwards Aquifer in south central Texas, and the
Arkansas River Basin in southeastern Colorado. We conclude with lessons about how
to encourage and sustain stakeholder participation in groundwater governance.

7.1 INTRODUCTION: GROUNDWATER BASINS
AND COLLECTIVE ACTION DILEMMAS

Participation of stakeholders and citizens in groundwater governance is challenging to
organize because of the multiple, and sometimes competing uses made of groundwater.
Groundwater basins, as common pool resources, are subject to the tragedy of the com-
mons. The boundaries of many groundwater basins are difficult and costly to identify
making exclusion prior to the emergence of intensive use very unlikely. Furthermore,
groundwater is rival — the water pumped by one resource user is not available to be
pumped by other resource users (Ostrom and Ostrom, 1977). Given costly exclusion
and rivalness of units, users of groundwater basins may engage in a race to harvest,
especially during times when demand for water may be especially high, and surface
water scarce, such as droughts.

Avoiding the mining of groundwater basins is not the only collective action
dilemma resource users face. Groundwater aquifers are also sources for water stor-
age. Surface water, whether it is flood waters, reclaimed waters, or unallocated river
flows, may be stored underground to be used at some future point in time. The capacity
of groundwater aquifers to store water may be threatened by a race to pump as declin-
ing water tables may be followed by subsidence and compaction which undermine
storage capacity.
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Groundwater aquifers may also be hydrologically connected to surface water
sources, such as rivers, streams, and springs, contributing to surface water flows and
supporting riparian and aquatic habitat and species. Riparian and aquatic habitat
and species represent ecosystem services that require careful governance if they are
to remain intact and productive. Connected surface and groundwater sources pose
coordination challenges as too much groundwater pumping may dry up surface water
sources and the diversion of surface water sources may deprive groundwater basins of
important sources of recharge.

Avoiding the depletion of groundwater basins by governing them sustainably and
in ways that tap into their full potential, such as a buffer against extreme disturbances,
and as key contributors to ecosystem services, requires the participation of resource
users and other stakeholders in their governance. Not only do resource users have a
stake in sustaining groundwater basins to support their livelihoods, but they also have
considerable time and place information about the response of groundwater levels to
different types of uses, as well as the effects of drought and flooding. Most impor-
tantly, however, if groundwater aquifers are to be governed sustainably, resources
users must be committed to changing their behavior, if necessary, following the rules
of governance, and participating in devising, implementing, and monitoring policies.
Involving stakeholders in the development of governing arrangements opens the possi-
bility of better matching institutional arrangements with context and encouraging rule
following behavior, both of which are likely to reduce conflicts (Ostrom, 1990).

How citizens and stakeholders participate in groundwater governance is structured
by institutional arrangements. Existing arrangements affect the willingness, ability, and
capacity of stakeholders to participate in groundwater governance. In this chapter we
focus on different forms of participation in groundwater governance in the western
U.S., how those forms have changed over time, and the effect participation has on the
values and goals realized. The next section considers the different forms of institutional
arrangements that structure and condition participation in groundwater governance,
from water rights to planning processes. Section three consists of two case studies that
explore in depth different forms of participation and its importance. We conclude with
lessons learned.

7.2 INSTITUTIONAL ARRANGEMENTS AND PARTICIPATION

The spillover effects of many actors sharing and enjoying the benefits of groundwater
aquifers are affected by and addressed through water and environmental laws and
administration as well as water planning processes. Each of these approaches frames
and encourages participation in distinct ways as we discuss below.

7.2.1 Water laws

U.S. states possess and exercise extensive control over the water resources within their
boundaries (Sax et al., 2006; Getches, 2009). Most constitutions of western states
contain clauses identifying the state as the owner of water resources and the water
law doctrines that define how water will be allocated and consequently administered
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(Hobbs, 1997; Sax et al., 2006). Individuals who are allocated water rights have rights
of use, but states retain ownership and, thus, regulatory authority.

In general, all western states have adopted some form of the prior appropriation
doctrine to govern surface water flows (Getches, 2009). The prior appropriation system
governs water based on when appropriation first occurs, with those earlier in time
exercising the more secure right. Most western U.S. states, at least on paper, if not
in practice, apply the prior appropriation system to both surface and groundwater
(Schlager, 2006).

A few states use a dual system of surface and groundwater laws, with surface water
governed by the prior appropriation system and groundwater governed by beneficial
use or correlative use (Joshi, 2005). Beneficial use allows the landowner to capture and
use the water found under his or her lands as long as the water is devoted to beneficial
uses as defined in law and not wasted (Sax et al., 2006). Correlative rights, a doctrine
used by two western states, requires landowners to share groundwater, limiting use
to reasonable amounts and sharing water reductions in times of scarcity (Blomquist,
1992).

7.2.1.1 States’ water laws and participation

Allocating property rights in water to users has had the effect of privileging rights
holders over other stakeholders in governing water. Water rights holders develop,
protect, and contest water rights through administrative proceedings and court cases.
For instance, the State of Colorado uses specialized water courts to develop, change,
and enforce water rights (Vranesh, 1987). Besides the state’s water engineers, only
people seeking to develop or acquire water rights or who hold water rights are allowed
to participate in water court proceedings (Hobbs, 1997). States that use administrative
proceedings to govern water rights likewise limit who is allowed to participate. New
Mexico, for example, only allows individuals or organizations who hold water rights
that they believe will be substantially impaired to protest the granting of a water right
(New Mexico Office of the State Engineer, no date).

Privileging water rights holders has created challenges to governing groundwater
aquifers sustainably. Groundwater rights are initially allocated with little attention
given to sustainability. Rather, states require landowners to obtain well permits, but
permits do not place limits on pumping. Efforts to limit groundwater pumping typically
occur after spillover effects build up and conflicts emerge, often between surface water
rights holders and groundwater pumpers. Conflicts center around limiting and more
strictly regulating groundwater pumping to buffer its effects on surface water flows
(Blomquist et al., 2004; Heikkila and Schlager, 2012; Sugg et al., 2016).

Addressing and managing such conflicts entails considerable time and effort on
the part of state officials and water rights holders to develop regulations that most
rights holders find acceptable. The structure and design of the regulations vary from
state to state, but they typically involve well moratoria, well spacing requirements, and
limits on amounts of water that may be pumped (Schlager and Blomquist, 2008). Such
regulations also provide opportunities for water rights holders to actively search out
and utilize opportunities to store surplus surface water underground (Blomquist et al.,
2004; Sugg et al., 2016). Engaging in conjunctive water management is made possible
as surface water rights holders are assured that if they store water underground others
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will not be allowed to pump it out, as would have been the case under unregulated
rule of capture or beneficial use doctrines.

Given the privileged position that water rights holders have in governing ground
and surface water, environmental organizations and interest groups have advocated,
with some success, for recognition of environmental uses of water as a beneficial use
by state water laws (Sax et al., 2006; Garrick, 2015). This has allowed environmental
groups to purchase or develop water rights and devote the associated water to envi-
ronmental purposes (Garrick, 2015). Extending what is considered a beneficial use has
expanded the values that are recognized in governing water; however, realizing those
values requires the acquisition of water rights.

In sum, water rights privilege the participation of rights holders and exclude the
participation and the values of other actors. Western states have recognized the pro-
tection of environmental values as a beneficial use, which allows water rights to be
devoted to environmental purposes, but water rights still have to be acquired in order
to realize such values.

7.2.2 Water planning processes in western U.S. states

Western U.S. states have turned to water planning processes as a means of addressing a
host of issues and concerns while also promoting more extensive forms of participation
in water decision making. Some states such as California have engaged in formal
water planning for decades. Other states have recently adopted the practice, such as
Colorado, which approved its first state water plan in 20135.

Planning processes are notable for the diversity of participants. From groundwater
users to environmentalists, from water managers to recreationalists, many types of
users and the values they represent are involved. Although consumptive uses, such
municipal water supplies, are often front and center, some attention is given to non-
consumptive uses.

Most plans assess demands for and supplies of surface and groundwater, how
demand and supply is likely to change under different future scenarios, identify
sensitive watersheds that require additional protections, and suggest legislative and
administrative actions to address problems, issues, and opportunities identified in the
plans. The extent to which plans are actively embraced by water users and decision
makers varies. Some states, such as Colorado, provide funding for pilot projects identi-
fied in the plan, with the possibility of having successful pilots made available statewide
(Arkansas Roundtable Basin Implementation Plan, 2015). Texas provides incentives
for participation by requiring organizations (water utilities, irrigation districts, etc.)
to participate in planning processes in order to be eligible for state funding for water
projects.

7.2.3 U.S. environmental laws and participation

Environmental laws, from the U.S. Clean Water Act to the U.S. Endangered Species
Act, are used as avenues to broaden participation beyond water rights holders and,
consequently, the values that are considered in water governance decisions. U.S. envi-
ronmental laws do not undermine or overturn states’ water laws or administration;
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however, they do provide opportunities for participation by groups who value envi-
ronmental protection (Kundis Craig, 2014). The opportunities range from “notice and
comment” proceedings, to petitioning for the listing of endangered species, to the cre-
ation of collaboratives and partnerships that actively work to realize the requirements
of environmental laws and regulations while protecting or enhancing local livelihoods
(Sabatier et al., 2006).

U.S. laws require federal agencies to engage in a notice and comment period when
taking regulatory actions (Houck, 1993). Anyone may submit comments, allowing a
wide range of issues, evidence, and values to be represented. In addition, the federal
agency must respond to all substantive comments (Brandon, 2015:321). As Brandon
(2015) notes, notice and comment is especially important for the Endangered Species
Act as it is required for all decisions relating to species listing and designating critical
habitat.

In addition to notice and comment as a form of participation, citizens may peti-
tion the two agencies charged with implementing the Endangered Species Act — the
U.S. Fish and Wildlife Service and the National Marine Fisheries Service — to list
species as endangered, another important form of participation, especially for envi-
ronmental groups who do not hold water rights in a watershed (Brandon, 2015). In a
study comparing citizen petitions for listing endangered species to federal agency list-
ing of species, Brosi and Biber (2012:803) find that species for which citizens sought
protection are more biologically threatened than those proposed for listing by the
U.S. Fish and Wildlife Service, and that such species are more likely to be in con-
flict with development projects and activities. Thus, citizen participation in listing of
species provides more species protection than if federal agencies were the sole decision
makers.

Finally, in order to realize the requirements and goals of federal environmental
laws, federal and state agencies as well as citizens and interest groups have formed
watershed partnerships and collaboratives (Leach et al., 2002; Koontz et al., 2004;
Sabatier et al., 2006). Watershed partnerships and collaboratives attempt to encour-
age widespread participation among many different actors and interests in developing
biological, hydrological, and socio-economic data, monitoring of selected environmen-
tal indicators, and development and implementation of plans and projects targeted at
maintaining and enhancing stream flow and recovering species. Watershed partner-
ships are common across the western U.S. For instance, the New Mexico Environment
Department listed over 30 watershed partnerships in the state as of 2014. The Oregon
Network of Watershed Councils lists over 80 councils or partnerships as of 2016
(http://www.oregonwatersheds.org/).

Participation in groundwater management is guided and constrained by institu-
tional arrangements. Historically, states and water rights holders were and continue
to be the central participants. However, state water planning processes expanded who
is allowed to participate in decision making to include recreational and environmen-
tal interests. Furthermore, U.S. federal environmental laws also provide opportunities
for citizens and interest groups, who value environmental quality and protection, to
participate in decision making processes of federal agencies implementing the laws.
Citizens and stakeholders have formed partnerships to address the goals and require-
ments of environmental laws. Thus, over the last several decades groundwater gover-
nance has been transformed from the domain of water users to the domain of different
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interests cooperating, competing, and conflicting over realizing their preferred water
values.

7.3 PARTICIPATION IN PRACTICE

To illustrate how the above institutional arrangements permit and limit participation
in groundwater governance, and water governance more generally, two case studies
are presented in this section. These cases were selected to show how participation
is organized and how it has changed over time as disturbances and crises required
water officials and water users to reconsider who should be involved in groundwater
governance. The first case involves a concerted effort to protect endangered species
reliant on aquatic habitat fed by groundwater. The second case illustrates how partici-
pation evolves over time as the uses made of water in a river basin move from irrigated
agriculture to municipal, industrial, and environmental protection.

7.3.1 Collaborative groundwater planning
for the Texas Edwards Aquifer

The case of the regulation and management of the Edwards Aquifer in south-central
Texas is an example of groundwater governance developing over many years out of
claims brought under the Endangered Species Act. Because of a litigious history during
the 1990s (Votteler, 1998; Donahue, 1998) and into the 2000s, the Edwards Aquifer is
perhaps most widely known for conflict rather than cooperation. Less well known are
the important efforts in recent years to develop a program of management measures
to meet social, economic, and ecological needs on the aquifer. More specifically, a
protracted formal stakeholder participation process took place to develop a suite of
springflow and habitat protection measures. As such, it adds a new chapter to a long-
running saga and presents an interesting example of addressing a collective action
challenge.

7.3.1.1 Physical and historical context for the development of
participatory groundwater planning in the Edwards Aquifer

The Edwards (Balcones Fault Zone) Aquifer is a unique hydrologic system in which
groundwater and surface water are linked in very visible ways in the form of arte-
sian springs (Figure 7.1). The aquifer itself is a complex, faulted limestone system
with highly variable transmissivities in the confined portion of the aquifer (Maclay,
1995). The major springs at Comal and San Marcos form streams that are sustained
by springflows during times of little rainfall.

The unique hydrologic conditions of the aquifer have over time fostered unique
ecosystems which are host to several endemic species that have been designated as
threatened or endangered by the U.S. Environmental Protection Agency (USEPA). The
aquifer remains the primary water supply for more than 2 million people in the San
Antonio metroplex and other towns in the region. It also supports an irrigated agricul-
ture economy to the west of San Antonio. Increasing demands, historically few legal
restrictions on pumping, and periodic drought eventually led to the jeopardization of
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Figure 7.1 Edwards (Balcones Fault Zone) Aquifer region of Texas.

several endangered and threatened endemic species. The crux of the issue lay in the
interception of groundwater by the cities and farmers before it could reach the springs,
thus reducing springflows and degrading riparian habitat, especially during drought
conditions; for example, Comal springs ceased to flow for several months in 1956
during the drought of record.

During drought conditions in 1991, the Sierra Club! filed suit against the U.S.
Fish and Wildlife Service (USFWS) to force the imposition of pumping limits. In 1993 a
federal judge ruled in favor of the Sierra Club, requiring USFWS to determine minimum
flow requirements for the aquifer while leaving it up to the state to devise a plan for
meeting the requirements. The legislative response was Senate Bill 1477, also known
as the Edwards Aquifer Act of 1993. SB 1477 contained several notable provisions,
including;:

— astatutory cap on total annual withdrawals from the aquifer
— replacing the open access situation created by the law on the books (rule of capture)
with a managed tradable groundwater permit system

'Sierra Club v. Lujan, No. MO-91-CA-069, 1993 WL 151353 (W.D. Tex. 1993).
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— creating a new management entity, the Edwards Aquifer Authority (EAA), with
administrative duties and regulatory powers over a significant geographical por-
tion of the aquifer that included the major pumpers (e.g., the City of San Antonio
and irrigators)

Subsequent additional threats of legal action under the Endangered Species Act
(ESA) prompted the EAA to draft a Habitat Conservation Plan (HCP), which was
completed in 2005.> That HCP was determined to be incapable of ensuring continuous
minimum springflow during a recurrence of the 1947-1957 drought of record and was
thus rejected by the USFWS.

In 2006, however, USFWS began spearheading the adoption by the major water
users and state regulators of a type of formal stakeholder planning process for endan-
gered species protection dilemmas known as a recovery implementation program (RIP).
RIPs have been used to address similar challenges with balancing human and ecologi-
cal water needs in heavily used rivers in the Western U.S. such as the San Juan River?
and the Platte River?.

Initially a voluntary effort, the RIP for the Edwards Aquifer (known as the EARIP)
became mandatory following the Texas Legislature’s passage of Senate Bill 3 in 2007.
This was followed by 5 years of participatory stakeholder deliberations towards devel-
oping a plan to adequately protect springflows and threatened and endangered species
that would meet USFWS approval.

7.3.1.2 Participants involved in Edwards Aquifer
groundwater planning

Because of the unique configuration of the aquifer and the importance of the springs,
something of an upstream-downstream alignment of interests had developed that was
more typical of a river basin-scale dispute. The “upstream” interests were generally
those who wanted to withdraw groundwater before it reached the springs, e.g., farming
communities and some municipalities, most importantly the City of San Antonio. The
“downstream” interests were generally those groups concerned primarily with main-
taining the springflows, e.g., conservation and environmental groups, municipalities
in the spring areas, and the Guadalupe-Blanco River Basin Authority. Many of these
groups had years of acrimonious history behind them and so simply getting them all
together in a room was no mean feat.

To start, a 26-member Steering Committee was formed, representing a wide range
of regional interests that included “environmental, water authority and purveyor,
industrial, municipal, public utility, state agency, and agricultural interests” (Gulley
and Cantwell, 2013:11). An even larger set of interest groups (40 in total) signed a
memorandum of understanding in 2008 specifying how the EARIP would proceed.

2See Gulley and Cantwell (2013) for a discussion of the key provisions of the ESA related to the
use of the Edwards Aquifer.

Shttps://www.fws.gov/southwest/sjrip/index.cfm
“https://www.platteriverprogram.org/Pages/Default.aspx
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7.3.1.3 The groundwater planning process for the Edwards Aquifer

The best available account of the EARIP has been written by its program manager,
Robert Gulley.> According to Gulley, the chief problems confronting the group were
“the issues related to the mandated continuous minimum [spring]flows — what min-
imum flows were required, how those flows could be achieved, and how the cost of
achieving those flows would be funded” (Gulley, 2015:100). Any solutions had to be
effective during a repeat of the 1950s drought; otherwise, USFWS would not approve
of the plan.

Meetings began with collaborative learning sessions and sessions focused on
respectful communication styles. According to Gulley, the latter were helpful for estab-
lishing conditions of openness and transparency in discussions among the different
stakeholders (Gulley, 2015). The Steering Committee established a two-tier system of
decision-making criteria. Tier 1 decisions, including all decisions made by the Steering
Committee, were most important and required a consensus, defined as an absence of
opposition®. Tier 2 decisions were of a more routine nature and required a majority
vote for approval (Gulley, 2015).

With the ground rules in place and Gulley acting as mediator and facilitator, the
EARIP proceeded in the form of monthly or more-than-monthly meetings attended by
between 50 and 80 people representing the 40 different stakeholder groups (RECON
Environmental Inc. ef al., 2012). Subcommittees were created on: Science; Recharge
Feasibility; Public Outreach; and Ecosystem Restoration (RECON Environmental Inc.
et al., 2012). The Science committee was notable for being tasked with determining
the necessary flow regimes for maintaining the springs (Gulley, 2015). Additionally, 16
work groups were formed as needed to tackle specific issues such as funding; aquifer
storage and recovery; and implementation of HCP provisions. According to Gulley and
Cantwell (2013:11), these work groups “proved very effective in facilitating resolution
of complex or contentious issues in the decision-making process.”

That is not to say that there were no disagreements; in fact, there were points
at which the entire process nearly ground to a halt. One nearly fatal impasse arose
late in the process over how the pumpers and non-pumpers would share the cost of
implementing the package of measures in the draft HCP, which was anticipated to be
about $27 million on average per year for the first seven years (Gulley, 2015:145).
In Gulley’s estimation, this was “the most contentious obstacle the EARIP faced”
(Gulley, 2015:137). When federal funding and a regional sales tax were no longer
viable options, the issue of how to distribute financial burden raised difficult questions
of fairness among the stakeholders themselves: who would derive the greater benefit
from the positive effects of HCP measures on water availability, the pumpers or non-
pumpers? And based on that, what level of financial obligation would be fair for the
different types of stakeholders? (Gulley, 2015). A work group with representation
from both pumpers and non-pumpers met to resolve these questions but the problem

5See Gulley (2015) for a detailed account of the issues surrounding the Edwards Aquifer and
the story of the EARIP itself.

®The Habitat Conservation Plan states that ... in practice, decisions generally were made
without opposition and without the need for a vote by Steering Committee members” (RECON
Environmental Inc. et al., 2012:1-19-1-20).
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proved intractable. The entire EARIP process nearly came to a halt when San Antonio
Water System proposed postponing completion of the HCP over the issue, a critical
delay which Gulley believes the EARIP could not have survived (Gulley, 2015). Yet
representatives of the principal interests continued to return to the negotiating table
and finally hammered out an agreement that both pumpers and non-pumpers could live
with. Gulley and Cantwell (2013) suggest that the series of decision making deadlines
spelled out in Senate Bill 3 was important to the success of the EARIP by keeping the
process moving forward when it might have otherwise run out of steam.

7.3.1.4 What resulted from the participation process?

After several years of meetings, the HCP was finally completed in 20127 and approved
by USFWS in 2013. These were landmark events, especially in light of the highly
fraught historical backdrop. Although the implementation of the HCP is perhaps
too early to allow a fuller assessment of this example of participatory groundwater
decision-making, the contents of the HCP itself and the existence of oversight are
reasons for a positive appraisal.

There are two main categories of measures contained in the HCP: flow protec-
tion and habitat protection. Long-term biological objectives and measures designed to
achieve them were established for particular species in particular ecosystems. They are
too numerous to list here, but an example will illustrate. For instance, the biological
goal for the endangered fountain darter fish in the Comal Springs/River ecosystem
was defined in terms of densities of particular types of vegetation in certain areas in
addition to densities of the fish itself. Management practices to achieve desired densi-
ties of fountain darters were determined to involve the protection and restoration of
several native vegetation types in certain areas, as well as water quality criteria such
as temperature and dissolved oxygen concentrations. Flow objectives were also set
in the form of minimum and long-term average discharge rates from Comal Springs
(RECON Environmental Inc. et al., 2012).

Broader categories of measures to achieve various objectives of the HCP include: a
Voluntary Irrigation Suspension Program for farmers; a Regional Water Conservation
Program; Critical Management Period provisions whereby pumping is reduced dur-
ing severe drought conditions; and an aquifer storage and recovery system (RECON
Environmental Inc. ef al., 2012). The HCP also provided for the creation of an adap-
tive management program based upon continual monitoring, research, and modeling.
The adaptive management process is intended to evaluate the success of the various
activities conducted under the auspices of the HCP in relation to stated goals.

There is also oversight of the HCP in the form of an implementation committee and
a formal review by a U.S. National Research Council “blue ribbon” expert committee
appointed by the National Academy of Sciences. At the time of this writing the review
is ongoing, but the committee’s first report — an appraisal of the scientific aspects of
the HCP — was largely positive (National Research Council, 2015).

Whether all of the programs and activities will be enough to achieve the stated
objectives in the long term remains to be seen. Although modeling exercises have

7The Habitat Conservation Plan for the Edwards Aquifer is available at http:/www.eahcp
.org/files/uploads/Final %20HCP%20November%202012.pdf
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predicted that in a repeat of the 1950s drought of record the key springs would not
cease to flow, a drought more severe and/or prolonged would not be out of line with
future projections or past events that are known from paleoclimate proxies (Cook et al.,
2015; Cleaveland et al., 2011; Woodhouse et al., 2010; Cook et al., 2004; Lodiciga
et al., 2000). However, from the narrower perspective of participation and collective
action, the EARIP can be judged a remarkable success. The creation of an effective
participatory process was essential to success where numerous previous attempts had

failed.

7.3.2 Groundwater participation in the Arkansas River Basin,
Colorado

Participation often evolves over time, and may eventually coalesce at the river basin
level as groundwater driven conflicts spark adaptations to changing contexts. The
Arkansas River Basin is a prime example.

The Arkansas River rises in the Rocky Mountains south of Denver, Colorado and
flows south before turning to the east, passing through the City of Pueblo, Colorado,
and then through miles of farm and ranch land before crossing the border into the state
of Kansas (Figure 7.2). The river is hydrologically connected to an alluvial ground-
water aquifer and over the past century as demand for water has exceeded supplies,
conjunctive management of the two sources has become increasingly important. Con-
junctive management is a means for addressing spillover effects between surface and
groundwater uses, as well as allowing new and additional uses of water (Blomquist
et al., 2004). As water uses have diversified, so too have participation patterns. Water
rights holders of both surface and ground water were the principal participants in
water governance. This changed over the past three decades as demands for new, non-
agricultural uses of water emerge, often from users and uses with no affiliated water
rights. Responding to these new demands has opened up different opportunities for
participation in water governance.

7.3.2.1 Early issues and forms of participation

The Arkansas River Valley from Pueblo, Colorado east to the state boundary is laced
with hundreds of miles of canals, more than a dozen reservoirs large and small,
and many hundreds of groundwater wells, most of which are dedicated to irrigating
thousands of acres of land (Arkansas River Basin Implementation Plan, 2015). This
infrastructure, and the water diversions it represents, was created beginning in the
latter part of the 19th century and into the early decades of the 20th century. The pre-
dictability and security that encouraged such agriculture development and investment
was the system of water rights and administration (Vranesh, 1987).

Early on surface water rights, governed by the prior appropriation doctrine, were
developed and perfected through water courts and administered by the State Water
Engineer’s Office and water commissioners (Blomquist et al., 2004). Water commis-
sioners administered water rights in order of priority, and individual commissioners
were often from local farming families (Vranesh, 1987). Only water rights holders, or
those attempting to obtain water rights, were allowed in water court, and water rights
holders were actively engaged in administering and monitoring water diversions and
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Figure 7.2 Arkansas River Basin in southeastern Colorado.

uses. Participation centered on actors who held water rights, and those actors were
largely Colorado surface water irrigators.

Serious water conflicts emerged in the decade following a historic drought. In the
1950s Arkansas River flows were significantly reduced and irrigators turned to ground-
water pumping to supplement meager surface water supplies. While the drought ended
by 1957, surface water rights holders began to suspect that pumping was affecting river
flows. Senior (in time) surface water rights holders began demanding that the State
Water Engineer and water commissioners shut down junior (in time) groundwater
pumpers in order to protect their water (Blomquist ez al., 2004:100).

It took two decades, several legislative acts, and multiple court cases to develop
workable solutions for coordinating the use of groundwater and surface water. The
length of time it took to find workable solutions reflects the seriousness of the issues
involved. If the prior appropriation doctrine were to be carefully followed, most
groundwater pumping would have to cease as most groundwater rights are junior
to surface water rights. However, severely restricting groundwater pumping would
mean that the estimated two million acre feet of water stored in the alluvial aquifers
in the Arkansas River Basin could not be tapped (Blomquist et al., 2004:94). How to
leave the prior appropriation system in place while still allowing groundwater pumping
was the puzzle.
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The fierce resistance of well owners had to first be overcome. The threat of ground-
water regulations spurred the creation of groundwater users associations. Made up of
well owners, the associations actively resisted groundwater regulations that would
place any meaningful limitations on pumping and they found a sympathetic Colorado
Supreme Court that twice found that the State Water Engineer inappropriately exer-
cised his rule making authority and struck down groundwater regulations (Blomquist
et al., 2004:107).

This was the status quo until the mid-1980s when an external threat to ground-
water pumping emerged. The Arkansas Interstate River Compact was entered into by
the States of Colorado and Kansas in 1948. Under the compact the two states allo-
cated the water of the Arkansas River and devised a set of operating rules for the
John Martin Reservoir, whose water was owned by Colorado and Kansas irrigators
(Arkansas Basin Roundtable, 2015:119). Kansas water officials had long complained
that groundwater pumping in Colorado was intercepting river water that belonged to
Kansas irrigators. In 19835, Kansas filed suit with the U.S. Supreme Court, which ruled
in 1995 that Colorado was in violation of the compact because of groundwater pump-
ing and that Colorado would have to pay millions of dollars in damages to Kansas.
This time the well owners associations collaborated with the State Water Engineer and
State Attorney General and, utilizing the authority of the water court, developed a
set of rules for addressing the effects of groundwater pumping on surface water flows
(Blomquist et al., 2004:109).

The regulatory solution was labeled “replacement plans”. The State Engineer,
using a hydrologic model that accounts for ground and surface water interactions,
estimates the effects of groundwater pumping on surface water flows as a function of
a well’s distance from the river and the amount of water pumped. That information
is used to determine how much “replacement” water well owners have to provide to
cover the effects of their pumping on river flows. The well owner associations are key
to the implementation of replacement plans. They estimate how much replacement
water is necessary to cover their members’ pumping. They then lease surplus surface
water or devote the water associated with surface water rights that they hold and pro-
vide it to the State Engineer to be released at appropriate times and places (Arkansas
Basin Roundtable, 2015:91). Currently, in an average water year, the members of the
associations pump just over 100,000 acre-feet annually and provide almost 20,000
acre-feet of replacement water (Arkansas River Roundtable, 2015:91-92).

7.3.2.2 Contemporary issues and forms of participation

Over the decades it took to address conflicts between groundwater and surface water
users, the water context changed. Non-agricultural water uses driven by growing
municipalities now posed the greatest threat to agricultural water users. Not only did
cities require additional supplies of water, but their growing populations were seeking
out and demanding water-based recreational activities. Growing demands for water
to be used for non-agricultural purposes have sparked additional and ongoing water
governance adaptations that have changed the patterns of participation.

“Buy and dry” is the name of the practice whereby cities purchase agricultural land
and the water rights used to irrigate that land. Cities fallow the land and transfer the use
of the water rights to municipal purposes (Howe and Goemans, 2003). The practice has
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multiple negative spillover effects, such as loss of tax revenue for local jurisdictions, the
weakening of rural economies as demand drops for agricultural inputs, and critically,
it becomes much more costly to find and acquire surface water to replace the effects
of groundwater pumping (Howe and Goemans, 2003).

Two large “buy and dry” events occurred in the mid-1980s that placed water
rights holders in the basin on notice that agricultural uses of Arkansas River basin
water were increasingly viewed as a major source of water for cities outside of the
basin. The City of Aurora, Colorado located in the South Platte River Basin, very
near the northwestern edge of the Arkansas River Basin, purchased the rights to just
under 112,000 acre-feet of water from two irrigation canals (Howe and Goemans,
2003:1060). Although Aurora agreed to a number of programs to ameliorate the
effects of fallowing thousands of acres of farmland, such as payments in lieu of taxes,
buying, drying and transferring the water out of the basin has significant economic
impacts on the basin of origin, especially if the regional economy is not robust (Howe
and Goemans, 2003).

The response by residents of the basin was to find means of limiting “buy and
dry” projects, which required more broad-based participation by a variety of interests.
Under Colorado state law, local residents may create water conservancy districts that
have the authority to invest in the development of water sources and that have taxing
and bonding powers to pay for water projects. The Lower Arkansas Water Conser-
vancy District, which was overwhelmingly approved by voters in the proposed district,
was created to limit out of basin water transfers, both by purchasing and/or leasing
water rights, but also by creating programs that support the viability of agriculture
(LAWCD no date). The district’s board of directors consists of people from different
backgrounds, not just agriculture but urban interests, too (LAWCD no date).

Since its creation in 2002, the LAWCD has purchased and leased water rights, cre-
ated a land conservation easement program, and is working with several major ditch
companies to create a ‘Super Ditch’ (Campbell, 2015). The conservation easement
program promotes the use of land and its water rights to preserve habitat, open space,
and irrigated agriculture. The Super Ditch program recognizes the tremendous market
pressure to move water rights from agriculture to municipalities. To avoid the practice
of “buy and dry”, the participating ditch companies are developing a plan by which
cities may lease water from the “Super Ditch” and the participating ditch companies
commit to delivering that water by rotating the fallowing of irrigated lands. Munici-
palities gain access to reliable sources of water while farmers and farm communities
maintain their rural economies (Campbell, 2015).

In 2002, a drought of record spurred the Colorado Water Conservation Board
(CWCB) to conduct a detailed analysis of current and future statewide water demands
and water supplies, which revealed the need for statewide water planning (CWCB,
2011). In 2005 Colorado passed legislation that initiated a statewide collaborative
water planning process that involved each of the state’s nine basins. Called basin
roundtables, participants include representatives from local governments, agriculture,
industry, recreation, and the environment. In other words, many actors who histori-
cally would not have been allowed or invited to participate in water governance were
now included.

The Basin Implementation Plan developed by the Arkansas Basin Roundtable
addresses the water demands and supplies of the basin as a whole and the interactions of
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the basin with those adjoining it. It addresses a wide range of issues, such as watershed
health, municipal water conservation, and multi-use water projects.

Over the last several decades who participates in water governance in the Arkansas
River Basin has dramatically changed. Initially, consumptive uses took precedence. The
past fifteen years, however, have witnessed dramatic changes in participation. With
the recognition of the close hydrologic connections between surface and groundwater
sources and the emergence of many different uses and values, the Arkansas River Basin
is governed in a more integrated fashion. The Arkansas Basin Roundtable and the Basin
Implementation Plan assess the full range of water demands and supplies in the basin,
funding a host of experimental projects, such as the development of the Super Ditch.
The Roundtable also provides the venue through which many different water uses and
values are recognized and coordinated. No longer is participation in water governance,
including groundwater, restricted to water rights holders.

7.4 CONCLUSION

Since participatory groundwater governance is still in its formative stages, it is worth-
while to consider noteworthy experiments. In this chapter we have used two exemplary
case studies to illustrate the types of complex socioecological problems that are con-
nected to the use of groundwater resources and how diverse groups of interests have
tried to address them. Taken together, these cases from the Western U.S. illustrate
the importance of participation in water governance in general and groundwater
governance specifically. Below, we draw lessons about participation in groundwater
governance.

7.4.1 How and why participation happens in complex situations

These examples show that participation happens in a variety of forms, indicating that
there is no single best approach. Participatory planning processes may happen for a
variety of reasons. In some cases, a collaborative stakeholder deliberation process may
be seen by the interested parties as more appealing than resorting to formal conflict
resolution through the court system. Participation may also be motivated or imposed
by a higher political authority such as a federal judge or state legislature, as was the
case for the Edwards Aquifer and the Arkansas River Basin. In the Edwards Aquifer
case, the participants’ ultimate impetus for collaborating was to develop a Habitat
Conservation Plan that would achieve protection of the parties from further litigation
under the Endangered Species Act while also avoiding the imposition of a specific
solution from “outside” by the federal government or court. In the case of the Arkansas
River Basin, direct and indirect water users sought common ground in order to keep
water in the Basin to support local economies.

7.4.2 Importance of common understanding

In both cases, groundwater use and management were central issues but never the only
issues. Each case clearly shows the importance of groundwater’s hydrologic connection
to surface water sources and by implication its critical role in ecological conditions.
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A common central dilemma is how to balance consumptive and non-consumptive uses
of groundwater in order to avoid unacceptable ecological degradation. In such cases,
there may be a large number of interest groups involved with competing visions, needs,
and values. Yet, it is possible for them to be reconciled to the relative satisfaction of
those involved.

There are aspects of participation which seem necessary or at least conducive, if
not sufficient, for such a positive outcome. Because the physical dynamics of ground-
water aquifers and the nature of their connections to surface water bodies are often
quite complex and in many cases poorly or at least inadequately understood when a
participatory process begins, potentially significant investments in scientific studies of
various kinds may be of fundamental importance. In the case of the Arkansas River
Basin, the U.S. Supreme Court ordered the development of a hydrologic model before it
would move forward with a decision. That hydrologic model forms the foundation for
water governance and is used to monitor the impacts of human activities on the river
system. The EARIP found it necessary to create technical committees to compile and
evaluate existing studies and identify knowledge gaps for additional research needed
to support informed decision making. Unless the parties can arrive at some consensus
view about how an aquifer system is likely to behave under certain conditions of use
and natural climatic variability, negotiations over policies and practices are unlikely
to succeed. The development of a hydrologic model and/or refinement of an existing
one is critically important in this regard.

7.4.3 Opening up participation to a broader set of interests

As we noted in the introduction, working within and around water laws alone tends to
narrow the number of parties who may participate. The meaningful inclusion of envi-
ronmental and ecological water needs requires opening decision-making and planning
to interests historically excluded from the table.

In the case of the Edwards Aquifer, historically excluded interests resorted to suing
the federal government in order to exert some influence. Before 2007, a great deal of
legal conflict occurred between relatively narrow interests. It was not until a new form
of participation was tried that a solution could finally be achieved. With the EARIP,
conservation and recreation interests had a formal seat at the table along with the
more politically powerful water management and provisioning entities. In the Arkansas
Basin, expanding participation in water governance has created opportunities for inno-
vative problem solving, such as the creation of the Super Ditch, which hold promise
for meeting the values and demands of different users.

However, it should be noted that simply increasing the number of participants
involved and the range of interests represented is not a guarantee of success. In the
case of the Edwards Aquifer, for example, earlier collaborations had failed and it seems
likely that the EARIP would have as well without a legislatively mandated decision-
making timetable.

Finally, achieving some kind of consensus can be very difficult, and we caution
against viewing experiments in participatory groundwater planning in overly binary
terms of success or failure. For example, it took more than two decades for water users
in the Arkansas Basin to develop a series of institutional arrangements for addressing
the most pressing water problems. Surprisingly, the case with the most fraught and
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bitter history, the Edwards Aquifer, was able to eventually come to consensus agree-
ments about many different issues and was ultimately able to achieve the goals the
participants set out to accomplish. However, we are unlikely to know whether the pro-
visions of the HCP are truly adequate until a repeat of the drought of record puts them
to the test. Relatedly, we emphasize the importance of having an adaptive decision-
making process capable of revising mitigation and management measures based on
new scientific findings and hydrologic and ecological monitoring and assessments.
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ABSTRACT

This chapter will provide an overview of the contemporary groundwater literature
and will show what is currently being done to achieve sustainable groundwater man-
agement. First, models for groundwater management will be presented focusing on
resource modelling under uncertainty, in particular uncertainty surrounding the effect
of climate change on groundwater resources and trans-boundary frameworks. Then,
the ecosystem services approach and the concept of the TEV of water will be pre-
sented in more detail. Furthermore, we will show where and how these new concepts
are integrated in policy frameworks and will present applied examples of sustainable
water governance. Last but not least, we will venture out to the future of sustainable
groundwater management and have a look at upcoming challenges, opportunities, and
cutting-edge research.

8.1 AN INTRODUCTION

Groundwater quantity and quality are exposed to a multitude stressors (Navarro-
Ortega et al., 2015). Due to heavy usage as potable water and input in economic
sectors — households, industry, tourism, and agriculture — groundwater has been over-
exploited, polluted, and degraded. Since groundwater is a pivotal input for all the above
mentioned, there have been calls to manage it more efficiently. Gisser and Sanchez
(1980) question, however, whether managing groundwater resources will increase
social welfare. They show that there is no quantitative difference between temporal
optimal control of groundwater and competitive, myopic usage. This apparent para-
dox, the so-called Gisser-Sdnchez-Effect, vanishes, however, if one considers water
quality issues and their externalities (Kundzewicz & Doll, 2009), allows non-linearity
in water demand and supply in the model (Koundouri, 2004b), and considers uncer-
tainties surrounding future availability (Magsood, Huang, & Yeomans, 2005), due to
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climate change (Taylor et al., 2013), shortcomings in data on interaction between sur-
face and groundwater, the hydrological cycle (Li, Huang, & Nie, 2006), and unknown
recharge rates of aquifers (Brouyere, Carabin, & Dassargues, 2004). Once one adds
trans-boundary aquifers to the model, groundwater management issue are exacerbated
due to institutional and legal concerns (Koundouri & Groom, 2002). All these issues
should be considered when trying to determine the value of groundwater.

The ecosystem services approach (ESA) tries to provide a holistic methodology that
identifies benefits and costs ecosystems create, illustrates problems concerning services
and trade-offs between them, and finally assigns a monetary value to them which adds
up to the total economic value (TEV) of water (Benayas, Newton, Diaz, & Bullock,
2009; Koundouri et al., 2015). An ESA has already been included in policy frameworks
such as the European Water Framework Directive (European Commission, 2000; P. 12)
or the Marine Strategy Framework Directive (Koundouri & Davila, 2015). The goal
being to design and assess measures, i.e. economic instruments providing incentives
(i.e. taxes, permits, subsidies, pollution fees etc.), to recover the full cost of ground-
water services and to choose the most economically efficient one of them by applying
a cost-benefit analysis (Birol, Koundouri, & Kountouris, 2010). Since groundwater
may exhibit non-market characteristics, it is crucial to consider all different aspects
that contribute to water value — its use value, such as irrigation, and its non-use value,
such as a subjective value a person may attribute to improvements in, e.g. a wildlife
habitat (Bateman, Brouwer, et al., 2006). However, due to unobservable or unavail-
able prices for water, in general other means have to be found to assign a monetary
value to groundwater services. Energy, water, or fuel subsidies to the agricultural sec-
tor to spur rural development promote groundwater usage further and complicate this
estimation (Shah, 2007). Apart from leading to groundwater overexploitation, those
subsidies, taxes, and other policy instruments exacerbate the non-market character-
istics of groundwater by distorting its price (Groom, Koundouri, & Swanson, 20035;
Koundouri et al., 2015). Consequently, in the past years a range of non-market valu-
ation methods have been used to estimate the TEV of groundwater resources (Birol,
Koundouri, & Kountouris, 2006; Brouwer, 2008). The results are supposed to help
policy makers in deciding on how to allocate water in the future and to design eco-
nomic incentives to induce more efficient use (Koundouri & Davila, 2015), in order
to ensure sustainable resource management (Klove et al., 2011).

8.2 GROUNDWATER MANAGEMENT MODELING

Integrated hydro-economic models are formal mathematical models which aim to
quantify the complex structure of groundwater management along the lines of the
fundamental economic principles of demand and supply. In these models, optimal
groundwater management is treated as an optimization problem of an objective func-
tion which considers TEV, subject to specific constraints rising from predetermined
control criteria on the groundwater resource evolution. A critical literature overview
of the available economic models of groundwater use and their potential benefits from
optimal groundwater management was provided by Koundouri (2004a). This study
analyzed the Gisser-Sanchez model which is the basic representation of economic,
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hydrologic and agronomic facts that occur due to the irrigator’s choice of water pump-
ing. The environmental constraint of the problem derives from the change in the height
of the water table which is given by the following differential equation

H:ALS[R—F(a—l)w], H(0)=Hy, (8.1)
where R is the constant recharge measured in acre feet per year, o is the constant
return flow coefficient which is a pure number, H is the initial level of the water table
measured in feet above sea level, A is the surface area of the aquifer (uniform at all
depths) measured in acres per year, S is the specific yield of the aquifer which is a pure
number and w is the water extraction measured in acre-feet per unit of time. In order to
model the case of a non-constant river recharge due to stochastic rainfall or a possible
exogenous and reversible shock to the groundwater resource, one could consider that
R is a random variable (cf. Laukkanen & Koundouri, 2006 and De Frutos Cachorro
et al., 2014) or a stochastic process (cf. Zeitouni, 2004). Hence, in this section, we
shall present recent advances in such hydro-economic according to different aspects of
groundwater management, such as coastal aquifer water management, conjunctive use
of surface and subsurface water resources, and game theoretical approaches, including
stochastic frameworks imposed by climate change conditions, both in a boundary and
a transboundary scale.

In the literature (Tsur & Zemel, 2014) the first type of uncertainty that enters
into the resource management problems corresponds to the limited knowledge of
certain parameters of the resource (for instance abrupt system behavior when the
stock process crosses some unknown threshold) and the second one is the exoge-
nous uncertainty that takes into account random environmental elements (for example
weather variability). According to these types of uncertainty, many studies dealt with
the relationship between precautionary behavior and an increase in uncertainty (see
Brozovic & Schlenker, 2011 and Zemel, 2012). Assuming a stochastic recharge rate,
Zeitouni (2004) argued that it is optimal to keep the water stock at a certain positive
threshold in the case of a limited aquifer capacity. Considering a known decrease in the
recharge rate as an exogenous shock, De Frutos Cachorro et al. (2014) showed that
the optimal adapted extraction of a groundwater aquifer decreases in the short-run
for a deterministic occurrence date of the shock and vice versa for a stochastic one.

Groundwater management in coastal regions has been widely studied due to the
rapid demand for fresh water and the groundwater quality deterioration from sea-
water intrusion. Karterakis et al. (2007) compared the classical linear programming
(LP) optimization algorithm of the SM and the Differential Evolution (DE) algorithm,
used to compute the optimal hydraulic control of the saltwater intrusion in an uncon-
fined coastal karstic aquifer, concerning the computation time and the values of the
water volume flow rates. Katsifarakis & Petala (2006) and Kentel & Aral (2007)
studied simulation-optimization coastal aquifer problems subject to a penalty term
regulated by the seawater intrusion due to the applied pumping scheme and by the lim-
ited groundwater resources in the region, respectively. In order to reduce computation
burden and capture the uncertainty in the physical system, Sreekanth & Datta (2014)
substituted the numerical simulation model with a genetic programming (GP) stochas-
tic surrogate model to characterize coastal aquifer water quality regarding to pumping,
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under parameter uncertainty, and obtain a stochastic and robust optimization of
groundwater management. Additionally, Koundouri and Christou (2006) analyzed
the optimal management of groundwater resources with stock-dependent extraction
cost and a backstop substitute. The developed model considers heterogeneous sectors
and use multistage dynamic optimal control.

Proper conjunctive use of water, namely the integrated use of surface and ground-
water resources, is an essential issue due to the increasing water demands of the
agricultural sector. An integrated dynamic approach was employed by Chang et al.
(2011) to simulate the interaction between surface and subsurface water as a system,
where the natural groundwater recharge is considered as a water source to the system
and its volume is estimated using geographic information system (GIS) tools, a ground-
water modular-dimensional groundwater flow (MODFLOW) model, and a parameter
identification model. On another strand, Yang et al. (2009), Peralta et al. (2011) and
Rezapour & Soltani (2013) applied genetic algorithms (GAs) and constrained differ-
ential dynamic programming (CDDP) techniques to study multi-objective problems
associated with the performance of a conjunctive use surface and subsurface water
system, considering issues of maximizing the minimum reliability of the system as well
as minimizing both the fixed and the time varying operating costs due to water sup-
ply. In a different study Peralta et al. (2011) quantified limits and acceptable impacts
on selected water resources indicators, and developed a new simulation—optimization
algorithm with limits to compute optimal safe yield groundwater extraction policies.

Several studies developed an analytical game-theoretic formulation to calculate
sustainable groundwater extraction rates in both cooperative and non-cooperative
conflict-resolution approaches (Loaiciga, 2004), to find an optimal balance between
positive economic benefits and negative environmental impacts among alternative
groundwater extraction scenarios (Salazar et al., 2007), to compute cooperative opti-
mal allocation policies in a multi-objective finite difference aquifer subject to water
provision costs (Siegfried & Kinzelbach, 2006), and to address the problem of opti-
mal groundwater extraction by multiple spatially distributed users from an aquifer
(Brozovic et al., 2006). Bazargan-Lari et al. (2009) proposed a new GA methodol-
ogy for the conflict-resolution conjunctive water use with different users, Saleh et al.
(2011) investigated both cooperative and myopic groundwater inventory management
schemes with multiple users via a dynamic game-theoretic formulation, and Wang &
Segarra (2011) studied the game-theoretic common-pool resource dilemma in extract-
ing nonrenewable groundwater resources when water demand is perfectly inelastic
and water productivity is heterogeneous. The game-theoretical framework was also
employed to conflict-resolution groundwater management in irrigated agriculture
(Latinopoulos & Sartzetakis, 2011), in assessing the value of cooperation under the
presence of environmental externalities (Esteban & Dinar, 2012), in common pool
resources by cooperative (Madani & Dinar, 2012a) and non-cooperative (Madani &
Dinar, 2012b) institutions.

In a river basin scale, several hydro-economic models were used to integrate
riparian zones and wetlands (Hattermann ef al., 2006) and optimize the conjunctive
management of surface and groundwater systems (Pulido-Velazquez et al., 2007, 2008,
Safavi et al., 2010, Wu et al., 2015, and Nasim & Helfand, 2015), as well as under
uncertainty analysis (Wu et al., 2014). The conflict-resolution issues on water scarcity
and infrastructure operations concerning river basin management in transboundary
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water resources allocation, i.e. the river is a common water resource to multiple
countries, is addressed by the game theoretic approach. Wu and Whittington (2006)
investigated the incentive structure of both cooperative and no cooperative policies for
different riparian countries that share an international river basin. Eleftheriadou &
Mylopoulos (2008) quantified the consequences caused by water flow decrease for
different scenarios to estimate compromising solutions acceptable by two countries.
Under the effects of climate change, Bhaduri et al. (2011) presented a stochastic non-
cooperative differential game to obtain sustainable transboundary water allocation
by linking transboundary flows to hydropower exports, whereas Girard et al. (2016)
compared cooperative game theory and social justice approaches with respect to cost
allocation of adaptation measures at the river basin scale.

8.3 CALCULATING THE TOTAL ECONOMIC VALUE
OF GROUNDWATER

The total economic value (TEV) comprises different types of use and non-use
values. The first relates to actual or potential use values (option value) which derive
from the direct or indirect use of an environmental resource (e.g. water irrigated from
a groundwater aquifer that is used in agriculture refers to direct benefits, whereas the
increase in jobs this yields in the agricultural sector refers to indirect use). Option value
relates to the value that might accrue in the future from the existence of the resource
i.e. willingness to pay for maintaining a resource although it is possible that it will
not be used in the future. For example, the discovery of new species of plants might
lead to the development of drugs that fight diseases. Non-use values are grouped into
three main categories; bequest value relates to the value individuals place on the fact
the future generations will have access to the same benefits. Existence value, refers
to individuals’ willingness to pay to preserve the characteristics of the resource as it
stands. Finally, altruistic value corresponds to the utility that individuals obtain, by
knowing that others users in the community obtain benefits from a specific resource.

Koundouri, Palma, and Englezos (2017) examine various valuation methods
in detail, extensively reviewing existing for determining the TEV of groundwater.
Revealed preference techniques base their results on data drawn from existing markets
or actions (e.g. driving to visit a natural site) that encapsulate the value of envi-
ronmental benefits These techniques however, can only estimate the use values of
environmental resources. Such techniques are the hedonic pricing method, the travel
cost method and cost of replacement. The first aims at tracing the footprint of the
value of an environmental good, by observing the prices in markets. In many appli-
cations this has been done by observing the real estate markets in two areas with
similar characteristics and varied levels of environmental amenities (e.g. The second,
considers several parameters that relate to traveling to a destination (e.g. a park).
Such parameters are travel expenses (fuel, overnight stay etc.), time spent traveling,
frequency of traveling, distance from the destination, substitutes in the vicinity and
characteristics of the destination. Considering these factors, the method can estimate
the value that individuals place on the recreational benefits provided. The second
family of methods is the stated preferences techniques, which include contingent valu-
ation method and choice modelling. These techniques can elicit both use and non-use
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values through structured surveys that ask respondents to state their WTP. A differ-
ence between the two approaches is that contingent valuation can elicit the value of
whole goods, whereas choice modelling can estimate the value of both whole goods
and their specific characteristics. Similar to the above method, Choice Modelling also
uses surveys to obtain information from respondents. This method is heavily based
on the theory of Lancaster (1996), which ascribes that goods are a bundle of different
characteristics.

Besides the above, benefit transfer methods use results from earlier primary studies
in areas similar to that under investigation. By first adjusting the value for the differ-
ences in the socioeconomic characteristics (income, prices, currency, etc.) between
areas, the value is transferred to express the preferences of the users of the study area.
Koundouri et al. (2016) used this method to assess the value of four ecosystem services
of the Anglian river basin in the UK. In order to estimate these values, several other
studies had been considered, such as choice experiments and hedonic pricing. Another
study by Koundouri et al. (2014) used this approach to estimate the benefits of mitigat-
ing industrial pollution. They valued the change in water quality from “bad” to “very
good” as set by the Directive 2000/60/EC. This was found to vary between 88.28 and
116.94 euros. In relation to this approach, several studies have combined its method-
ology with GIS (Geographical Information System) data to assess the economic value
of conservation and restoration projects (e.g. Jenkins et al., 2010), to estimate value of
ecosystem services (Plummer, 2009) and to aggregate benefits from non-market envi-
ronmental goods (Bateman et al., 2006) among others. Finally, other experimental
and market techniques exist, such as laboratory experiments. These are techniques
that are implemented in a controlled environment (laboratory) and ask respondents
to make choices following a well-structured scenario. For example, Drichoutis et al.
(2014) implemented this technique by engaging respondents in a 6 auction rounds
(three of them were hypothetical and three real). Respondents had to choose if they
would exchange their endowment with an amount of a good from a river basin with
good ecological status and a river basin with bad ecological status that could potential
raise health concerns. The results indicated that people would bid higher for the goods
that were produced in the region that had water of good ecological status, showing
aversion to potential health issues stemming from heavily polluted water. Another
study by Carson et al. (2011) assessed the economic consequences of the effects of
arsenic contamination. The study was concerned about the effect on labor supply in
Bangladesh. For this reason, a labor supply model was estimated that used labor data
from local households, which was matched with data on arsenic contamination. The
results indicated that labor hours are lost, due to the fact that individuals try to hedge
against contamination dangers. Also, meta-analysis is a method that is widely used.
Such studies include statistical analysis of combined results of previous studies. For
example, Van Houtven et al. (2006) identified 300 studies that relate to water quality
improvements, most of which were stated preference studies. Table 8.1 depicts studies
which focus on estimating the value of several services provided by groundwater.

Through the years several ecosystem services classifications have been suggested,
such as the Millennium Ecosystem Assessment (MEA 2005) that recognizes four broad
types of ecosystem services: provisioning, regulating, supporting, and cultural services.
While the MEA provides a straightforward connection between the natural environ-
ment and the processes that take place within it and welfare, a major disadvantage is
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Table 8.1 Summary table of economic valuation studies.

Paper Resource Method Values

Hedonic price analysis and selectivity bias: Groundwater ~ Hedonic £11.5 per
water salinity and demand for land. pricing hectare
(Koundouri & Pashardes, 2002)

Arsenic mitigation in Bangladesh: Groundwater  Labor Market ~ $18-38

A household labour market approach. Approach household/year
(Carson, Koundouri, & Nauges, 201 1)

Environmental cost of groundwater: Groundwater ~ Contingent €23.52

A contingent valuation approach. Valuation person/year
(Martinez-Paz, & Perni, 201 1)

The value of scientific information on Groundwater  Choice €9.71-36.92 per
climate change: a choice experiment on Experiment household/year
Rokua esker, Finland. (Koundouri, 2012)

A Value Transfer Approach for the Economic  River, Benefit €88.28-116.94
Estimation of Industrial Pollution: Groundwater  Transfer household/year

Policy Recommendations. Water Resources
Management Sustaining Socio-Economic
Welfare, 7, 1 13—128. (Koundouri, 2013)

that the framework does not distinguish between intermediate and final services which
might lead to double-counting of ecosystem services (Kontogianni et al., 2010; Boyd &
Krupnick, 2009).

8.4 INSTITUTIONAL FRAMEWORKS AND POLICY

The governance and management of water as a resource has been at the fore of global
environmental and political efforts for decades. The idea of Global Water Governance
emerged as a result of a growing consensus that water management was reaching a
crisis point and needed to be made a priority (Rogers and Hall, 2003; Cooley et al.,
2013). In 2003 the United Nation issued its first Water Development Report, within
which water management is identified as a “social, economic and political” challenge
(United Nations, 2003). In the wake of the acute impact of climate change felt across
the globe today, water management remains a global priority and features prominently
in the United Nations Agenda 2030. In addition the issue of water management is
embedded within the Sustainable Development Goals (SDGs), addressed both as Goal
(#6: Clean Water and Sanitation) in its own right, as well as a cross cutting theme
(Sustainable Development Solutions Network, 2015; United Nations, 2016). 2016
saw the convention of the United Nations High Level Panel on Water (HLPW) which
has a remit to “ensure availability and sustainable management of water and sanitation
for all, as well as to contribute to the achievement of the other SDGs that rely on the
development and management of water resources”. The panel is expected to provide
global leadership in the collaborative effort for inclusive and sustainable water resource
management at all scales (HLPW, 2016).

At European level, a number of policies have been introduced in order to regulate
the quality of groundwater across the continent. In 1979, the Commission issued



164 P. Koundouri et al.

Figure 8.1 Global Water Governance Timeline (Source: Cooley et al.)

‘Directive 80/68EEC’ which aimed at preventing the pollution of groundwater by toxic,
persistent and bioaccumulable substances including metalloids and their compounds
(European Commission, 1979). Since then several other Directives which consider
the preservation of groundwater quality in one way or another have been developed
and come into force; these include the Drinking Water Directive (1980), the Urban
Wastewater Treatment Directive (1991), the New Drinking Water Quality Directive
(1991), the Nitrates Directive (1991), the Plant Protection Products Directive (1991),
the Directive for Integrated Pollution and Prevention Control (1996), the Biocides
Directive (1998) the Groundwater Directive (2006) and the Directive on Industrial
Emissions (2010) (European Commission, 2017).

In 2000, the Water Framework Directive (European Commission, 2000) intro-
duced an integrated legal framework for the protection of European freshwater
ecosystems, as well as the means to achieve that which are crystallized within its
objectives. The ultimate objective of the Directive is to achieve Good Ecological Sta-
tus (GES) in all freshwater ecosystems (rivers, lakes, transitional waters, groundwater,
etc.) across Europe. In order to achieve that member states must adopt the Directive,
define River Basin District and set out a plan of action that will lead to the achievement
of GES. The WFD not only assesses the chemical, biological and morphological status
of surface water, but it stresses the importance of the social and economic status of
each river basin district. It considers economic aspects of the basins in articles 5, 9, 11
and Annex III (Koundouri & Davila 2013). According to these, member states must
define the water uses in each river basin district, estimate the total economic cost of
water services and design measures that assist in achieving full recovery of this cost.

Within Saleth and Dinar’s (2004) framework (see Figure 8.2), endogenous and
exogenous factors of change are identified and assessed. These factors are important
for the design and implementation of coordinating mechanisms among ministries and
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Figure 8.2 Saleth and Dinar’s Analytical Framework (Source: Saleth and Dinar, 2004).

may allow or hinder cross-sectoral collaboration between diverse bureaus in the water
and green growth fields. Saleth and Dinar’s institutional framework is re-categorized
into state, market, and community to take into account the arguments about the drivers
and instruments of economic and social development and environmental conservation
based on the state, the market, and community.

Water Abstraction taxes are taxes that can be used to restrain water users from
lowering the water level below a certain standard. Area pricing is the most common
form of water pricing whereby users are charged for water used per irrigated area.
Output pricing methods involve charging a fee for each unit of output produced per
user whereas, input pricing involves charging users for water consumption through
a tax on inputs. The efficiency of water abstraction taxes is relative and depends
on technical and institutional factors. Volumetric pricing is the optimal water tariff!
where price is equal to marginal cost of supplying the last unit. The effectiveness of
a tax depends on the correct estimation of the marginal tax level and on how risk-
averse farmers are with respect to damage from reduced water availability (both in
quality and quantity terms). A differentiated tax level has to be created, because of
local differences in both the monetary value of reserves and the vulnerability of the
environment to changes in the groundwater level. An advantage of a tax is that it
improves both economic and technical efficiency. Administrative costs are high, since

' A water tariff is a price assigned to water supplied by a public utility through a piped network
to its customers. Prices paid for water itself are different from water tariffs. They exist in a few
countries and are called water abstraction charges or fees. Water tariffs vary widely in their
structure and level between countries, cities and sometimes between user categories (residential,
commercial, industrial or public buildings). The mechanisms to adjust tariffs also vary widely.
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a differentiated tax is not easy to control and monitor. A volumetric tax on extraction
is complicated, because it involves high monitoring costs. A tax on a change in the
groundwater level is also complicated, because external and stochastic factors affect
the level of groundwater, which is not uniform across any given aquifer.

Pollution taxes represent an efficient method of addressing water quality problems
if these are adopted at the optimum level. Pollution taxes to address groundwater
pollution are usually targeted at non-point source pollution from agriculture, and
are imposed on nitrogen fertilizers. Subsidies can be directly implemented for water-
saving measures to induce users to behave in a more environmentally friendly way.
Alternatively, indirect subsidy schemes also exist which include tax concessions and
allowances, and guaranteed minimum prices. Subsidies however are not economically
efficient, they create distortions and do not provide incentives for the adoption of
modern technologies. Acceptability however is not an issue, since participation in
subsidy schemes is voluntary and has positive financial implications.

Some countries have already taken steps in assessing their subsidies programmes
in terms of their environmental, social and economic impacts and in reforming their
harmful policies, towards reducing those subsidies that enhance fossil-fuel use and thus
act as a hurdle to combating climate change and achieving more sustainable develop-
ment paths. As discussed in Zilberman et al. (2008), rising energy prices however, will
alter water allocation and distribution. Water extraction will become more costly and
demand for hydroelectric power will grow. The higher cost of energy will substantially
increase the cost of groundwater, whereas increasing demand for hydroelectric power
may reduce the price and increase supply of surface water. Thus, rising energy prices
will alter the allocation of water, increase the price of food and may have negative
distributional effects.

Groundwater tradable permits assume the introduction of water markets (Howitt,
1997) in which water rights, or permits, can be traded to address different aspects of
the water resource problem (Kraemer and Banholzer, 1999); e.g. water abstraction
rights, discharge permits and tradable permits for use of water-borne resources such
as fish or potential energy. Generally, the government will determine the optimal level
of water resource use over a specified time period and will allocate an appropriate
number of permits. The financial impact on affected parties and related acceptabil-
ity of tradable permits depends on the initial allocation of rights. These can either
be distributed for free (for example depending on historical use or other criteria), or
auctioned off to the highest bidders. While there are some examples of its implemen-
tation, the use of tradable rights for groundwater seems to be complicated in practice,
since the impact of changes in the groundwater level on agricultural production and
nature depends on location-specific circumstances. To avoid transferring rights among
areas with heterogeneous characteristics, trading has to be restricted. Tradable water
permit systems have been implemented in a number of countries including Chile,
Mexico, Peru, Brazil, Spain, several states in Australia and the Northern Colorado
Water Conservancy District in the USA (Marino and Kemper, 1999).

Voluntary agreements try to convince farmers (through education) of the advan-
tages of fine-tuned groundwater control. Voluntary agreements on controlling ground-
water use are in principle efficient, since they rely on specialized knowledge of
participants about local conditions. The principle of allowing the individual mem-
bers of agricultural organizations and water boards to make decisions on issues that
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affect them rather than leaving those decisions to be made by the whole group, the
so called ‘principle of subsidiary’, is widely accepted. Environmental liability systems
intend to internalize and recover the costs of environmental damage through legal
action and to make polluters pay for the damage their pollution causes. If the penalties
are sufficiently high, and enforcement is effective, liability for damage can provide
incentives for taking preventative measures. For liability to be effective there need to
be one or more identifiable actors (polluters); the damage needs to be concrete and
quantifiable and a causal link needs to be established between the damage and the
identified polluter.

8.5 APPLICATIONS TO GROUNDWATER MANAGEMENT

All around the world a variety of projects have focused on applying hydro-economic,
game theoretical, and optimization models to groundwater management issues. On top
of that a number of strategies to achieve sustainable groundwater management have
focused on an ecosystem services approach to calculate the TEV of surface and ground-
water. So too, has some of our research been applying these new models and concepts to
projects and case studies. In the following, we will present some of the work on ground-
water management done at the International Center for Research on the Environment
and the Economy (ICRES8: www.icre8.eu) and the Research Team on Socio-Economic
and Environmental Sustainability (ReSEES: http://www.icre8.eu/resees) of the Athens
University of Economics and Business, which is part of ICRES8’s research cluster struc-
ture. Since September 2016, the International Center for Research on the Environment
and the Economy (ICRE8: www.icre8.eu) is part of a Horizon 2020 (European Com-
mission) project that will establish a Decision Analytic Framework to explore the
water-energy-food Nexus (DAFNE) in complex trans-boundary water resources of
fast developing countries. ICRES is responsible for developing socio-economic models
in a complex trans-boundary framework — the two case studies are river basins that
link eight African countries, two respectively — considering uncertainties due to climate
change (DAFNE Project, 2017). Game theoretical models will be applied to construct
interactions and competing interests in the river basin. Further, the concept of TEV of
water will be applied to estimate the value of the resources.

GLOBAQUA is an ongoing project which ATHENA Research and Innova-
tion Center (https://www.athena-innovation.gr/en.html) currently participates in. The
project is funded by the European Commission 7th Framework Program. In six case
study regions the project aims at identifying multiple stressors, including water scarcity,
which affect biodiversity and the services which the ecosystem provides. In a latter
step, the project wants to establish socio-economically and environmentally sustain-
able management strategies in each of the case study regions, consistent with the goals
of the Water Framework Directive. A range of models, including the River Water
Quality Model and InVest, is consulted to estimate the value of ecosystem services
(Navarro-Ortega et al., 2015).

Apart from these two ongoing projects that take into consideration the interlink-
age between surface and groundwater, there are a number of ReSEES (Laboratory on
Research on Socioeconomic and Environmental Sustainability at the Athens Univer-
sity of Economics and Business: http://www.icre8.eu/resees) projects on groundwater
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management that have been completed already. These include, among others, GEN-
ESIS funded by the 7th Framework Program of the European Commission, which
developed concepts, methods, and tools to improve groundwater management
(Bioforsk (a)). In the project ReSEES preformed game theoretical and economic-
mathematical modeling of surface and groundwater interaction under uncertainty and
risk, used non-market valuation methods to assess the TEV of groundwater, and per-
formed cost-benefit analyses on the proposed management strategies (Bioforsk (b)).
THESEUS (Innovative technologies for safer European coasts in a changing climate)
project that is funded by the European Commission, 7th Framework Program, which
examines the application of innovative coastal mitigation and adaptation technologies
aiming at delivering safe coasts for human use and development. The primary objec-
tive is to provide an integrated methodology for planning sustainable defense strategies
for the management of coastal erosion and flooding which addresses technical, social,
economic and environmental aspects. Other projects include project funded by the
European Commission, 6th Framework Program, such as EUROLIMPACS (Evalu-
ate Impacts of Global Change on Freshwater Ecosystems), AQUASTRESS (Solving
Water Stress Problems by Integrating New Management Economic and Institutional
Instruments). Also projects funded by the 5th Framework Program of the Euro-
pean Commission, such as ARID CLUSTER (Strengthening complementarity and
exploitation of results of related RTD projects dealing with water resources use and
management in arid and semi-arid regions) and Sustainable Use of Water on Mediter-
ranean Islands: Conditions, Obstacles and Perspectives; and the CYPRUS (Integrated
Water Management in Cyprus: Economic and Institutional Foundations) project,
funded by the 4th Framework Program.

In addition to the aforementioned projects, ICRE8 and ReSEES participated in a
number of projects funded by non-European sources, such as the World Bank: The
significance of subsidized electric energy tariffs on the behavior of groundwater users
for agriculture in India in general and in Rajasthan in particular (2003), Bangladesh
Arsenic Mitigation Water Supply Project: Water Tariffication Re-structuring in Rural
Bangladesh (2003), Water Pricing and Management in Urban China: Welfare Implica-
tions (2003-2004), World Bank Desk Work: A Report on the Economics of Arsenic
Mitigation: Valuing Cost and Benefits Under Uncertainty and Health Risk (2003-
2004); Governments: The Implementation of the Economic Aspects of Article 11 of
the Water Framework Directive in Cyprus (Government of Cyprus, 2009-2010), The
Implementation of the Economic Aspects of Article 5 of the Water Framework Direc-
tive in Greece (the Greek Government, 2007-2008); Sustainable Management of the
South East Kalahari Aquifer System (Government of the Republic of Namibia, 2002);
The Economic Value of Groundwater (the United Kingdom Environment Agency,
2012); Integrated Management for the ASOPOS River Basin (Greece): Economic
Efficiency, Social Equity and Environmental Sustainability (Andreas Papandreou
Foundation and National Bank of Greece, 2010); A Methodology for Integrated Water-
shed Management (International Institute for Environment and Development, 2008);
Economic Valuation of Groundwater Review (Environment Agency—Aby Dhabi,
2014); Economic Instruments to Protect Freshwater Resources in the Republic of
Buryatia, Lake Baikal Basin (Organization for Economic Co-Operation and Devel-
opment, 2013-2014); Water and Green Growth Program — Phase 2 (World Water
Council, 2014).
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All of the above projects combine the aspects of groundwater resources man-
agement that we have considered in this paper. Specifically, they integrate stochastic
hydro-economic models of groundwater use under different institutional and policy
frameworks, and estimate the parameter values of these model using market and non-
market estimation methods. Dynamic comparison of status quo values with respective
optimal values, defines the level of needed interventions in terms of economic, legal and
policy instruments, over time and space. The challenge of achieving environmental-
economic-social sustainability in groundwater allocation over time, space and people
is huge, multi-dimensional and should be treated in an interdisciplinary dynamics
systems approach that can accommodate efficiently the involved complications.

8.6 CONCLUDING REMARKS

The application of economic instruments in the context of groundwater management
requires that at least two strong limitations be considered. The first one refers to the
set of non-market benefits and dimensions related to groundwater resources. Theoret-
ical models, from which prescriptions to define instruments’ design are drawn, should
consider the Total Economic Value of the resources. Secondly, economic instruments —
tariffs, tradeable permits or some other incentives — are deployed over a space of insti-
tutional aspects: customs, laws, decision making procedures, distribution and quality
of information, distribution of rights and permits, some of which are far more impor-
tant than the economic impact of the instruments themselves. These two dimensions
jointly configure the set of possible elements for defining and implementing economic
instruments. Numerous examples of feasible cooperation mechanisms, which provide
tangible benefits for sustainable groundwater management, have been reported in the
literature. This chapter concludes by highlighting the role of inter-disciplinary research
projects and initiatives in offering useful information about the interrelated — social,
economic, environmental — aspects surrounding groundwater management. Model-
ing these interrelations can help identify the likely impacts of alternative economic
instruments, and avoid omitting unexpected effects or consequences. We thus conclude
raising the importance of considering any economic instrument, or any combination of
some instruments, within the larger sphere of dimensions and interrelations in which
they operate.
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ABSTRACT

Conlflicts related to groundwater and aquifers are peculiar. Groundwater is inconve-
nient to water law and water diplomacy because it is hidden and referenced differently
than surface water. The groundwater container, the aquifer storing groundwater, is
part and parcel of the groundwater debate, but rarely is discussed at the same table of
surface water and groundwater. Part of the problem focuses on the value of groundwa-
ter by scientists and engineers trained in the tradition of multiple working hypotheses.
Tension exists between technical training and traditional knowledge of groundwater
through local stories and myths. Boundaries used to develop and manage groundwater
and aquifers are conflictive because of the lack of standard methodologies, as well as
the social and technical differences in developing hydrogeologic conceptual models. As
the subsurface is increasingly relied upon for changing conditions for energy, waste,
and water management, pracademics in water negotiations need to integrate multiple
frameworks and transdisciplinary skills-building situations to enhance cooperation
over groundwater and aquifers.

9.1 INTRODUCTION

Conlflicts over water depend on the characteristics of the resource. Conflicts over
groundwater and aquifers are very different from those posed by surface water
resources. Surface water negotiations typically focus on allocations and flows; negotia-
tions over groundwater typically focus on storage and water quality. Klein (2017) dubs
the conflict as “groundwater exceptionalism”, because law often addresses groundwa-
ter differently than surface water. Whereas surface watersheds, the common boundary
for integrated water resource management, are static, groundwater boundaries are
value laden and constantly change during development. The resources are oftentimes
managed separately even though both resources are hydraulically connected.

Formal groundwater hydrology practiced by scientists and engineers differs dra-
matically from popular groundwater hydrology practiced by water users and water
diviners. Conflicting conceptual models of the subsurface are commonplace for both
permeability architecture and groundwater circulation. Dueling experts can easily over-
take conflicts focusing on identity, interests, and the investments and risks connected
to groundwater and aquifers.
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Science remains at the core of groundwater and aquifer disputes. Disagreements
over groundwater science and engineering are not easily defined without the assistance
of trained experts that also exercise skills in process. Cooperation on groundwater
and aquifer governance takes many forms by first dealing with the dueling experts
through scientific mediation. Learning and experiencing different water negotiation
frameworks through serious gaming enhances participatory approaches to adapting
existing subsurface governance.

9.2 TRIGGERS OF CONFLICT

A contentious groundwater situation can be classified as a wicked problem, employ-
ing features of complexity — it is unpredictable, uncontrollable, and it has several,
often contradictory interpretations (Kurki, 2016). The perception that conflicts or
negotiations over groundwater and aquifers are all about allocation and ownership
is misinformed. Some of the most contentious battles over groundwater focus on the
perceived threats to the quality of groundwater. There also exist many myths, para-
doxes and misunderstandings of the tenets within hydrogeology that ultimately lead
to conflicts between groundwater professionals as well as a lack of trust by decision
makers (Jarvis, 2014).

Looking beyond the internal conflicts within the field of hydrogeology, Delli
Priscoli & Wolf (2009) indicate the interpersonal causes of conflict that may conflate
the hydrogeologic confusion include:

— Relationships (poor communication, negative behavior)

— Data (interpretation, misinformation, procedures)

— Interests (perceived competition, procedural interests)

—  Structural (unequal power in terms of bargaining, material and ideational power,
time, destructive behavior, geography)

—  Values (ideology, spirituality)

Jarvis (2014) added identity as a basis for conflict that is especially unique to ground-
water and aquifers. Identity in this context includes history and control — the dueling
experts steeped in the formal training of hydrologists, and the folk beliefs (e.g., dowsing
or water divination) common to practitioners of popular hydrology.

Groundwater professionals have a strong personal affinity and identity to their
work given that imagination and creativity are key parts of developing their work-
ing hypotheses. The ownership of the creativity associated with imagining what is
going on in the subsurface can lead to a dueling experts situation. Conflicting con-
ceptual hydrogeologic models are also part of the formal training of hydrogeologists
focusing on the intellectual method of multiple working hypotheses introduced in the
late 1890s by the first hydrogeologist in the US, Thomas Chamberlain. The structure
of the method of multiple working hypotheses revolves around the development of
several hypotheses to explain the phenomena under study. The antithesis of multiple
ways of knowing is considered a ruling theory, often espoused by individuals who
consider the geology and hydrology of where they live and work as so complex and
unique that only a local professional would understand how their hydrogeology works
(Jarvis, 2014). As a consequence, conventional groundwater management approaches,
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drawing from expert-based instrumental rationality, often are insufficient for successful
project planning and implementation (Kurki, 2016).

Resolving groundwater conflicts can be particularly tricky due to many other fac-
tors including a lack of aquifer performance data, spotty water quality data, traditional
and preferred easy access to water, the extensive variety of draws on a single aquifer,
historical water rights in conflict with the needs of new population and economic
growth, exemptions for domestic wells, and the list goes on (Vinett & Jarvis, 2012).
Superimposed on all of these drivers of conflict is the administrative separation of
laws governing groundwater, surface water, and seawater, all of which imply the phys-
ical, biological, and political boundaries between the groundwater, surface water, and
seawater are easily delineated.

9.3 GROUNDWATER BOUNDARY CONUNDRUM

Defining boundaries around groundwater resource domains is conflictive because
boundaries represent different interpretations of key issues, such as water quality,
water quantity, nature, economics, politics, and history. Boundaries define who is in,
who is out; what is permissible, what is not; what needs to be protected and what is
already protected (Jarvis, 2014).

Some might argue that defining boundaries around a hidden resource is fuzzy
and perhaps impossible to do with any degree of certainty. However, the literature
is replete with boundaries for groundwater domains. Careful examination of the lit-
erature reveals three groundwater domains: (1) traditional approaches to defining
groundwater domains that focus on predevelopment conditions; (2) groundwater
development creates new boundaries, that meshes hydrology, hydraulics, property
rights and economics; and (3) the social and cultural values of the groundwater and
aquifer resources (Jarvis, 2014). For example, Aladjem (2015) identified one of the
unexpected conflictual issues that needs to be addressed while implementing the Cali-
fornia Sustainable Groundwater Management Act of 2014 is the question of defining
the boundaries of the groundwater basins. By legislation, Groundwater Sustainability
Agencies (GSA) and related plans are part of complying with the efforts to sustainably
develop groundwater. The costs associated with organizing a GSA and preparation of
the plans may create a situation where developing a new groundwater basin boundary
may occur to save money.

94 GEOGRAPHY OF CONVENTIONAL
GROUNDWATER CONFLICTS

While a comprehensive geographic inventory of groundwater conflicts is beyond the
scope of this chapter, the following vignettes are used to illustrate groundwater conflicts
that receive frequent attention in the news media.

9.4.1 Groundwater for agriculture

It is well known that groundwater represents a large share of water used for agriculture
irrigation (OECD, 2015). Ease of point of use and water on demand are key drivers
to global groundwater use.
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California serves as a good example of the tension associated with agricultural use
of groundwater given the importance of the state for providing a significant share of
the US food supply. Groundwater provides about 40 to 60 percent of all water used in
California. The Earth Security Group (2016) identified the situation in California as
a global aquifer hotspot with conflicts between large groundwater users and domestic
well owners over pumping water levels leaving some domestic well owners without
usable wells. Long-term groundwater pumping has also caused land subsidence, dam-
aging infrastructure such as canals. And the detailed lithologic logs of drilled wells
are considered confidential, thus leading to incomplete and conflicting conceptual
hydrogeologic models and computer-generated predictions.

Groundwater in California went unregulated until passage of the Sustainable
Groundwater Management Act (SGMA) in 2014 (Aladjem, 2015; Moran et al., 2016).
Prior to the SGMA, water rights were acquired through an adjudication process that
was largely driven by the goal of attaining safe yield — a concept with multiple policy
definitions, sometimes defined as the quantity of groundwater that can be pumped
from an aquifer without exceeding the recharge to an aquifer, or as the quantity of
water that can be pumped without getting into trouble. Despite the concept being dis-
credited in the academic literature as discussed by Jarvis (2014), safe yield of a basin
as defined by existing California case law was not the same as the sustainability yield
of basin outlined in the SGMA (Aladjem, 2015).

Beyond the boundary issues and confusion over safe yield versus sustainability
yield, other factors contributing to conflict over groundwater in California identified
by Moran & Cravens (2015) that probably sound familiar to practitioners in water
conflicts across the globe include: fragmented groundwater management, voluntary
groundwater management, legal uncertainty in the SGMA, property rights and existing
legal rights to water, data, information, models, and dissemination of data, and funding
and support.

9.4.2 Groundwater for growth

The fragmented nature of water and land use laws at the level of individual counties,
states, provinces, and countries is leading to a new paradigm in water planning and
management that focuses on a “bottom-up” approach instead of the traditional top-
down approach. Concurrency laws for proposed land use have evolved over the past
15 years to address groundwater recoverability and aquifer mechanics. Jurisdictions
across the United States are crafting policies that specifically require “proving” water
availability for housing developments (California, Colorado, Texas, Utah) and new
agricultural uses (California). Some counties are also weighing interference between
proposed developments and senior surface water rights through uncontrolled pump-
ing of groundwater through domestic wells (Washington). Elsewhere, counties are
asked by state governments to develop groundwater management plans to ascertain
the availability for other high value uses such as permitting short term sales of ground-
water appropriated for agricultural uses to the drilling industry for hydrofracking
(Wyoming).

Implementation of concurrency ordinances, as well as groundwater sustainabil-
ity initiatives such as California’s SGMA, require making decisions in the face of
uncertain data. Funding shortfalls, the uncertainty associated with the quantitative
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characteristics of groundwater systems, increased use of numeric groundwater models
as necessary components for informed groundwater management decisions, yield a
growing frustration with the dueling expert situation (Jarvis, 2014).

9.4.3 Groundwater for ecosystems

Conflicting hydrogeologic conceptual models connected to how groundwater is valued
are best exemplified by the situation where the Santa Cruz Aquifer is shared between
the US and Mexico. The Santa Cruz Aquifer is not the subject of any treaties (Delgado,
2013). Nevertheless, the communities in the Mexican state of Sonora and the US
state of Arizona are heavily reliant on groundwater for agricultural, municipal, and
industrial uses. For the state of Arizona, the goal is to maintain safe yield, prevent a
decrease in the water table, and preserve the riparian areas used by endangered species.
In contrast, the goals of the state of Sonora focus more on the general wellbeing of
the population, including the development of basic water services, as well as extension
and improvement of the existing groundwater-based supplies.

Water agencies in both countries operate independently with little coordination
regarding the data collection and conceptual models of the aquifer. The obvious results
of such fragmented coordination are different interpretations of water availability,
impacts of groundwater use, recharge and protection activities.

The aquifer use by each country yields conflicting hydrological conceptual models
that have led to disagreements of the physical conditions and availability of ground-
water. While open dialogue has yielded a modicum of cooperation on some scientific
information, there is still no agreement on a collaborative assessment or management
of the Santa Cruz Aquifer for either development for use by residents of Mexico or for
preservation of ecosystems and related endangered species by residents of the United
States (Delgado, 2013).

9.5 GEOGRAPHY OF EMERGING GROUNDWATER
CONFLICTS

9.5.1 Nitrate wars

Excess nitrate concentrations in aquatic systems, in combination with other nutri-
ents such as phosphorus, lead to algae blooms in ponds, lakes, streams and rivers.
Large algae blooms also contribute to hypoxia, or low dissolved oxygen, in lakes
and rivers that negatively impacts many fish species. The World Health Organiza-
tion drinking water standard for nitrate is 10 milligrams per liter to prevent nitrate
toxicity.

Agricultural fertilizer use, onsite wastewater systems (septic tanks) and animal
wastes are typically associated with rural residents. Urban dwellers many times rely on
drinking water supplies that are transmitted long distances to the point of use. Rural
dwellings are sometimes located upstream from urban areas where rivers and lakes are
valued for water amenities and fisheries; sometimes rural residential developments are
located in aquifer recharge areas thus creating tension between urban and rural com-
munities. A good case study of a nitrate war across the urban-rural divide in Wyoming
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continues after over 20 years of dueling experts and a general lack of appreciation for
the role of a neutral third party with skills in both process and substance is summarized
by Jarvis (2014).

Community cohesion and civility becomes fragmented and deepens the urban-rural
divide when it comes to the issue of delineating protection areas for wellheads, springs,
and recharge areas for public drinking water supplies. There is also the concern that
onsite wastewater systems contaminate groundwater and surface water, thus impacting
the water quality of rivers and streams, as well as the drinking water supplies, utilized
by urban areas. The antagonism between urban residents who feel an affinity to the
greater good versus rural residents who value independence and wide open spaces
and who just want to be left alone is real (Jarvis, 2014). These types of conflicts
are becoming more commonplace with exurban development. Conflicts over nitrate
and the urban-rural divide can last decades. Kurki (2016) provides a case study of a
comparable urban-rural divide situation where tensions continue to flare in Finland as
described in a later section.

9.5.2 Groundwater flooding

Neighbor wars come in many shapes and sizes. Border disputes range from barking
dogs, noisy neighbors, nosy neighbors, fencing or lack thereof, fugitive trees and vege-
tation, neighborhood blight, attractive nuisances such as pools, private lakes, wildlife,
episodic stormwater runoff, and increasingly, groundwater flooding. Groundwater
flooding is an emerging problem globally with changes in land use (deforestation,
impervious surfaces) and changes in precipitation patterns (more rain, less snow).
Groundwater flooding is a frequent problem in areas where the depth to groundwater
is shallow. The problem is a supercharging of shallow aquifers, resulting in full ditches
and small ponds. Groundwater flooding is common in rainy climates and urban areas
such as the United Kingdom. Yet the situation is increasingly described in the news
media in both urban and rural areas that receive moderate precipitation such as Rocky
Mountain and Midwest states of the US, arid regions in the Middle East, and rainy,
deforested regions in the Pacific Northwest. As such, groundwater flooding issues and
related conflicts are not easily resolved through the lens of land use planning because
the conflicts emerge as a function of changing hydrologic conditions that may, or may
not be, associated with climate change.

The conflicts resulting from the perceived solutions to fugitive water drainage
often leads to long-term conflict over the episodic efforts to drain supersaturated land.
Stormwater flooding oftentimes is controlled through engineered structures such as
culverts, gabions, and ditches that direct flow to creeks and rivers. Stormwater sit-
uations become unfriendly once the engineered features direct flow to a neighbor
resulting in damaged property. Groundwater flooding is a stealth variety of stormwa-
ter flooding. Groundwater flooding is perceived as stormwater that is controllable by
collection, diversion, and discharge. Yet the control of groundwater flooding through
traditional approaches is a mirage. Digging ditches deeper to increase drainage only
permits more groundwater to flow into the excavations. Efforts to drain one property
owner’s lands through drainage ditches only exacerbate the collection of stormwater
on their neighbor’s land (Kemper, 2016).
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9.5.3 Managed recharge

Managed aquifer recharge (MAR) is increasingly used to combat water scarcity. Large
MAR projects exist in the Middle East, Australia, Europe, Jamaica, and across the US.
Given that MAR is considered a solution to a water scarcity problem, it is surprising to
learn of how conflictual the practice is in some locations in the world. Given the large
investments associated with MAR, government entities typically initiate the projects.
Tension can escalate due to many factors associated with MAR beyond debates over
the financial costs, including bulk water transfer and treatment, underground storage,
overlying land use to protect the stored water, chemical and microbiological mixing of
treated waters and native groundwaters, and the discharge of MAR water to surface
water sources.

Finland has abundant water resources, yet community water supplies are increas-
ingly reliant on mixtures of natural and artificially recharged water to improve water
quality for municipal and industrial uses. However, potential areas for groundwater
development and supplemental MAR are sparsely situated (Kurki, 2016). There-
fore, urban areas often convey developed groundwater long distances from rural
areas. Like the Nitrate Wars, tensions across the urban-rural divide create long-
term conflicts, oftentimes leading to extended litigation. Kurki (2016) indicates that
local history matters when it comes to assessing conflicts over groundwater and
alternative uses of aquifers, as well as anticipating conflicts, through stakeholder
analyses.

9.5.4 Subsea aquifers

Perhaps the most relevant to the challenge of groundwater governance is the recog-
nition of fresh and brackish groundwater reserves stored below the sea floor. The
potential volume of fresh and brackish water stored in offshore aquifers may be
two orders of magnitude greater than the approximately 4,500 km? estimated to
have been extracted globally from continental aquifers since 1900 (Post et al.,
2013).

This is an important discovery that begs the question as to how to deal with the
anticipated conflicts associated with future development of subsea aquifers. The ongo-
ing debate between legal and groundwater governance scholars focuses on the role of
the global commons, through the Law of the Sea, or perhaps the development of a
Law of the Hidden Sea, or through some form of contract, or operating agreement.
Martin-Nagle (2015) argues that even if the challenges regarding accessibility and
financial return can be negotiated, jurisdictional issues and ownership of the water
needs to explore how domestic law, international water law, or the Law of the Sea fit
into the puzzle. “Aquifers lying under the territorial sea of one nation would doubt-
less be governed by its domestic laws, but questions would arise for transboundary
aquifers. If international water law principles were to guide ownership and use, a fur-
ther determination would have to be made about which guidelines to follow. Rather
than ownership of water following national boundaries and territorial seas, a new
regime might be constructed whereby the reserves would be viewed as a common asset
belonging to all peoples.” (Martin-Nagle, 2015).
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9.5.5 Hydrofracking

The news media hysteria regarding the threat of hydrofracking to local, regional, and
national water supplies has brought the concerns of the general public to the fore
regarding conflicts over groundwater quantity and quality. Clearly, the unconven-
tional exploration and development of fossil fuels by hydrofracking is perceived as a
unique threat to groundwater users beyond other industrial pressures. For example,
documentary film is increasingly serving as a medium for the hydrofracking discourse.
Consider, for example, the documentary Gasland (2010) that portrays the global
efforts of hydraulic fracturing for natural gas in unconventional shale reservoirs as
contaminating groundwater and impacting private wells. FrackNation (2013) coun-
ters many of the assertions in Gasland (2010). Gasland, Part 11 (2013) was filmed to
counter FrackNation (2013).

The hydrofracking debate is a scalable conflict ranging from micro with some
communities voting to ban fracking, to meso with counties, states, and provinces
passing legislation to prohibit fracking or even related industries (e.g., sand mining)
from operating within their boundaries. A few nations, such as France and Bulgaria,
represent the macro scale for banning hydrofracking.

The conflicts over hydrofracking are so wicked that the situation is best viewed
through the lens of systems thinking as depicted on Figure 9.1. Systems thinking serves
as the best method of analyzing the hydrofracking controversy because it (1) pro-
motes a holistic understanding that is both accessible and pluralistic, (2) transforms
a single issue focus into a multi-issue view, (3) clearly illustrates that complex situ-
ations cannot be fully managed/controlled, (4) corresponds well to natural resource
management, (5) encourages agencies to think beyond their default formulation of
the situation paradigms that have emerged in the past 25 years (Daniels & Walker,
2012).

Fracking bans are evolving out of fear over direct versus indirect impacts to air
quality, land quality, surface water quality, groundwater, and earthquakes associated
with both the fracking process and injection of the produced waters. The interface
between the different natural media and humans best classifies these conflicts as an
interest-based Coupled Human-Nature Complex (Figure 9.1).

The investments and associated risks with fracking create a form of Regulatory-
Industrial Complex. Tension between industry and regulatory agencies many times lead
to lags in regulatory frameworks. Conflicts within the industrial domain are manifold,
ranging from multiple working hypotheses associated with conceptual geologic models
that dictate some of the fracking technology. The regulatory domain juggles conflicts
with water use, familiarity with conventional fracking technologies common in vertical
wells to the new unconventional fracking approaches associated with horizontal wells.

Well drillers and drilling engineers take great pride in their work and take
umbrage when wells of all varieties are targeted as part of the hysteria associated
with hydrofracking. A form of a Socio-Technical Complex creates an identity-based
conflict because the drilling industry values a shared emphasis on their achievement of
both excellence in technical performance and quality in their work.

Clearly, no single approach to conflict resolution or water negotiations framework
can be applied to the wicked local, regional, national, or international hydrofrack-
ing situation. The value of transdisciplinarity continues to be acknowledged as
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Figure 9.1 Hydrofracking situation map.

key to groundwater conflict resolution, groundwater negotiations, and groundwater
governance; however, limited guidance is available on achieving it in practice.

9.6 PATHS FORWARD FOR COOPERATION

9.6.1 Water negotiation frameworks

What are the best approaches to negotiations over water, especially groundwater and
related aquifers? The answer to this question mimics the problem of defining the vague
concepts of safe yield and sustainability discussed in earlier sections — the best approach
depends on whom you ask and when you ask. Water negotiation frameworks come in
many names and forms. The following is a brief summary of a few water negotiation
frameworks described in the literature.

—  Four Worlds Framework — This identity-based framework was developed by Aaron
Wolf as part of the Program in Water Conflict Management and Transformation
at Oregon State University and is described more fully by Jarvis & Wolf (2010).
This water conflict transformation approach points disputants towards topics of
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issues of rights, needs, benefits and equity, while at the same time attempting to
move beyond institutions towards creating incentives in the quest to create a new
superordinate identity where the parties realize we are all in this together.

—  Water Diplomacy Framework — This interest-based framework was developed
by Islam & Susskind (2013) as part of the Water Diplomacy training at Tufts
University. This framework sets its sights on the flexible uses of water and joint fact
finding to create value, rather than zero-sum thinking through a loop of societal,
political and natural networks.

—  The Water Security Framework — This investment/risk-based framework was
developed by Mark Zeitoun as part of the Water Security for Policy Makers and
Practitioners training at the University of East Anglia. This framework utilizes
a web of climate, energy, food, water and community to define what might be
tolerable risk for water use and reuse without getting into trouble.

—  Hydro-Trifecta Framework — This framework acknowledges there is not one
framework that works better than the others, but rather integrates all referenced
frameworks into a transdisciplinary-based approach (Jarvis, 2014). This frame-
work acknowledges the scalability of negotiations, along with systems thinking as
described by Daniels & Walker (2012), all of which are important to collaborative
learning, building competencies or acquiring new skills, to invent new science.

The hydrofracking situation is fertile ground for future research on how systems think-
ing and integrative negotiation approaches are key to just about any wicked problem.
Likewise, other integrative negotiation approaches are used to manage related issues
in subsurface reservoirs (or aquifers) such as oil, gas, geothermal, and carbon seques-
tration through unitization. Unitization is the well-known collective action approach
of managing oil or gas reservoirs by all the owners of rights in the separate tracts
overlying the reservoirs that has been in practice for over 100 years (Jarvis, 2014).
“Pooling” is sometimes referred to as unitization. Unitization as employed in the oil
industry is designed to be collectively beneficial, and is practiced in 38 states and 13
countries.

More recently, unitization is the favored approach for sharing transboundary
hydrocarbon resources in the Gulf of Mexico as outlined in the US-Mexico Trans-
boundary Hydrocarbons Agreement of 2012. Clearly, boundaries of the groundwater
bodies including legal, political, hydrological, geological, biological, financial, and
technical, will be an important facet of developing this new subsea resource. How-
ever, unitization could serve as the ideal approach for managing conflicts over
subsea aquifers, as well as both developed and undeveloped terrestrial aquifers, given
that unitization was initially designed for dispute prevention as opposed to conflict
resolution.

9.6.2 Scientific mediation

Scientific mediation is used by scientists as part of outreach to the general public
in matters where technical jargon and high levels of uncertainty lead to a stale-
mate on decision making, or to resolve disputes between scientists. As used herein,
“scientific mediators attempt to tread the path between Merchants of Doom and
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Merchants of Doubt as Merchants of Discourse using multiple working hypothe-
ses and multiple ways of knowing as their moral compass” (Moore et al., 2015).
While at first glance it appears silly that water professionals cannot get along, but
first-hand experience by Moore et al. (2015) revealed that water scientists and engi-
neers are like other people with personal and political opinions that can affect their
work. The danger of not addressing a dueling expert situation in an effective man-
ner leads to distrust in groundwater science and engineering by the public and policy
makers.

The scientific mediation process depicted in Figure 9.2 attempts to reach agreement
on the merits of the disagreement as opposed to having personal and political biases
cloud the scientific process. Jarvis (2014) describes a situation where groundwater
scientists have debated the role of geologic faults on groundwater circulation in the
recharge area of a municipal water supply where domestic wells and onsite wastewater
systems are also located over a 20-year period.

However, the problems associated with dueling experts is not limited to the pol-
icy making process. Large multi-year, multidisciplinary projects undertaken in the
academies can also become similarly entrenched leading to a schism among different
factions within the research enterprise. While scientific mediation is a process that
sounds rather utopian, it is garnering much interest by conflict resolution pracademics
because it moves beyond the tired and overused cliché of agreeing to disagree used by
entrenched expert egos.

9.6.3 Serious gaming for groundwater cooperation

Serious games are useful because they provide a structured environment in which
learning, research, and joint fact finding can occur — and they are fun. When it
comes to training students and professionals in water negotiations, everybody likes
to play a game (Workman, 2016). In his blog, The Consensus Building Approach,
Susskind (2012) writes “There are various ways games can be used to inform, and
even alter, high-stakes policy negotiations ... but this only works when the actual
negotiators take part in the game in advance of undertaking their own “real life”
interactions.”

Serious games introduce the different types of negotiation styles even in situa-
tions where language or cultural barriers exist. Many countries are just beginning
the organization of alternative dispute resolution systems; computer-based and online
games enhance their online competency in water negotiations. Collaborative modeling
is a form of serious game playing with participants developing various groundwater
management scenarios.

One of the tried and true approaches to negotiation training is a role play. Nearly
every academic or professional training program in water negotiations uses role plays.
Most focus on surface water allocations, water rights, benefit sharing, how to move
water, and the benefits associated with water, across political boundaries.

However, the topics of the groundwater-related simulations are becoming increas-
ingly diverse as groundwater professionals become more involved with both the
technical substance of hydrogeology and the process of conflict prevention and res-
olution. Table 9.1 lists many different role playing games and their applications to
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Figure 9.2 Scientific mediation framework (Moore et al., 2015).

groundwater disputes. The groundwater protection dueling expert role play was devel-
oped by Jarvis (2014) who works as a groundwater hydrologist that teaches and
practices conflict resolution in groundwater and water well construction. It provides
an applied situation of the conflicts associated with multiple working hypotheses and
the emerging field of scientific mediation. Likewise, the Edwards Aquifer Case was
developed by a government scientist and academic collaborative governance practi-
tioner for the complex situation of groundwater as a private property right grounded
by the Endangered Species Act.

Board games with monies permit negotiations around a table where multiple lan-
guages are spoken. Santiago is a water allocation board game with farms, fleeting
fidelities, and that fiddles with bribery. The groundwater counterpart to Santiago is
the California Water Crisis Game — a groundwater board game where the winner is
the player with the best reputation.

A pioneer in computer games is the Tragedy of the Groundwater Commons
Groundwater Game developed by the U.N. International Groundwater Resources
Assessment Centre (IGRAC). This game is part of IGRAC’s GroFutures — Ground-
water futures in Sub-Saharan Africa project. The game uses of a spreadsheet model to
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Table 9.1 List of serious groundwater games.

Game

Situation

Reference

Water on the West Bank
Role Play

Managing Groundwater Beneath
the Pablo-Burford Border Role Play

Santiago Board Game

International Groundwater
Negotiation Role Play

Tragedy of the Groundwater
Commons Computer Assisted
Role Play

Groundwater Protection Dueling
Expert Role Play

California Water Crisis Board Game

The Edwards Aquifer Case Role Play

Water well siting, aquifer
depletion

Agriculture water quantity and
quality

Diversion of spring water to canals
for plantations

Hydraulic connection to a
transboundary water resources

Hydrologic capture analysis and
economics of pumping wells

Wellhead protection and aquifer
protection boundaries

Groundwater use and depletion for
agriculture, ecosystems, and urban
growth

Groundwater, common law rule of
capture, Endangered Species Act,

Harvard Program on
Negotiation (1988)
Harvard Program on
Negotiation (1996)
AMIGO Spiel http:/
www.amigo-spiele.de/

Paisley (2007)

IGRAC http://www.
un-igrac.org/downloads

Jarvis (2014)

Firstcultural Games
https://www.thegame
crafter.com/games/
california-water-crisis

Zerrenner & Gulley
(2016)

and role of science

analyze well development impacts and economics to neighboring water users. Isaak
(2012) provides an excellent review of the game played by a transdisciplinary group
of university students in the US.

9.7 SUMMARY

This chapter provides an overview of the challenges associated with conflict and coop-
eration over groundwater and aquifers. Scholars in water law and pracademics alike
recognize that conflicts over groundwater and aquifers are markedly different than
conflicts over surface water resources, in part because of the hidden nature of aquifers,
the conceptual models developed by practitioners of popular and formal hydrology,
uncertainty and fragmentation of data, data collection, data interpretation, and appli-
cation of data to address the schizophrenic approaches to managing surface water,
groundwater, and seawater at different scales. Threats to groundwater quality are
more conflictive than disputes over allocations that typify surface water resources.
While disputes over interference between surface water rights and groundwater devel-
opment and groundwater depletion will continue with increases in population and
climate change causing a redistribution of precipitation, emerging conflictive situations
connected to groundwater and aquifers include continued influx of nitrate, ground-
water flooding, development of subsea aquifers, and hydrofracking. Cooperation can
be enhanced through a transdisciplinary approach to water negotiations, refusing to
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accept tired clichés such as agreeing to disagree uttered by dueling experts through sci-
entific mediation, and embracing the challenge of having fun and learning from each
other through serious gaming.
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Chapter 10

Data, information, knowledge and
diagnostics on groundwater

Jac van der Gun
Van der Gun Hydro-Consulting, Schalkhaar, The Netherlands

ABSTRACT

Data, information and knowledge on the local groundwater systems and their context
are indispensable for effective groundwater resources management, thus they form
basic components of good groundwater governance. Therefore, this chapter briefly
addresses the following subjects: (i) the role of data, information and knowledge, and
how it varies according to actor and activity; (ii) the categories of data and information
that are most relevant; (iii) mechanisms and provisions for generating data, information
and knowledge; (iv) presenting, sharing and disseminating data and information; and
(v) diagnostics as an important step from understanding groundwater systems towards
decision-making on groundwater resources management. In spite of unprecedented
progress made since the middle of the 20th century, the current availability of data,
information and knowledge on the local groundwater conditions is in many parts of the
world still insufficient for reliable diagnostics and optimal decisions on groundwater
resources management policy and measures. Here lies a challenge for the entire ground-
water community to mobilize support from politicians and other decision-makers for
investing structurally and permanently in essential data, information and knowledge
on their valuable groundwater systems.

10.1 DATA, INFORMATION AND KNOWLEDGE IN
GROUNDWATER DEVELOPMENT AND MANAGEMENT

10.1.1 Role of information and knowledge

Our decisions and behaviour in daily life are governed by needs, preferences, goals
and ambitions, but guided by our perceptions about the world around us. These per-
ceptions, in turn, are based on observations (using our ‘sensory systems’) and on how
the sensory data or information is interpreted and used for better understanding. It
is obvious that human decisions and behaviour tend to become haphazard, ineffec-
tive or even counterproductive if perceptions are ambiguous or significantly diverging
from reality. Knowledge — fed by reliable information - is essential for developing
meaningful perceptions and thus is crucial for adequate decision-making.
Information and knowledge make a real difference for the quality of the many deci-
sions taken on groundwater-related activities. Among others, adequate information
and knowledge enable aquifers containing good-quality groundwater to be located,
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wells or well fields to be sited successfully, optimal parameters to be defined for well
construction and pump selection, or for the design of drainage systems if groundwater
levels need to be lowered temporarily or permanently. Information and knowledge are
also essential inputs to complex studies and planning projects, such as on improving the
beneficial use of groundwater and the related allocation of the benefits, on protecting
groundwater systems against overexploitation, salinity, pollution and other threats to
sustainability, on the impacts of pursued changes in behaviour or practices (e.g. related
to groundwater use, land use practices, wastewater disposal), and on much more. It
is not exaggerated to conclude that no good groundwater governance can exist with-
out adequate information and knowledge on the local groundwater systems and their
context.

10.1.2 The DIKW hierarchy

The terms data, information and knowledge are used in numerous reports and publi-
cations, sometimes more or less indiscriminately and usually without defining them.
Unambiguous definitions of these terms are hard to find and even among informa-
tion science specialists there is no full consensus on the concepts. Nevertheless, some
typical features of these concepts as well as the linkages and differences between them
will be outlined below, as selectively interpreted from various papers, including Ackoff
(1999), Bellinger et al. (2004), Clark (2004), Hey (2004) and Liew (2007).

Data consists of captured and stored records of past or current situations or events,
in the form of symbols (words, numbers, diagrams, images) or signals (sensory readings
of light, sound, smell, taste or touch). Data as such is commonly assumed to have no
particular meaning of itself. Information, on the other hand, contains a message. It is
generated by processing and relating relevant data, and putting it into a context; which
introduces a certain degree of subjectivity, but enhances its usefulness for practical pur-
poses. Information answers ‘who’, ‘what’, ‘where’ and ‘when’ questions. Knowledge
resides within the human mind or brain, thus it is internalized by individuals. It is pro-
duced by combining information with personal perceptions and previously acquired
experience. Knowledge answers in particular ‘how’ and ‘why’ questions. The hierar-
chical relation between data, information and knowledge, together with ‘wisdom’ at
the top-end of the hierarchy (DIKW hierarchy), is shown in Figure 10.1. Complexity
and understanding are increasing when moving upwards to the higher levels of the
chain. Wisdom represents the ultimate level of understanding and like knowledge it
operates within the human mind. It enables people to judge on and to synthesize pat-
terns in their knowledge base, to extrapolate them and use them in innovative ways.
Whereas data and information refer to the past, and knowledge to the past or present,
wisdom may produce projections and action-oriented solutions for the future.

Data forms building-blocks for generating information, information can be
absorbed by the human mind for developing knowledge, while knowledge is one of
the pillars on which wisdom is built. But there are also relationships acting in opposite
direction. Information may be captured and stored as data, and part of the knowledge
(explicit knowledge) may be externalized and transferred to other persons in the form
of information — as opposed to so-called tacit knowledge that is hard to formalize
and communicate. The close interrelationships between the components of the DIKW
chain imply that activities intended to augment data, information or knowledge are
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Figure 10.1 The DIKW hierarchy depicted as a linear chain (Clark, 2004).

seldom carried out in isolation from each other, but usually are combined to a certain
degree for two or three of these components.

10.1.3 Information and knowledge requirements
of different categories of actors

Many different actors are involved in groundwater development, management and
governance: hydrogeologists and other groundwater specialists or investigators, social
scientists, lawyers, planners, groundwater managers, politicians and other decision-
makers, water suppliers, private groundwater well owners/users, groundwater irriga-
tors, water-using industries, households, environmentalists, the general public, etc.
Each category of actors has its own specific information demands, in terms of subjects
or content, degree of detail and format or mode of presentation.

For instance, actors in charge of investigating, advising, planning and management
will often be interested in the full extent and detail of available relevant information
within the scope of their professional disciplines. They also will be keen on having
access to the raw data on which the information is based, which will allow them to
assess the reliability of the information and the degree of uncertainty. This group of
actors will need the background and skills to deal with data and information present
in formats that are too complex for outsiders, and the knowledge to interpret and
use them adequately. In contrast, politicians and other decision-makers should not
be bothered with large quantities of information. Rather, they should get tailor-made
information that briefly summarises what is at stake and that focuses on pros and cons
of alternative options for decision-making. This information has to be presented in
an easily digestible way that is compatible with their usually limited knowledge and
background on groundwater matters. Groundwater users and those who potentially
pollute groundwater need mainly information to make them aware of their current or
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potential impacts on groundwater and they preferably should be educated on changes
in their behaviour as to produce lowest harmful impacts.

It is clear that information on groundwater has to be made available or presented
in varying degrees of detail and in several different forms, according to the differ-
ent target groups. Some general knowledge on groundwater is useful for all actors,
but in-depth knowledge is mainly required for investigators, advisors, planners and
groundwater managers.

10.1.4 Information and knowledge requirements as a function of
the activities or actions envisaged and the local context

Groundwater governance deals with all human interactions with groundwater and
its uses, as well as with the provisions in support of groundwater resources manage-
ment. These encompass activities of very different nature (physical interventions and
non-physical action), of different size and complexity (for example: use of a shallow
well by a single family versus protecting a large aquifer system against all potential
pollution sources located above and under the land surface) and of widely diverging
duration (temporary building-pit drainage versus permanent groundwater resources
management). Information and knowledge is needed to facilitate all these activities
and actions, but each of the potential activities or actions will have its specific require-
ments in terms of type of data and information, their spatial and temporal resolution,
and in terms of knowledge.

The local context puts also its mark on the information and knowledge require-
ments, and in particular it is relevant for defining which data should get priority if
scarcity of available resources does not allow more than only modest data acqui-
sition efforts. This local context does not only include the physical environment
(groundwater systems and relevant interlinked systems), but also aspects such as the
demographic and socio-economic conditions, land use and land use practices, the envi-
ronment, exploitable subsurface resources, legal and political setting, etc. Priorities in
the development of information and knowledge follow societal goals as defined by the
government, identified opportunities and risks, and the current stage of groundwater
development and management.

It may be concluded that the diversity of actors, activities, actions and local con-
texts, as outlined in this section and the previous one, implies that a ‘one-size-fits-all’
approach to information and knowledge management will not be satisfactory for good
groundwater governance. This diversity calls for differentiated information provisions
and for a broad palette of knowledge.

10.2 WHAT CATEGORIES OF DATA AND INFORMATION
ARE MOST RELEVANT?

10.2.1 Conceptual models and a framework of analysis as tools
to guide the acquisition of data and the development
of information

Table 10.1 presents a generic list of data and information categories that are in principle
relevant for underpinning groundwater resources management. For any specific



Table 10.1 Key data and information categories for underpinning groundwater resources management.

Is information on
variations over space
and time crucial?

Spatial Variation
variation over time
Type of information Yes No Yes No
| Groundwater systems
I.I  Horizontal and vertical boundaries of spatial hydrogeological units X X
(aquifers, aquitards, aquicludes and aquifuges)
1.2 Hydraulic properties of the main aquifers and aquitards X X
1.3 Groundwater piezometric levels (by aquifer) X X
1.4 Groundwater quality parameters (by aquifer) X (X)
1.5 Natural groundwater discharge (type, locations and fluxes) X xX)
1.6 Groundwater abstraction (type, locations and fluxes) X X
1.7 Natural groundwater recharge (type, locations, fluxes) X xX)
1.8 Artificial groundwater recharge (type, locations, fluxes) X (X)
1.9 Groundwater-related water-logged zones (location) X X

2 Use, in-situ functions and benefits of groundwater
2.1 Total population in the area

2.2 Groundwater abstracted for domestic purposes

2.3 Groundwater abstracted for agricultural purposes

24 Groundwater abstracted for industrial & other purposes
2.5 Use of springs and baseflows (differentiated by use sector)
2.6 Total surface water abstracted (differentiated by use sector)

XXX XXX
XXX XXX

2.7 Groundwater-fed wetlands (location, total area, importance) X X
2.8 Water-table fed agricultural lands (location, total area) X X
2.9 Economic and other benefits of groundwater in the area X (X)
(preferably differentiated by sector)
3 Current or potential interactions and threats
3.1 Zones of groundwater-surface water exchange of fluxes X X
(influent and effluent; strong or weak)
3.2 Land use pattern and land use practices X X
3.3 Location of main subsurface resource exploitation and X X
main use of subsurface space (type, location, depth, characterisation)
3.4 Current and potential sources of pollution above land surface X X
3.5 Current and potential sources of pollution due to subsurface X X
resources exploitation and the use of subsurface space
3.6 Zones where fresh groundwater is threatened by salinization X X
(sea-water intrusion, saline/brackish groundwater upconing or
horizontal migration, irrigation return flows)
3.7 Zones prone to land subsidence X X
3.8 Infrastructural projects having a major impact on the local X X
or regional groundwater regime
4 Groundwater governance aspects and provisions
4.1 Past or current groundwater assessment activities X X
4.2 Monitoring programmes (type, variables, length of records) X X
4.3 Legal and institutional frameworks on groundwater N/A X
4.4 Current policies and planning on groundwater N/A X
4.5 Status of groundwater management in the area X X

(implementation of policy, regulations and planning;
stakeholder involvement)
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Figure 10.2 Conceptual model of the Santa Rosa Plain groundwater system, California (Source: USGS,
2014).

area at a given moment of time, the list can be improved by a making a break-down
of the items shown, deleting some items and adding new ones, as required. Concep-
tual models can be helpful to tailor such a list to the specific characteristics of the
area considered. A conceptual model of a groundwater system is here understood as
a qualitative representation of a groundwater system — often in the form of a picture
or a diagram - that conforms to hydrogeological principles and summarises the cur-
rent understanding of the system. Initially, limited information may allow only a very
simple conceptual model to be developed, for instance in the form of a geological
or hydrogeological cross-section or block diagram. When more data and informa-
tion become available, the conceptual model may be periodically revised; thus in an
upgraded version it may also show components and features of the groundwater flow
and/or transport processes. Figure 10.2 is an example of a simple conceptual model.

A conceptual model of a groundwater system is more suitable for depicting the
overall setting and dynamics of the physical components than for highlighting interac-
tions with humans. To compensate for this, one may resort in addition to a tool such as
the DPSIR framework (Figure 10.3), adopted by the European Environmental Agency
for causal-chain analysis (EEA, 1995). This framework can be applied to groundwater
resources management and shows the dynamic links between drivers of change (D),
pressures (P), groundwater state (S), impacts (I) and responses (R).

Data acquisition and generating information on groundwater are in most parts of
the world steadily progressing, usually at a slow pace due to limitations in professional
capacity and allocated resources. Priorities among the types of data and information
depend on perceived critical information gaps and on emerging groundwater develop-
ment and management issues. Change over time needs to be addressed by monitoring
activities.



Data, information, knowledge and diagnostics on groundwater 199

Figure 10.3 The DPSIR framework of analysis, tailored to groundwater resources management.

10.2.2 Data and information on groundwater systems

Data and information on groundwater systems should in the first place provide answers
to practical questions such as: Where in the area and at what depths can groundwater
of suitable quality be abstracted? What is the expected yield of wells drilled in each
prospective zone and at approximately what depth below the ground surface will the
static water level be encountered? Next, in order to gain an overall understanding
of the state and dynamics of the local or regional groundwater systems — which is
a precondition for adequate groundwater resources management — a more compre-
hensive, systems-oriented perspective has to be adopted. This requires in particular
the systematic assessment of the following: (a) the geometry, lithology and hydraulic
characteristics of aquifers and aquitards in the area; (b) the piezometric patterns in
the different aquifers; (c) the patterns of background groundwater quality in each
aquifer separately; (d) the components of groundwater recharge — both natural and
anthropogenic — with their locations and estimates of their mean annual rates; (d)
the components of groundwater discharge — both natural and anthropogenic — with
their locations and estimates of their mean annual rates. For critical time-dependent
variables (piezometric levels, groundwater abstraction, groundwater quality in shal-
low aquifers, etc.) monitoring is essential to enable proper control of groundwater
quantity or quality. Additional data and information requirements on the groundwa-
ter systems will for each specific area emerge in response to identified interactions and
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threats (e.g. groundwater pollution and its sources), or triggered by analysis activities
(e.g. numerical simulations, vulnerability mapping).

10.2.3 Data and information on use, in-situ functions
and benefits of groundwater

This category of data and information clarifies the role and impacts of groundwater
in the area concerned, as seen from a human perspective. This includes a breakdown
of the total groundwater abstraction according to water using sector, as well as the
shares of groundwater in the total water use of these sectors. Data on the number of
inhabitants in the area and the total area of groundwater-dependent agricultural lands
allow evaluating groundwater abstraction rates per capita or per hectare, respectively.
All mentioned data are time-dependent, thus they should be synchronised before being
compared or interrelated otherwise; while trends can be identified and assessed if time
series are available. In-situ functions and features of groundwater to be assessed include
its discharge in the form of spring flows and baseflows (and their use for different
purposes), and its contribution to the sustainability of wetlands and the stability of the
land surface. Profits from groundwater use for economic purposes and other indicators
may be used to evaluate the benefits of groundwater in the area.

10.2.4 Data and information on current or potential
interactions and threats

Interactions inside the water cycle are implicitly taken into account already by col-
lecting data and information on the groundwater systems (the groundwater recharge
and discharge components form the links). Intensive groundwater abstraction mod-
ifies the groundwater quantity regime, usually with negative impacts on the services
and functions of the exploited groundwater system. Special attention is also needed
for identifying zones prone to land subsidence due to groundwater abstraction and
for exploring zones of contact with the sea or with rivers, where the quality of fresh
groundwater may be threatened. In addition, groundwater is interacting also with sys-
tems and activities extending beyond the water system. Most important are land use,
land use practices, extraction of subsurface resources, use of the subsurface space and
infrastructural construction projects (see the chapters on these subjects elsewhere in
this book). These external systems and activities need to be assessed since they may
affect groundwater quantity and quality, and thus harbour potential threats to the
services and functions of the groundwater systems.

10.2.5 Data and information on groundwater governance
aspects and provisions

Finally, any entity or person playing a role in groundwater management and gover-
nance may benefit from information on the current groundwater governance setting
and governance provisions in the area concerned. This should include meta-data and
meta-information on groundwater-related data, information and knowledge in the
area; information on the current roles of governmental and non-governmental agen-
cies, local stakeholders and any other actors involved in groundwater governance;
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information on the legal and regulatory frameworks; on groundwater policies and
planning; and on the current state-of-affairs of groundwater management in the area,
including law enforcement and plan implementation.

10.3 METHODS, MECHANISMS AND PROVISIONS FOR DATA
ACQUISITION, GENERATING INFORMATION
AND DEVELOPING KNOWLEDGE

10.3.1 Commonly used methods and techniques
10.3.1.1 Overview

Table 10.2 presents an overview of typical activities intended for data acquisition and
for generating information and knowledge on groundwater systems and their context.
A distinction is made between activities that are carried out at the office and those
that take place primarily in the field (and are followed by processing and interpreta-
tion at the office). The latter are subdivided in two groups: fieldwork for conducting
enquiries among the local population and fieldwork for direct data acquisition by spe-
cialized professional observations and measurements. Most of the activities mentioned
in Table 10.2 cannot be ranked exclusively under either data acquisition, generation
of information or development of knowledge, but contain elements of two of these
categories or all or three. Below, brief clarifications and comments follow on some
of the listed activities. More information can be found in specialized handbooks,
such as Walton (1970), Griffiths & King (1981), Kruseman & De Ridder (1990),
Struckmeier & Margat (1996), Brassington (2007) and Moore (2012).

10.3.1.2 Borehole and well records

Keeping a record of observations during borehole drilling and well construction activ-
ities is the most direct method of collecting data on local groundwater and aquifer
conditions. Some drilling companies do not keep such records, many others do. Of
particular importance are the driller’s log (lithological column, sometimes with strati-
graphic interpretation), data on water struck level and static water level, water quality,
geophysical well-logs and observations made during well development and well testing.

Geological surveys or other groundwater agencies often have duplicates of the
borehole and well records regarding their territory.

10.3.1.3 Geological and hydrogeological mapping

Since the beginning of the 19th century, when in the United Kingdom William Smith
produced the first geological map (Winchester, 2001), geological cross-sections and
geological maps have proven to be an excellent tool to portray the geology of an area.
Such maps, encapsulating both field observations and remotely sensed information,
form the point of departure for developing hydrogeological maps, that likewise are
powerful in summarizing the hydrogeological features of an area in an easily accessi-
ble format. Hydrogeological maps do not only provide an interpretation of geological
units in terms of their capacity to store and transmit water, but usually they also contain
information on many other relevant groundwater-related features and properties.



Table 10.2 Typical activities for data acquisition and for generating information and knowledge on
groundwater systems and their context.

Operational characteristic of the activity

Field work Field work
tapping data or  focusing on
information technical
Office  from local measurements
Category Sub-category activity  population and/or drilling

Production of field Logs/tests of boreholes and wells
records by drillers, Groundwater level data

well operators/users, Groundwater quality data

etc. Water abstraction/use/injection

XXX X

Inventory and Previous studies in relevant fields
interpretation of Records of drillers/operators/users
existing data and Demographic and socio-economic
information data and information
Other contextual information
Preliminary mapping

XX XXX

Field surveys Groundwater reconnaissance
Detailed hydrogeological mapping
Exploratory drilling
Geophysical surveys
Aquifer testing surveys
Water use surveys
Socio-economic surveys
Hydrological surveys
Hydro-ecological surveys
Water quality surveys

X
X X
R XXX X X

X X X

Enquiries (on-line Various themes X
and otherwise)

Remote sensing Aerial photographs
Satellite imagery

X)
(X)
Water resources Combination of above- X X X
assessment mentioned activities

X X

Monitoring Groundwater levels
Groundwater quality
Groundwater abstraction and use X
Relevant flows & quality of
connected streams
Environmental impacts

X X XX

Desk studies Groundwater balance studies
Groundwater modelling
Groundwater quality and
pollution studies
Groundwater vulnerability studies
Environmental impact studies
Documenting institutional and legal
frameworks on groundwater
Inventory of groundwater policy,
planning and management

X XXX XXX
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Nowadays, most hydrogeological maps are prepared on the basis of a standardised
methodology and legend promoted by the International Association of Hydrogeolo-
gists and UNESCO (Struckmeier & Margat, 1995). Low-resolution hydrogeological
maps are available at the global scale, for each of the continents, and in the form
of national hydrogeological maps for most countries of the world (WHYMAP, 2016;
Margat & Van der Gun, 2013). Hydrogeological maps showing more detail (say, at
scales 1:20 000 to 1:200 000) are much more sparsely available and often have to be
elaborated from scratch if they are required for water resources management plan-
ning or other projects. Apart from elaborating more or less detailed hydrogeological
maps as a consolidated picture of local hydrogeological information, it may be very
useful to prepare simple preliminary maps during early stages of groundwater inves-
tigations. They are a convenient tool for integrating collected or inventoried data and
thus contribute to the advancement of local knowledge.

10.3.1.4 Surveys

Surveys tend to focus rather narrowly on specific subjects or techniques used. The
majority of all groundwater-related surveys is conducted in the field. Part of these field
surveys deals with physical components of the groundwater systems and for this pur-
pose makes use of technological equipment for measurements, sampling and analysis.
Examples are geophysical surveys, aquifer testing campaigns and hydro-chemical sur-
veys. Other field surveys either consist of interviewing people on water-related matters
(for instance on land/water use practices, customary water rights, income from water
or perceived water-related problems and opportunities) or are a mix of interviewing
and measuring (such as inventories of wells, springs or potential sources of pollution).
Some types of surveys can be conducted at the office, such as enquiries by question-
naires via mail or the internet, literature searches, or compiling data and information
collected by third parties.

10.3.1.5 Reconnaissance and assessments

A groundwater reconnaissance and a groundwater resources assessment have in com-
mon that they both intend to give an overall picture of the groundwater resources
conditions in the area considered. The difference is that a reconnaissance is only a
preliminary step, resulting in a provisional conceptual model, while an assessment is
expected to produce a detailed and more or less consolidated picture, preferably includ-
ing quantitative information on essential parameters and variables. A groundwater
resources assessment includes usually the inventory and analysis of existing informa-
tion, various surveys (most of which conducted in the field), often an exploratory
drilling programme, usually also hydrogeological mapping, and in all cases the process-
ing and interpretation of all obtained data and information. Many intensely exploited
aquifer systems in the world have been assessed already.

10.3.1.6 Monitoring

Groundwater resources management is about controlling groundwater quantity and
quality, and it pursues also a wise use and optimal allocation of abstracted groundwater,
while protecting nature and the environment. It is essential to monitor the variation
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in time of the corresponding key variables (groundwater levels, water quality vari-
ables, groundwater abstraction and use for different purposes, natural groundwater
discharge, etc.). This is done by means of monitoring networks. Installation and con-
tinued operation of such networks demands considerable resources and their benefits
often are not recognized by those who decide on funding and financing. As a result,
in spite of positive exceptions, the state of groundwater monitoring around the world
is generally poor.

10.3.1.7 Desk studies

Desk studies are based on analysis of the data and information collected in the field,
or obtained by remote sensing techniques. There is a huge variety of such studies and
their purposes. Typical examples are quantifying the hydrogeological budgets of speci-
fied hydrogeological units, predicting the evolution of groundwater levels and storage,
explaining the spatial hydro-chemical variations in groundwater, mapping the vulner-
ability of groundwater systems against pollution, establishing values of groundwater
indicators to support management decisions and evaluating the impact of implemented
groundwater resources management measures. All these studies go beyond reporting
on data and generating information; they contribute to the development of knowl-
edge on the local groundwater systems. Numerical models are a powerful tool that
forms the core of many of these desk studies; these models simulate groundwater flow
and/or solute transport for observed boundary conditions and for hypothetical bound-
ary conditions in the future (Anderson et al., 2015). Noteworthy among the more
recent developments in remote sensing is the Gravity Recovery and Climate Experi-
ment (GRACE) satellite mission; its observations can — under certain restrictions — be
used for estimating changes in groundwater storage, albeit with low spatial resolution
(Richey et al., 2015; Alley & Konikow, 2015).

10.3.2 The role of agencies or other actors,
programmes and projects

Data acquisition, generating information and developing knowledge on groundwater
and its context requires very significant inputs of human capacity, time and financial
resources. Except for relatively small local projects, these inputs are normally beyond
what a private person or party can afford. Consequently, dominant actors in this
domain are governmental agencies and non-governmental agencies entrusted with a
special responsibility, mandate or mission related to groundwater, companies carrying
out groundwater-related activities and international agencies active in the field of water.

Governments play in principle a main role. In most countries, they entrust a
geological survey, hydrological service or a similar agency with the responsibility
for groundwater data acquisition, for establishing a centralised groundwater data
repository (database or information centre) and for generating the information and
knowledge as required for adequate use and management of the country’s ground-
water resources. Governments have also the option to issue regulations that oblige
entities and individuals dealing with groundwater (drilling, well construction, ground-
water abstraction, applying for a license, etc.) to share relevant data with the mandated
groundwater agency, e.g. borehole and well-construction data and monitoring data on
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groundwater abstraction, groundwater quality and groundwater levels. The corre-
sponding entities and individuals are numerous and represent together an enormous
potential source of groundwater data. Rather than operating in an ad-hoc way, the
agencies responsible for groundwater data, information and knowledge should adopt
pro-active approaches embedded in a strategy endorsed by the government, usually
the main financier. Optimal conditions for repetitive components such as monitor-
ing activities are created if these are incorporated in the regular working programmes
of adequately functioning agencies. Most activities of a non-permanent nature (e.g.
mapping, water resources assessments, studies on themes that currently have political
priority) are likely to be most successful if carried out in the framework of well-
designed and properly funded projects. Some of these projects may be carried out
by governmental groundwater agencies, other ones by non-governmental agencies,
or by a combination of domestic agencies with international partners in bilateral or
multilateral co-operation projects and programmes.

10.3.3 Constraints and options for improvement

In spite of significant progress made in many countries during recent decades regarding
the acquisition of data, generation of information and development of knowledge on
groundwater systems, there is still much to be desired. First, relatively few countries so
far have invested in information and knowledge beyond a very general and spatially
aggregated level, or beyond scattered local cases. Second, lack of monitoring data is
in most countries a major obstacle to effective groundwater management. The state
of groundwater monitoring activities is globally on the decline and the operation of
many monitoring systems often is ended already after a limited number of years (FAO,
2016a).

These flaws and gaps can be attributed to a number of constraints. The more fun-
damental ones among these constraints are limited government budgets, low political
priority for groundwater and a generally poor understanding of the role and value
of groundwater, and in particular of the need for managing it carefully. As a result,
key groundwater agencies in many countries are weak and poorly performing, due to
insufficient budgets for adequate staffing and operations, lack of a vision regarding
groundwater, and limited capacity and expertise of their professional staff. Obviously,
it is crucial that such agencies are strengthened, which requires in the first place strong
lobbies at the government level in order to raise their budgets, to be followed by
upgrading professional staff (both in number and in expertise), by capacity building
and by developing a new operational strategy and a corresponding plan of activities.
This should allow such agencies to develop true leadership on the subject, to design
and implement relevant assessment and monitoring programmes, to promote synergy
between the different entities and individuals involved in groundwater, to define and
implement mechanisms for data exchange, to embark upon international co-operation
programmes and projects, to provide valuable advisory services, and to become a
centre of knowledge on groundwater in their territory. Bilateral and multilateral inter-
national co-operation has for many decades proven to be a valuable catalyst, and it still
continues to be so at present. Examples of international cooperation efforts that have
very significantly boosted groundwater monitoring activities are the Indian Hydrology
Project and the EU Water Framework Directory.
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10.4 PRESENTING, SHARING AND DISSEMINATING DATA
AND INFORMATION

10.4.1 The many ways of presenting data and information

As illustrated in Figure 10.4, there is a diversity of forms commonly used for present-
ing data and information related to groundwater, making use of different media for
storage and dissemination (paper, electronic files, radio, TV, internet, mobile phones,
meetings). In practice, these are complementary, in the sense that they reflect the dif-
ferences in information requirements between the main target groups and also inside
each of these groups. How relevant the individual presentation forms are for each of
the three main target groups is schematically indicated by their position in Figure 10.4.
The more technical and scientific products are meant in particular for use by ground-
water professionals (enabling studies and the development of knowledge) and planners
(providing a solid basis for groundwater development and management plans). Stake-
holders and the general public should be made aware of what is at stake regarding
groundwater and why certain measures are needed, but they need information about
these aspects in an easily accessible and digestible form, preferably with some options
(mass media, social media, meetings) to communicate about it with groundwater pro-
fessionals, planners and decision-makers. Decision-makers usually have no time to read
and analyse detailed information, therefore the information presented to them should
be very short and focus on awareness raising and briefing on groundwater policy issues
and responses. In practice, groundwater professionals will define the content of almost
all presented information. The styling and final presentation of information intended
for decision-makers, local stakeholders and the general public, however, will often
benefit greatly from the intervention of a communication specialist or a journalist.

10.4.2 Sharing and disseminating data and information

Sharing data and information on groundwater obviously has enormous advantages
for the parties involved. Nevertheless, half a century ago it was still a rarely observed
practice, for a number of reasons. Data often was less well-organised than nowadays
and dispersed over many different offices, all data and information were on paper,
copying had to be done by hand, and interinstitutional rivalry made most agencies
and companies reluctant to share data or motivated them to charge a significant fee
for supplying data. The advent and development of information and communication
technology and the proliferation of the internet have produced major changes. Reports,
papers, datasets and maps nowadays can be easily supplied at virtually no cost in
the form of digital files, or can be consulted at or downloaded from the internet.
Geographic Information Systems allow to generate — without much effort — all kinds
of maps on the basis of the latest available data, sometimes even with user-defined
legend.

This huge technological progress has caused the dissemination of hard-copies
of reports and data files to become dwarfed by the massive exchange of their elec-
tronic equivalents, many of which are downloadable from the internet. It has also
enabled and catalysed the development of internet-based groundwater information sys-
tems, focusing at different spatial levels. Interesting examples of national groundwater
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Figure 10.4 Selected forms of presenting groundwater data and information, in relation to envisaged
users.

information systems are those of the United States (USGS, 2016a, 2016b), Australia
(Bureau of Meteorology, 2016), India (CGWB, 2016), the United Kingdom (BGS,
2016) and The Netherlands (TNO, 2016); some of these focus on technical data and
information mainly for groundwater professionals, other ones are also addressing the
information needs of the layman and thus contain easily digestible information. At
the global level, the GGIS, WHYMAP and AQUASTAT information systems can be
mentioned (IGRAC, 2016; WHYMAP, 2016; FAO, 2016b), largely complementary in
terms of content. In addition, several groundwater projects around the world, includ-
ing projects on transboundary aquifers, have their own internet portals, providing
access to groundwater data and information at the local or aquifer level.

In most of the less wealthy countries there is still limited use of these modern
technologies for sharing and disseminating groundwater data and information. Lack of
funds, staffing and expertise are the main reasons, often in combination with available
data and information still being scattered over many offices. Reluctance of agencies and
institutes to share information has not yet disappeared completely and is still strong
in some countries. Government regulations on sharing data and information may be
helpful to change this. Similarly, smart regulations (combined with smart technology)
may also improve the data flow from individual well owners/users (e.g. on abstraction,
water quality and water levels) towards centralized public groundwater databases,
which is in most countries still insignificant or non-existing. Negotiating data and
information sharing with oil companies and other private sector entities involved in
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subsurface resources other than groundwater is another very interesting opportunity
for enriching groundwater databases and information systems. These companies own
impressive quantities of information on the subsurface, so far mostly inaccessible for
external parties.

10.5 DIAGNOSTICS: FROM UNDERSTANDING TOWARDS
DECISION-MAKING

10.5.1 Role of the diagnostics and suggested approach

Information and knowledge are indispensable for getting a reliable picture of a specific
groundwater system and for understanding the processes that are taking place both
inside this system and between the system and its environment. However, they do not
explicitly reveal the opportunities and challenges offered by the groundwater system
considered, nor do they present suggestions on how to address these in the context of
groundwater governance. These latter activities form the main components of what we
understand here under the term ‘diagnostics’. Diagnostics can be associated with the
fourth member of the earlier presented DIKW hierarchy (‘Wisdom’, see section 10.1.2)
and is looking into the future. At the one hand, it requires analytical capacity and
judgement — to interpret the implications of available information and knowledge for
achieving societal goals; at the other hand, it calls for creativity — to define measures and
behaviour that contribute to meeting these goals as closely as possible. The outcomes
thus provide a rational basis for developing a groundwater resources management
strategy. In other words: diagnostics is a crucial step towards informed decision-making
on groundwater systems and their resources.

Diagnostics forms an initial step towards developing a groundwater management
plan and should unambiguously assess: (i) the value and functions of the groundwater
systems to be governed; (ii) opportunities and challenges offered by the groundwater
systems concerned (including potential responses); (iii) uncertainty and related risks;
(iv) groundwater governance provisions and constraints. Each of these aspects will be
briefly described below.

The diagnostic process is no longer the exclusive domain of groundwater profes-
sionals who assist in defining content for water resources planning. The voice of local
stakeholders is steadily becoming louder. In several countries stakeholder involvement
is changing from zero or from the rather passive role of ‘being heard’ (e.g. in the form
of enquiries or occasional meetings) to active participation in the discussion on crit-
ical or controversial issues in local groundwater management. In general, the focus
of this public discussion tends to be less on the identification of groundwater-related
challenges than on how to respond to these. This process of stakeholder involvement
is facilitated by the mass media and by the rapidly increasing role of social media,
including the proliferation of mobile devices.

10.5.2 Value and functions of the groundwater system
to be governed

Making a judgement on the relevance and value of the groundwater system to be gov-
erned is a logical first step in the diagnostic. Does groundwater locally represent an
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essential source of water, without which life and socio-economic development in the
area would be seriously constrained, or is the groundwater system only of marginal
importance and can its services be easily substituted by available surface water? And
even if groundwater is locally the main source of water: is it abundant, or only very
scarce? How much groundwater is currently abstracted on an annual basis, for which
purposes and for which categories of beneficiaries? How is the demand for groundwa-
ter likely to develop during the coming tens of years? What types of in-situ functions
does the groundwater system support? Answers to these questions give insight in the
groundwater system’s relevance and value, hence will give guidance to defining the
priority assigned to its governance and management.

10.5.3 Opportunities and challenges offered by the groundwater
system considered

By interfacing information and knowledge on the groundwater system concerned,
on current groundwater abstraction and other services, on projected groundwater
demands and on changing autonomous boundary conditions (such as demography,
economic development, climate change, production of pollutants, etc.) it is in princi-
ple possible to identify, map and even quantify in a systematic way the opportunities
and challenges offered by the groundwater system considered.

In the category ‘opportunities’, the most interesting questions are whether there
are options and scope for augmenting the groundwater resources (by artificial or
induced recharge), for increasing groundwater abstraction without unacceptable side-
effects, or for increasing overall benefits from groundwater by modifying groundwater
abstraction allocations.

In the category ‘challenges’ a systematic assessment has to be made of the cur-
rent and expected future threats to the sustainable use and quality of the groundwater
resources, as well as of undesired socio-economic and environmental impacts and
trends. Typical examples of such challenges are issues such as progressive groundwa-
ter level declines resulting from intensive pumping (in non-renewable aquifers even at
low pumping rates), climate change, seawater intrusion and saline water upconing in
coastal zones, groundwater pollution (differentiated by source of pollution) and water-
logging; as well as impacts such as water shortages, increasing cost of groundwater
development, decreasing water quality and environmental impacts of groundwater
abstraction (degradation of wetlands, land subsidence). What in the diagnostic phase
should be done is identifying and mapping these challenges, providing an indica-
tion of their severity, and suggesting how each of these challenges can be addressed
successfully. Numerical simulation models are a strong tool to support the analysis.

10.5.4 Uncertainty and risk

How reliable and accurate the outcomes of the diagnostics are depends both on the
analyst’s capacities and on the reliability and accuracy of the information used. The
commonly large margins of error of groundwater data cause information often to
be inaccurate, while lack of data or data scarcity translates into limited reliability of
information intending to offer a spatially and temporally continuous picture of the
groundwater system. Therefore, one has to take into account that the outcomes of
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a diagnostic analysis on groundwater are characterised by uncertainty, and that this
results in some risks.

One of the risks is that opportunities for increasing abstraction or for augment-
ing the groundwater resources may be under- or overestimated. A second one is that
critical issues might be overlooked and only be noticed when some problems have
progressed already. Another type of risk is that predictions by model simulations may
diverge significantly from reality if insufficient data of good quality is available, but
that modellers, planners and decision-makers nevertheless have blind confidence in the
numerical outcomes.

Uncertainty and risk may be reduced by collecting more data, but in the case of
groundwater systems this is usually expensive and time-consuming, thus on the short
run only feasible to a limited extent. Groundwater management planners have to
accept that decisions have to be made under uncertainty, hence they have to examine
the robustness of the conclusions on the identified groundwater management issues
and the proposed measures to address them, irrespective of data deficiencies. Sensi-
tivity analysis and stochastic approaches may be helpful to conduct this examination

properly.

10.5.5 Groundwater governance provisions and constraints

In addition to the aspects mentioned above, most of them related to physical conditions
and processes at field level, it is worthwhile to include in the diagnostics also the local
groundwater governance conditions and provisions. Briefly, governance encompasses
the following components (FAO, 2016a): actors (government agencies, NGOs, private
sector, local stakeholders); legal, regulatory and institutional frameworks; policies and
plans; and information, knowledge and science. With the outcomes of a diagnostic
analysis on groundwater governance it can be judged much better which ones of the
potential groundwater management interventions or measures are likely to be fea-
sible in the area considered. Typical constraints identified by such an analysis may
include —among others —weak leadership, poor performance of public agencies, limited
stakeholder involvement, shortage of government funds, inadequacy and poor imple-
mentation of legal frameworks, fragmented or even conflicting institutional mandates,
incoherent policies, lack of awareness on groundwater and insufficient data (FAO,
2016a). Assessing the current groundwater governance setting and provisions, and
clearly defining the corresponding constraints, will undoubtedly contribute to making
groundwater management strategies and planning as realistic as possible.

10.6 CONCLUSIONS

Adequate decision-making on groundwater resources requires proper understanding
of the local groundwater systems and their context. This understanding should not
be limited to the local hydrogeology, but also include the socio-economic and eco-
logical functions of the local groundwater systems, as well as their interactions with
other natural systems (surface water, environment) and human activities (land use,
exploitation and use of subsurface resources). In addition, for decisions of a complex
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nature one should be acquainted with the local groundwater governance conditions
and provisions.

According to the DIKW paradigm, understanding is based on four hierarchically
linked components: data, information, knowledge and wisdom. Each of these four
components has its own role and merits. Data represent the lowest level in this hierar-
chy and is indispensable for understanding being rooted firmly in reality. Information,
obtained by processing and organizing data, adds meaning and reveals patterns, often
supported by visualisation in the form of maps and graphs. Access to information is
crucial for professionals and other individuals who want to acquire the local knowl-
edge that enables them to analyse and understand relevant processes and relationships
in the local setting. Wisdom, finally, links this knowledge with societal demands and
aspirations, looks into the future and produces recommendations for informed deci-
sions on action. In other words: it facilitates diagnostic analysis, which forms the
interface between knowledge and planning.

The current state of affairs related to groundwater-related data, information,
knowledge and diagnostics is highly variable across the globe. Nevertheless, a few
rather general characteristics and trends can be observed. In the first place, very sig-
nificant groundwater resources field assessment and mapping efforts have been made
during the last half a century and have produced coherent sets of time-independent data
and information on the majority of the world’s most intensively exploited aquifers.
Monitoring, on the other hand, is a widely neglected branch of data acquisition, with
the result that the dynamics of groundwater quantity and quality is documented for
very few aquifers only. Lack of monitoring data forms a critical obstacle to informed
decision-making on groundwater in most parts of the world. Information on ground-
water has usually kept pace with groundwater data acquisition activities, while the
access to information has been improved in a revolutionary way by modern informa-
tion and communication technology. The awareness that information requirements are
user-specific gradually leads to tailoring content and presentation of the information
according to the envisaged target groups. The development of knowledge and wisdom
requires institutions that create favourable conditions and that give priority to capac-
ity development related to groundwater activities. It is no surprise that the wealthier
countries in general perform much better in this respect than poor countries, since the
latter usually cannot afford building and sustaining strong groundwater agencies, and
therefore often remain dependent on support by foreign experts.

Uncertainty related to decisions on groundwater cannot be banned completely,
but governments and other key players in groundwater governance should be aware
that the benefits from investing sufficiently in groundwater assessment and monitor-
ing, information systems and capacity building (for knowledge and diagnostics) tend
to be many times larger than the costs. Here lies a challenge for professional mem-
bers of the groundwater community. As a first step, they should actively raise the
awareness of politicians, other decision-makers and the general public on the role and
importance of groundwater and the multiple benefits it produces. Furthermore, they
should be advocates for governing and managing the groundwater resources wisely
and convince decision-makers that this is only possible if sufficient local data, infor-
mation and knowledge are available. This implies that arrangements have to be made
for structural and permanent investments in the acquisition of groundwater-related
field data (in particular by operating monitoring networks) and in strong and active
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professional institutions in charge of the groundwater-related data, information and
knowledge required to underpin groundwater resources management.
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ABSTRACT

Education and capacity development are crucial for successful groundwater manage-
ment. There are different actors and educational needs to be considered. The education
of groundwater professionals should cover the basics of groundwater science as well as
the many other technical and socio-economic issues at the interface between groundwa-
ter and other disciplines. To achieve these aims, there are complementary educational
roles for universities, individual practitioners, NGOs, consultancies, scientific asso-
ciations and international development agencies. In addition, there is a need for
the education of policy makers and the general public, including well owners, who
are key stakeholders in groundwater governance. There is also a need for properly-
functioning institutions for the management of groundwater resources, yet the reality
is that many of the institutions are under-resourced, both in expertise about groundwa-
ter and in financial resources. Capacity development is therefore crucial for improved
groundwater management. Different communication strategies are required for differ-
ent stakeholders, and there are opportunities for groundwater scientists to make more
use of social media and visual art in their outreach activities. Capacity development
can be enhanced by knowledge-sharing through the establishment of participatory
fora, and through schemes involving the assignment of local counterpart staff to work
alongside international experts.

I1. INTRODUCTION

Education and capacity development! are fundamental to good governance and man-
agement of groundwater resources. Whilst education is obviously concerned with
teaching hydrogeologists the basic principles of their science, it also involves increasing
the knowledge and awareness of groundwater issues amongst all the stakeholders in
groundwater governance, including policy makers, engineers and the general public.

'In this chapter “capacity building” and “capacity development” are used synonymously to
indicate “the process through which individuals, organizations and societies obtain, strengthen
and maintain the capabilities to set and achieve their own development objectives over time
(UNDP, 2009).
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Capacity development deals with building institutions that are capable of perform-
ing their designated roles: good management of groundwater resources relies on the
effectiveness of institutions as well as individuals. The GEF project (Groundwater
Governance — A Global Framework for Action [2011-2015]) identified the prob-
lem that Government organizations responsible for the management of groundwater
resources are generally understaffed and have inadequate budgets to cope with the
problems they face (FAO, 2016a, 2016b). Thus, there is a need to grow the capac-
ity of such organizations for meeting the many challenges pertaining to groundwater
management.

This chapter 11 explores some of the main issues surrounding education and capac-
ity development, addressing the needs of the groundwater scientist, the policy maker
and the general public, including the well owner. Section 11.2 considers the education
of hydrogeologists and the roles of individual hydrogeologists and organizations in
professional career development and in increasing the awareness of policy makers and
the public about groundwater issues. Section 11.3 considers the institutional dimen-
sion of capacity development, whilst in Section 11.4 new educational and outreach
tools are analyzed, including their effectiveness for capacity building in an era domi-
nated by social media and visual arts. Some of the main lessons gained by groundwater
professionals in education and capacity development are reviewed, with examples, in
Section 11.5, and the chapter conclusions are presented in Section 11.6.

1.2 GROUNDWATER EDUCATION

In the first part of this section we consider the education and training of groundwater
professionals, including the role of universities in education. We then discuss the ways
in which these groundwater professionals can contribute to further education and
training of future generations of hydrogeologists, for example through mentoring,
and more widely by acting as advocates for science-based groundwater management.
The final part of this section on groundwater education looks briefly at the roles of
organizations such as scientific associations and international agencies in education.

11.2.1 The education and training of groundwater scientists
and professionals

It is during their university studies that aspiring hydrogeologists learn the fundamentals
of groundwater science. Whereas undergraduate degree programmes in geology, earth
science and civil engineering sometimes include one or more modules on hydrogeol-
ogy, the education of hydrogeologists in many countries is achieved mainly through
graduate degree programmes, either taught-course masters or doctoral degrees.

An excellent review of hydrogeology teaching was carried out by Gleeson et al.
(2012). This review included a survey amongst academic hydrogeologists which iden-
tified 15 topics that are considered essential for an introductory, undergraduate level
hydrogeology course (Table 11.1). Interestingly, all of the topics listed in the table
are concerned with the basic principles of groundwater occurrence and flow, which
are clearly fundamental building blocks in the education of a hydrogeologist. Gleeson
et al. (2012) also point out that learning outcomes from the classroom are enhanced
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Table I'1.1 Thetop |5 mostimportant hydrogeology topics for an undergraduate hydrogeology course,
as identified in a survey of 68 academic hydrogeologists (based on information in Gleeson

et al,,2012).
Topic
I. Hydraulic conductivity/intrinsic permeability 9. Wells and piezometers
2. Darcy’s law and its applicability 10. Transmissivity
3. Agquifers and confining units I'l. Specific discharge and average linear velocity
4. Water table and mapping I2. Primary and secondary porosity
5. Gradient and head I3. Homogeneity and isotropy
6. Water table I4. Recharge and discharge areas
7. Hydraulic head I5. Steady flow in aquifers
8. Specific yield and storativity

through field and laboratory exercises. At graduate level, the basic topics are usu-
ally supplemented by modules covering subjects such as groundwater contamination,
groundwater protection, and numerical modelling of aquifer systems.

Based on his experiences both in the university class room and outside academia —
where data limitations often constrain the extent of analysis possible — Siegel (2008)
identified a top ten list of what students and practicing hydrogeologists ‘fundamentally
need to know’:

1 Don’t push the data farther than they can be pushed and be honest with respect
to what can be done
Darcy’s law needs to be understood at the ‘gut’ level
Potentiometric surfaces are different from the water table
Surface water is an ‘outcrop’ of the water table
Groundwater occurs in nested flow systems, separated by hydraulic boundaries
Groundwater chemistry is predictable from first principles
Chemical oxidation and reduction control many important groundwater and
contaminant chemical compositions
8  Asa working approximation, contaminant plumes should be considered narrow
and no wider than a few times the width of the source at their heads
9  Contour using your head, and not your computer
10  Explore simple bivariate plots as an analysis tool.

NN LA Wi

This list contains a lot of good advice for the practicing hydrogeologist. Importantly,
a full appreciation of the fundamentals should reduce the risk of the hydrogeologist
following a “recipe-book approach” in their work, whereby standard techniques are
sometimes applied in an unthinking manner to the particular problem at hand, resulting
in poor project outcomes (Possin, 2002; Nyer et al., 2002; Misstear, 2016). It may also
help avoid the misapplication of complex numerical groundwater models in situations
where there are few data and/or a poor conceptual understanding of the groundwater
system.

If the groundwater professional does not learn the basic principles of groundwater
science at university, then it is unlikely that he/she will be able to pick up this knowledge
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later in their careers through mentoring, short courses or other training opportunities
in the workplace. However, some universities and funding agencies prioritise research
over teaching, and perhaps undervalue the importance of delivering graduates in sub-
jects like hydrogeology. In the United Kingdom, for example, and partly because of
the priority given to research, specialist taught masters programmes in hydrogeology
have been in a state of flux over the past 20 years, with several courses coming and
going (Misstear, 2013) — and even the internationally-renowned Birmingham Univer-
sity masters in hydrogeology programme was placed under threat recently (Misstear,
2016). It is imperative that professionals engage with universities about the importance
of continuing to educate hydrogeologists and other water scientists, highlighting the
key role such graduates play in addressing the global challenges surrounding water
and environmental sustainability.

As well as learning the fundamentals of hydrogeological science, groundwater
professionals also need to be educated in subjects that lie at the boundary between
groundwater science and other disciplines that are crucial to good groundwater man-
agement. Many of these subjects are covered in other chapters of this book, including
groundwater and ecosystems, groundwater and the water-food-energy nexus, and the
linkages between groundwater and land use. It is unrealistic to expect a university
course to be able to cover all of these topics. Indeed, university degree programmes
may not be the most appropriate fora for such teaching, given the large range of stake-
holders involved and the close linkages with professional practice. Nevertheless, it is
desirable that scientific programmes in hydrogeology do introduce students to some
of the socio-economic issues that are so important in the practice of hydrogeology.
For example, a groundwater professional working on rural water schemes in Africa
must be aware of gender issues and local water governance and maintenance arrange-
ments when siting and constructing new well schemes, otherwise such schemes are
unlikely to be successful. Again, a study of private wells in Ireland highlighted the lack
of awareness among well owners about their wells and the risks to water quality and
hence potentially to their health (Hynds et al., 2013); this study advocated the need
for educatio