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Opverall message: Several frameworks are used to study the interplay between water and

society. Some of these frameworks are compatible and/or complementary, and

combining them can generate promising results.

/ 2.1 Introduction

The natural and social sciences have generated multiple theoretical frameworks on

the interplay of water and society. As we will show in this chapter, these theoretical

frameworks differ in their focus on specific aspects of this relationship, but they all

conceptualize water and society as coevolving. In other words, while biological evolu-

tion focuses on a single species’ development over time, coevolution proposes that
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coupled systems change in tandem because of mutual interactions and feedback
(Sivapalan & Bloschl, 2015). Drawing from these different perspectives, we will use the
term “coupled human-water systems” (CHWSs) to refer to all manifestations of the
complex relations between human and water systems, including all processes where
water and society coevolve over (potentially multiple) spatial and temporal scales. The
approaches have different goals—to understand system behavior, to recommend a course
of action, or critique the objective itself. They may seek to explain how the system may
have evolved in the past, understand the system as it is today, or predict how the system
might evolve in the future. Finally, they focus on different outcomes.

The complexity of understanding, conceptualizing, and predicting hydrological and
social changes lies in the fact that there are multiple, interwoven CHWS, each of which
has been examined through a variety of disciplinary and theoretical perspectives.

In this chapter, we synthesize eight key frameworks used in the social and physical
sciences to demonstrate the distinct philosophical, theoretical, and methodological bases
to conceptualize CHWS. We cannot list them all here—indeed, new approaches (such as
sociohydrology) are emerging and continue to emerge as scientists mix and match
different frameworks in order to answer new questions.

Some of the frameworks are compatible and/or complementary, and combining
them can be rewarding. For example, when presented with a CHWS problem, we can
use frameworks such as these to identify and determine the relevant and important
questions to address and to generate precise and answerable research questions. The
frameworks, as distinct schools of thought, help us recognize and understand CHWS
phenomena. The frameworks also guide us toward hypotheses or expectations that we
can test or challenge through our studies. Different frameworks lead us to focus on
different variables and feedback loops. By looking at human-water problems through the
distinct lenses that these frameworks provide, we can observe the system in new ways.

We present these eight theoretical frameworks to contextualize the remaining
chapters in this book and connect them to the aims of the Panta Rheli initiative. As such,
they lay the foundation for the discussion on methods (Chapter 4) and data (Chapter 5).
They also provide important perspectives when interpreting the literature reviewed in
the topical chapters on floods (Chapter 6), droughts (Chapter 7), agricultural (Chapter
8), transboundary (Chapter 9), and global (Chapter 10) systems.

2.1.1 Eight common frameworks

This chapter focuses on the eight frameworks displayed in Fig. 2.1: sociohydrology (SH),
hydroeconomic modeling (HM), large-scale hydrology (LS), economics (EC), physical
geography and spatial science (PG), ecological economics (EE), institutionalism (IN),
and critical geography (CG). These frameworks span the environmental sciences as well
as quantitative and qualitative social sciences. They represent a wide variety of ap-
proaches to studying CHWSs, as detailed in an overview paragraph introducing each
framework in its respective section below. Some of the considered frameworks can
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Figure 2.1 Considered frameworks by disciplinary category: Sociohydrology (SH), hydroeconomic
modeling (HM), large scale hydrology (LS), ecological economics (EE), neoclassical economics (EC),
physical geography and spatial science (PG), institutionalism (IN), and critical geographies (CG).

perhaps more accurately be described as meta-frameworks. For example, CG in this
chapter refers to distinct frameworks (e.g., political ecology, hydrosocial cycle, and
multiple ontologies of water) that use a similar conceptual outline to describe
human—water interactions.

Therefore, they are mapped onto a similar typology in this chapter but ask different
types of questions. These nuances are discussed in the overview description of each
framework.

The eight frameworks in Fig. 2.1 are by no means exhaustive of the variety of ap-
proaches that may be used to study human—water interactions. Of note is that this
chapter does not discuss legal studies as a framework to study the relationship between
people and water, despite law being among the oldest forms of scholarship associated
with water. Many legal frameworks arose historically from the relationship between
humans and water (e.g., in the Hindu, Islamic, and Judaic traditions), which they
continue to shape. Therefore, legal frameworks can be considered integral parts of
CHWSs, as much as scientific tools to study them. The same could be stated with regard
to operational water management frameworks (e.g., integrated water resources man-
agement (IWRM)). The intricate relationship between water, law, policy, and society is
extensively discussed elsewhere (Dellapenna & Gupta, 2009) and is not covered in this
chapter, although we note that institutional development associated with water resources
is covered by several frameworks reviewed in this chapter. However, we hope the reader
can use these examples to consider the ways in which multiple frameworks can be used
simultaneously or in parallel to address wicked problems.
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2.1.2 Creating the typology

The following section discusses each framework represented in Fig. 2.1, organized by
broad disciplinary category. We map each framework along four typological dimensions,
which we believe are helpful to consider when embarking on interdisciplinary en-
deavors. The first dimension (components, Panel A on Figs. 2.3-2.10) describes how the
framework conceptualizes, and whether the framework puts any emphasis on human
versus water processes and temporal versus spatial dynamics. For example, LS models
have the ultimate purpose of representing spatial and temporal water dynamics. In
contrast, the critical geographies are interested in the spatial and temporal distribution of
water insofar as it affects human systems. Building on Wesselink et al. (2017), see
Box 2.1, the second dimension (paradigm, Panel B on Figs. 2.3-2.10) describes where
the framework fits in the positive-normative-critical spectrum. A positive paradigm
seeks to describe and understand—but not necessarily influence—an objective reality
that it assumes exists and can be characterized. For example, SH seeks to test hypotheses
on the long-term coevolution of humans and water. In contrast, a normative or critical
perspective provides situated knowledge on how to address (what is perceived as) a
deficiency of the system in a specific context. In other words, a normative or critical
paradigm does not only seek to describe and understand the system but also to improve
it. What it specifically means to improve the system is what distinguishes normative and
critical approaches. Normative paradigms generally take the objectives of the system (i.e.,
what needs to be optimized) as exogenously given. For example, hydroeconomic models
generally seek to optimize the “utility” of a system, which is generally defined externally,
for instance, in terms of maximizing irrigation profits, minimizing flood risks,

BOX 2.1 Philosophical foundations of research paradigms

According to Wesselink et al. (2017), research paradigms can be uniquely characterized by
answering four fundamental questions:

e Ontology: “what do they think the world looks like?”

e Epistemology: “what do they think they can know about the world?”

e Methodology: “how do they set about to gather the knowledge required?”

e Axiology: “How do they see their role vis-a-vis society?”

The “paradigm” dimension of the proposed typology classifies the assessed frameworks
into three categories (positive, normative, and critical) that map onto distinctive locations
along the ontology/epistemology/methodology/paradigm space, as described in the main
text.
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minimizing adverse environmental impact, or a combination of them. In contrast,
critical approaches consider the nature of the objective itself as subject to critique and
questioning. The third dimension (perspective, Panel C on Figs. 2.3—-10) describes
whether the framework is predictive—taking the current system as given and leveraging
its dynamics to predict its future (e.g., LS used to predict the impact of climate change);
descriptive—seeking to understand the dynamics of the system in its present state (e.g.,
economics seeking to evaluate an existing environmental policy); or generative—seeking
to understand the historical processes that gave rise to the current system (e.g., SH
seeking to understand the emergence of current dynamics). The final dimension (ag-
gregation, Panel D on Figs. 2.3—-10) describes whether the framework considers
aggregate or distributional issues regarding space (e.g., HM generally focuses on the
aggregate state of the system, whereas CG often focuses on inequities within it (Savelli
et al.,, 2021)); or time (e.g., EE often focuses on the time-averaged behavior of the
system, whereas HM often focuses on its resilience to unexpected extreme shocks).

Each framework was mapped onto the above typology based on an extensive review
of the relevant literature, which we briefly summarize in the corresponding sections
below. For each framework, this effort was directed by the member of the author team
with the most closely aligned expertise, generally with support from one or two addi-
tional co-authors. The typology classification was finalized through consensus during
monthly online meetings with entire author team, which includes core expertise
spanning the engineering (Miiller, Bloschl) and environmental (Levy, Rising) sciences,
and the quantitative (Allaire, Dumas) and qualitative (Rusca, Adams, Cabello-Villarejo,
Mukherjee) social sciences. More details on the typology, its application, and approaches
to address potential assessment biases within a quantitative analysis of interdisciplinary
affinity are discussed in Miiller et al. (2024). For each framework, we also briefly describe
key methods in relation to the typology and note that a dedicated extensive discussion on
methods is provided in Chapter 4. To demonstrate how using each framework helps us
look at the same problem in different ways, we have selected a recent application in the
Indus Basin (see Box 2.2 and Chapter 1). For example, land surface hydrology might help
us characterize long-term hydroclimatic trends, and an environmental economics
perspective might allow us to understand their effect on (often contrasting) stakeholder
incentives. A CG perspective might help us contextualize these incentives within the
region’s history and the broader power dynamics at play; this historical and societal
context can then inform the development of sociohydrologic models to understand
long-term implications for water—human interactions. Examples of recent research
relating to the Indus Basin for each framework are presented in Boxes 2.3-2.10.
Choosing a framework or frameworks helps us identify the system’s boundary so that we
can design our research study.
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BOX 2.2 The Indus River Basin: Context summary

Water management in the Indus River Basin is used as an example to illustrate all the eight
frameworks discussed in this chapter. The Indus River flows within one of the world’s major
transboundary basins, shared between Pakistan, India, China, and Afghanistan (Fig. 2.2). The
river flows southwards from the high mountains of the Hindu Kush, Karakoram, and Himalayan
Mountain ranges, through the dry alluvial plains of Pakistan before flowing into the Arabian
Sea. The basin currently hosts over 300 million people; its population is rapidly growing, along
with the associated demands for food, water, and energy. The fertile alluvial plains of the Indus
Valley constitute a major agricultural basin and a major global supplier of virtual water (Ringler
& Anwar, 2013). The Valley is the breadbasket of Pakistan, which is currently the fourth largest
exporter of rice in the world, and more than 95% of available water supplies are currently used
for irrigating crops. Increasing global food demand is expected to put a significant additional
strain on water resources in the basin with croplands estimated to increase by as much as 25%
by 2100. Along with irrigation, domestic water use will increase not only due to more people
but also as the result of improving living standards. The upper part of the basin also has sub-
stantial potential for hydropower production, only approximately 12% of which has already
been developed. In the context of existing energy deficits throughout the region, and rapidly
growing demand for affordable and “clean” energy, pressure to develop more hydropower
can only increase. Current plans will increase hydropower generation capacity by approxi-
mately fivefold. The construction of these new dams is expected to exacerbate the tradeoffs
between power generation, irrigation, water supply, and environmental requirements. Most
of the river water comes from melting glaciers and snow, and the riparian aquifer is mined
at an alarming rate, thus making the region prone to hydrological and agricultural drought.
As glaciers retreat and groundwater levels decrease, there are rising concerns that adequate
water will not be available to simultaneously meet food, energy, water, and environmental
needs encompassed in the sustainable development goals. These concerns are exacerbated
by changing precipitation patterns, increasing salinity levels associated with sea level rise,
transboundary political tensions, and some of the world’s most devastating floods that hit
the basin with increasing frequency and intensity.

2.2 Sociohydrology
2.2.1 Overview

SH emerged from a longstanding effort within hydrology to resolve the effect of cross-
scale interactions on the variability of water resources (Wagener et al., 2010). Indeed,
traditional hydrology focuses on predicting fast variability (e.g., streamflow) while
approximating slow coevolving features (e.g., topography) as constant boundary con-
ditions (Sivapalan & Bloschl, 2015). Recognizing that such a distinction between fast and
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Figure 2.2 Indus River basin.

slow time scales is increasingly irrelevant in the Anthropocene, hydrology has expanded
to interact with other environmental sciences to understand how (rapid) hydrological
processes interact with the (slow) ecological, geomorphological, and climate processes
that constrain them. SH continues along this tradition and seeks to incorporate human
societies as a system (i.e., social system) that slowly coevolves with the hydrologic system
(Sivapalan et al., 2014). Fig. 2.3 displays the position of SH within the considered ty-
pology, with dimensions discussed further in the following paragraphs.

2.2.2 Components

As a science focused on CHWS behavior, SH aims to put equal emphasis on the two
component subsystems by focusing on the two-way feedback between them. Human
systems are often modeled as three distinct (but coupled) social variables that are hy-
pothesized to coevolve with hydrological systems: infrastructure systems (more broadly,
technology), socio-economic systems (more broadly, the economy), and institutional/
regulatory systems (more broadly, norms, culture, and values). Because SH initially
emerged out of the effort to characterize cross-scale interactions in the time domain,
temporal dynamics are more prominent in SH research. Consequently, system dynamics
models figure prominently as mathematical tools used to model and distinguish rapid
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Figure 2.3 Typology placement for sociohydrology (SH): (a) components; (b) paradigm; (c)
perspective; (d) aggregation.

coupling and slow coevolution across time scales (Sivapalan & Bloschl, 2015). Increasingly,
it has been recognized that spatial heterogeneity also plays an important role in driving
temporal dynamics, and sociohydrologists have resorted to the use of agent-based models
to explicitly account for interactions and feedback in the spatial domain as well. In
particular, (temporally coupled) dynamic systems are typically chaotic, in that even slight
local differences (e.g., due to spatial heterogeneity) in parameters or initial conditions can
lead to very different local outcomes that often aggregate into organized spatial patterns
(Sivapalan & Bloschl, 2015). In addition to being interesting and relevant for policy, these
patterns are typically observable or discernible (e.g., using satellite imagery, GIS-produced
spatial maps) and can be leveraged as signatures of coupled human—water interactions that
can be used for validation purposes (Bertassello et al., 2021).

2.2.3 Paradigm and perspective

SH is a positive science seeking to draw generalized understanding of the dynamics of
CHWSs (Troy et al., 2015). Whereas in the natural sciences, this is often achieved
through hypothesis-driven inquiry enabled by experiments with controlled boundary
conditions. For CHWSs, boundary conditions may be sometimes difficult to define.
In these cases, sociohydrologic research may tend to be exploratory, rather than



32

Marc F. Muller, et al.

hypothesis-driven (Bloschl, 2017). It is also often inductive, rather than deductive, in that
it develops models to generate (rather than test) hypotheses by interpreting persistently
observed phenomena (Mount et al., 2016; Troy et al., 2015). An active area of meth-
odological development in SH revolves around approaches to systematically test the
generated hypotheses against empirical data to build generalizable theory (Miiller &
Levy, 2019). SH is not purely descriptive, and many sociohydrologists see their role as
providing decision-makers with strategic insights (rather than predictions) into the long-
term implications of water management decisions. However, sociohydrologists rarely
seek to forecast specific variables at specific times and locations, as classical hydrology
attempts to do (Srinivasan, Sanderson, et al., 2017). Neither do they typically seek to
optimize a particular system in a particular context, nor to provide operational forecasts
to facilitate this optimization. Rather, they may seek to predict the combinations of
characteristics—ideally observable and/or actionable variables—that are associated with
trajectories that can inform decision-makers. In past research, a particular emphasis has
been put on the problem of the “tyranny of small problems”, where short-term solutions
to immediate water management challenges might give rise to unforeseen “emergent”
(and typically problematic) phenomena over longer time scales (Sivapalan, 2015). The
coevolutionary dynamics that may give rise to such emergent phenomena are inherently
path-dependent, meaning that the state of the system is strongly dependent on (typically
unknown) initial conditions. SH is therefore a generative, rather than predictive, science
in that it seeks to characterize the conditions and the coevolutionary dynamics that give
rise to emergent phenomena (Pande & Sivapalan, 2017).

2.2.4 Aggregation

By seeking to account for the coevolution of slow and fast dynamics in CHWSs, SH has
tended to focus on dynamic phenomena that emerge over long time scales (Sivapalan &
Bloschl, 2015). A substantial body of SH studies focus on human responses to hydro-
climatic shocks such as floods (Di Baldassarre et al., 2013) and droughts (Roche et al.,
2020), and explore the resilience of the system (Kuil et al. (2019). Substantial emphasis
has also been placed on sustainability and the need to balance human and environmental
water needs (Srinivasan, Konar, & Sivapalan, 2017). With increasing attention to het-
erogeneity in space and/or across individuals, SH studies have also expanded beyond the
aggregate (lumped) performance of each system component to address questions of
equity (Du et al., 2020; Dziubanski et al., 2020; Knighton et al., 2021).

2.2.5 Methods

A methodological challenge faced by sociohydrologists is the development of general
models based on place-based studies. While this challenge is outstanding even in hy-
drology as a natural science, it is compounded in SH because no fundamental laws (e.g.,
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mass balance in hydrology) can be invoked to describe human—water interactions across
places universally. Consequently, sociohydrological models need to be complex enough
to capture feedback and cross-scale interactions, while being simple enough to be
generalizable and capture emergent phenomena (Bertassello et al., 2021). SH addresses
this challenge in an interactive process that mirrors similar approaches employed in
hydrology and coupled environmental models (Sivapalan & Bloschl, 2015). First, an
emergent phenomenon (e.g., levee effect, D1 Baldassarre, 2013) is documented and
defined, often based on narratives and anecdotes that emerged from multiple distinct
settings. Second, a perceptual model—typically a causal loop diagram—is assembled to
make sense of the narratives, ideally leveraging existing qualitative frameworks and
theories from the social sciences. State variables and causal factors (e.g., rapid and slow
time differentials) are identified and often coupled in a dynamic system of coupled
differential equations. When possible, the specific parametric functions that govern the
state variables are based on relevant models from the hydrological and social sciences. The
latter might include utility theory and/or value-belief norms, depending on whether the
model incorporates socio-economic response (rapid) and/or cultural coevolution (slow).
The purpose of the ensuing mathematical model is to create generalized hypotheses.
Testing these hypotheses against empirical data is a challenging step in the process
(Barendrecht et al., 2019). Three alternative approaches have been proposed to address
this challenge. The first approach—historical SH—makes use of historical and paleo
climatologic data to reconstruct emergent phenomena in their original time scale for a
specific region (e.g., Dermody et al. , 2014). The second approach—comparative
SH—makes use of spatial patterns of the temporal dynamics. It is based on the idea of
space-time substitution and seeks to compare locations that have similar attributes but
that represent different coevolutionary stages of the considered phenomenon (see
Sivapalan & Bloschl, 2015). In both approaches, hypothesis testing is carried out through
predictive inference, where observational data are used to calibrate and validate a pre-
dictive model. This relies on the availability of specific datasets, such as the socio-
hydrological data of paired events of floods and droughts compiled by the Panta Rhei
community (Kreibich et al., 2022, 2023). The third approach—process-based SH—is
more flexible and more often implemented. It uses mathematical analysis to deconstruct
the dynamic system to unearth sets of testable causal (sub)-hypotheses that, together,
explain the emergent phenomenon. Data are then collected to individually test each
hypothesis empirically in a specific context. In some cases, this step can be carried out
using causal statistical inference that leverages natural experiments embedded within the
data-generating process. For example, Penny et al. (2020) leveraged the arbitrary nature
of water allocation rule to identify the causal effect of the Ganges Water Treaty on river
salinity in downstream Bangladesh. Lastly, insights from hypothesis testing are incor-
porated to modify or generalize the theoretical model and generate new hypotheses that
are then tested in different empirical settings, and so on (Miiller & Levy, 2019).
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BOX 2.3 Sociohydrology research in the Indus Basin

Pande and Ertsen (2014) take a deep time perspective and examine how endogenous techno-
logical and population change emerged in the ancient Indus Valley civilization in the Early,
Mature, and Late Harappan eras between 5500 BP and 3500 BP. Based on paleoclimatic record,
Pande and Ertsen (2014) argue that shifts in rain patterns and a general decrease in water avail-
ability between the Early and Mature Harappan created a gradient of increasing water scarcity
conditions between the upstream (Mediterranean climate with wet winters) and the down-
stream (monsoon climate with wet summers) parts of the basin. This favored trade and coop-
eration between the two regions and, paradoxically, allowed the Harappan Tradition to rise to
maturity even under decreasing water availability conditions. Trade surplus might have then
allowed for population growth and increased specialization and stratification of society that
favored technology development. Trade and technology, in turn, might have allowed the pop-
ulation to grow despite continuously increased water scarcity conditions, which created the
conditions for cultural collapse in the late Harappan era during a climate transition period
that was much milder than the one originally sparking cultural development. Pande et al.
(2014) encompassed these dynamics in a coupled differential equation model showing how
endogenous technological growth under increased water scarcity conditions can give rise
to the so-called pendulum swing phenomenon, an iconic sociohydrologic phenomenon where
societies cycle through alternating phases of environmental exploitation and awareness.

Wescoat et al., (2018) focus on the past 50 years and investigate how sociohydrological
processes across scales (from local irrigation arrangements to regional canal flow management
and basin-scale transboundary interactions) affect the equity and reliability of irrigation water
in Punjab. Combining qualitative historical research with quantitative analyses of flow data,
they argue that, by allocating the three eastern and western transboundary headwaters to
the exclusive use of Pakistan and India, the Indus river treaty introduces a spatial variability
in the type and characteristics of inflows. Inflows from the western rivers (allocated to Pakistan)
are driven by hydrological processes, whereas flows from the Eastern rivers (allocated to India)
mostly consist of storage surplus and irrigation return, and are therefore driven by social pro-
cesses. This discrepancy trickles down to affect the equity and reliability of canal flows down-
stream and finally the traditional institutional arrangement tasked to allocate the irrigation
water.

Penny et al. (2022) focus on the past 20 years and address the challenge of empirical attri-
bution in data-scarce conditions. The paper seeks to differentiate the natural and anthropo-
genic drivers of the recent dramatic decrease in the average flow of the Jhelum River. The
Jhelum is a transboundary headwater tributary of the Indus that flows through the Kashmir
valley, where several decades of political instabilities have impeded the systematic collection
of hydrological data. The study uses remote sensing data sources to carry out a multiple hy-
potheses assessment to reconstruct a qualitative narrative of change by independently testing
a variety of hypotheses describing changes in different components of the catchment water
balance. They found that climate, rather than land use, played a considerable role in reducing
streamflow, both through reduced precipitation and increased evapotranspiration.
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> 2.3 Water systems analysis and hydroeconomic modeling
2.3.1 Overview

Water systems analysis (WSA), and specifically a WSA approach known as HM, is the use
of combined quantitative hydrologic and economic tools to model socio-economic and
water resources interactions in order to guide water management or policy (Harou et al.,
2009). HM is a distinct methodological approach but is situated within the larger WSA
field, which encapsulates the use of a “systems” perspective in the study of water re-
sources. WSA and HM, like SH, can be seen as parts of a half-century-long evolution of
the field of hydrology, wherein the scope of data collection and modeling has grown to
include human factors and dynamics (Harou et al., 2009; Madani & Shafiee-Jood, 2020).
WSA and HM predate SH by nearly 50 years, dating back to the Harvard Water Program
in the 1960s (Maass et al., 1962). HM often (although not always) focuses on questions of
water resources management, which researchers seek to address through a combination
of hydrologic modeling and micro- and/or macro-economic modeling tools within a
simulation or optimization framework (D1 Baldassarre et al., 2019; Harou et al., 2009;
Herman et al., 2020). In part, the development of HM is a function of the ease with
which hydrologic and economic tools can be combined for the explicit purpose of
improving the management of water. Specializations within economics (valuation, de-
cision support, institutional design, finance) square nicely with needs in water man-
agement communities, and optimization approaches readily link hydrology with
mathematical representations of economic principles (Harou et al., 2009; Lund, 2015).
HM is thus situated between an environmental engineering and quantitative social
science approach (Fig. 2.2). While HM emerged from engineering and represents an
SH-like effort to synthesize tools across disciplines, the typical HM purpose (normative
system optimization vs. description of coevolutionary dynamics), modeling paradigm
(place-based systems of systems vs. generalized stylized models), and implicated time
scales are very different (see, e.g., Pande & Sivapalan, 2017). Fig. 2.4 displays the position
of HM within the considered typology, with dimensions discussed in the following
paragraphs.

2.3.2 Components

HM treats water as a resource, which can be produced, transported, or consumed; people
are typically modeled as abstractions of consumer groups or managers and are repre-
sented in the optimization and its objective. HM focuses largely on time dynamics of
engineered water systems, and methods are typically applied in settings where the spatial
scale of interactions is fixed; HM emphasizes both water and social processes, but the
targets of HM research are water systems (Fig. 2.3). The study of social processes within
HM is a means to an end—that of exploring (simulating) or optimizing the value
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Figure 2.4 Typology placement for hydroeconomic modeling (HM): (a) components; (b) paradigm;
(c) perspective; (d) aggregation.

generated through the management of a water system, and therefore HM leans toward a
focus on water rather than social processes. HM seeks to capture major hydrologic and
engineered components of a water system, over its spatial (regional) and temporal (days
to decades) domain, including surface water and groundwater stocks and flows, and
surface and groundwater water infrastructure features (Harou et al., 2009; Lund, 2015).
Social (i.e., in this case, economic) components include water demands, operating costs,
and operating rules (Harou et al., 2009; Lund, 2015). HM temporal domains range from
days to decades, and time steps depend on the management question of concern; rep-
resentations may be continuous or discrete, with water storage components (e.g.,
reservoir) imposing dependence across time. HM spatial domains may range from the
distribution network of a single reservoir to groups of countries; typically, the domain is
regional, and hydrologic basins commonly dictate spatial domains and the size of asso-
ciated populations. HM may involve models that are spatially aggregated, semi-
distributed, or fully distributed; the typical HM approach is semidistributed modeling,
with both hydrologic and economic features aggregated in space to some extent. In
spatially semidistributed or distributed HM research, economic demands are associated
with the location of water resources and water infrastructure features and have associated
costs and benefits. Thus, HM can incorporate spatial features of both the physical hy-
drologic and economic systems as an abstracted network.
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2.3.3 Paradigm and perspective

HM is inherently descriptive in the sense that the construction of hydroeconomic
models requires data collection and synthesis (aggregation and parameterization) of
hydrologic and social information; however, the practice of HM is more prescriptive and
therefore edges toward normative. HM seeks to understand options and choices for
optimal water system management for improving system efficiency, where an efficient
system might be conceptualized as the management or policy structure that results in the
highest water-derived value subject to water input and cost constraints. HM does not
seek to question standard definitions of efficiency (hydrologic or economic), and
therefore is not entirely normative. Similarly, while HM is inherently generative in the
sense that construction of HM models requires it to be—basin hydrologic and economic
histories and structure must be known to effectively design an HM model—the objective
of HM is not generative. HM applies the existing economic theory. The focus of HM is
prediction or generation of simulated or optimized realizations of the hydroeconomic
system that can be used to guide management or planning decisions. Contemporary
dynamic planning approaches to HM efforts additionally attempt to incorporate multiple
sources of physical and socio-economic uncertainty into prediction (Herman et al.,
2020).

2.3.4 Aggregation

HM design may account for spatial variability in system components (inputs), but HM
exercises generally rely on some level of spatial aggregation (water sources and demand)
in modeling exercises. Temporal aggregation levels are highly case-specific. Temporal
domains (time periods simulated/predicted by models) generally range from days for
operation models to decades for planning models. Temporal discretization (time steps for
model runs) depends on the HM focus: reservoir operations for hydropower generation
may require daily or subdaily time steps, while a weekly to annual time step might be
appropriate for a modeling application for water storage planning (Denaro et al., 2017).
Where HM research is focused on understanding and optimizing long-term water
management and policy choices, HM temporal discretization and domain may be on the
scale of years to decades (Herman et al., 2020). Thus, distributional considerations
within HM are primarily limited to the temporal domain.

2.3.5 Methods

In HM, simulations of water allocation or management options are interpreted with
respect to the economic value of water. Economics offers a flexible economic concept of
water value, wherein water demand quantities and types of use change the value of water,
rather than the value of water as static and determined by concepts of fixed water rights
or allocations—a typical framing in the water resources management sector (Harou et al.,
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2009). In the HM framing, uses of different quantities of water at different points in time
can have different values, and therefore water management (e.g.,. reservoir operations,
policy incentives) can be designed such that allocation of water is based on maximizing
the value generated by that water—not just cost-minimizing or profit-maximizing
within a specific water-use sector. This implies the use of many-objective optimiza-
tion tools (e.g., Kasprzyk et al. , 2013; Yoon et al. , 2021) and a game theoretical
modeling framework (e.g., Madani, 2010; Mullen et al., 2022) to identify and mitigate
externalities and other sources of market imperfections. HM is therefore a central tool in
[WRM (e.g., Geng & Wardlaw, 2013; Calizaya et al., 2010). On the hydrology side, HM
relies on mass balance (watershed hydrology and water budget accounting; spatially
distributed hydrologic modeling); on the social science side, popular HM approaches
rely on microeconomic utility theory. To couple these tools, HM employs simulation or
optimization approaches. While some of these same approaches are employed in SH,
HM is distinct from SH in that applications typically retain legibility to a water man-
agement audience through the use of standard disciplinary (physical hydrologic and
economic modeling) tools.

BOX 2.4 Hydro-economic modeling research in the Indus Basin

Yang et al. (2016) used a “hydro-agro-economic” model called the Indus Basin Model Revised-
Multi Year (IBMR-MY) to evaluate the effect of water allocation policies, new infrastructure, and
climate change on water and energy use in the Indus River Basin. The IBMR-MY aggregates
variables to LS (100s of km) agro-climatic zone spatial units within four provinces of Pakistan;
uses a node-link system to represent river and canal networks; employs zone-level surface wa-
ter budget accounting and a simple groundwater balance module; uses a zone-level demand-
supply curve to describe agricultural consumption and production; and includes an energy
module to estimate agricultural energy use. Consistent with planning-focused HMs, the
IBMR-MY was run using a monthly time step over a multiyear period and maximized the
net economic benefit of water used for crop and hydropower production. The IBMR-MY
used relatively coarse spatial aggregation, lacked a detailed representation of groundwater
and energy markets, and omitted demographic feedback. Nevertheless, results highlighted
concerns for subsequent research: flexible surface water allocation appeared to bolster agricul-
tural and energy production, but also increased interannual water supply variability.

In a more recent effort that combined LS hydrologic modeling (see below) with an HM-like
engineering-economic modeling approach, Vinca et al. (2021) conduct an integrated climate,
land, energy, and water (CLEW) analysis for the entire Indus Basin, with a focus on the role of
international collaboration in achieving sustainable development goals. Vinca et al. (2021) use
a modeling framework (“NEST”) that linked a spatially distributed (8 km gridded) and daily
time step hydrologic model (CWatM) to a systems optimization model (MESSAGEix) that rep-
resented resource (e.g., water and energy) consumption and constraints of technologies or
processes (e.g., agricultural production) within spatially aggregated basin units and monthly
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time steps. The NEST framework also used spatial node-link networks and was run over a
period of decades (2020-2050). This framework is HVM-like in the sense that it links physical hy-
drologic and economic (e.g., cost and constraint) model components within an optimization
framework. However, the MESSAGEix component is more broadly engineering-focused; pro-
cesses are characterized by input/output efficiencies and environmental impacts (e.g., GHG
emissions), an approach typically employed in energy system analyses. Additionally, modeling
scenarios were based on predetermined global climate modeling narratives (representative
concentration pathways and shared socio-economic pathways). Despite the model frame-
work’s novel quantification of benefits that might be derived from international cooperation
on sensitive shared resource issues, including but not limited to water resources, the frame-
work still lacked a sophisticated representation of surface and groundwater interactions,
detailed representations of market and trade mechanisms, and political and socio-cultural
feedback. These Indus Basin examples demonstrate that such limitations are typical for HM
and HM-like models and are particularly salient for longer-term planning interests.

Figure 2.5 Typology placement for economics (EC): (a) components; (b) paradigm; (c) perspective;
(d) aggregation.
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2.4 Economics
2.4.1 Overview

Frameworks from neoclassical economics generally rely on utility maximization prin-
ciples to understand how agents (individuals, households, firms, and institutions) make
decisions that can influence water systems, and vice versa. Agents seek to maximize the
utility that they generate from water resources, which can be quantified by under-
standing demand. However, their decisions are constrained by limited resources
(including water), which can be constrained by understanding supply. Three specific
subfields of neoclassical economics deal with human—water interaction. Environmental
economics seeks to evaluate policy interventions associated with the environment,
including water resources. A key challenge lies in the valuation of nonmarket benefits
(and costs) associated with water. General equilibrium analyses seek to understand the
implications of water as a production factor on the stability and growth of the economy as
a whole. Political economy seeks to identify and address market failures that give rise to a
suboptimal allocation of (water) resources. Common failures are due to water being
perceived as a common pool resource (CPR) (or public good). Such resources can be
depleted (rivalry), but agents cannot be prevented from accessing them (nonexclud-
ability). These conditions give rise to externalities: costs associated with individual water
consumptions that are passed on to the community. Unless users are compelled to pay for
these externalities, the resource becomes depleted. A classic example is an unregulated
groundwater basin (Miiller et al., 2017; Negri, 1989; Provencher & Burt, 1993). Note
that we include under the broad umbrella of EC all the branches of economics that imply
utility maximization. However this utility might be defined. In some cases, the definition
of utility is broadened beyond growth or profit and might include nonmonetary con-
cepts like wellbeing (Stutzer & Frey, 2010), equity (Tinbergen, 1957) and happiness
(Frey & Stutzer, 2010). Fig. 2.6 displays the position of economics within the considered
typology, with dimensions discussed in the following paragraphs.

2.4.2 Components

Neoclassical economics is an individual-centered approach, which treats water as a
resource that acts as an input into processes that produce human wellbeing. However, the
three approaches mentioned above differ in the details. In environmental economics,
people are independent agents, making rational decisions concerning the resources
available to them. Water is one of these resources, and can be characterized by many
different attributes, including its quality, quantity, cost to access, excludability, and rivalry
(e.g., one person’s consumption diminishes the amount available for others). Space and
time are both sources of heterogeneity or variation: an intervention or shift could apply
to just one region or only decisions made after a certain moment. General equilibrium
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studies treat water as a limited resource or commodity. It serves as a production fac-
tor—an input to industrial processes or household welfare where people are consumers
and laborers exchanging their labor to industries for money to be used to buy con-
sumption goods. Space is discretized over regions where economic data are availa-
ble—sometimes as countries or food-water basins.

Time is usually outside the system, as an index on exogenous inputs. Political
economy treats water as an object of contention, about which decisions need to be made.
People are typically multiple decision-making agents (e.g., policymakers, parties, and
countries). Space is often not considered, and time is the iterative process of repeated
games played by the agents. While political economy generally treats decision-makers as
rational (or limited-rational) agents—and as such somewhat independent of their
environment—it also recognizes that possible decisions and their consequences are
deeply dependent upon preexisting institutions. Water management institutions consist
not only of individual managers and legal requirements but also of relationships, ex-
pectations, conflict resolution practices, and disconnects between plans and reality.

2.4.3 Paradigm and perspective

Neoclassical economics aims to evaluate current and potential future states of affairs
while being always grounded in human choices. Conventionally, economists favor
scenarios and policies that result in increased net benefits, which represent improvements
in economic efficiency. Efficiency is typically either described using Pareto efficiency
(nobody’s utility can be further increased without impinging on somebody else’s utility)
or Kaldor—Hicks efficiency (the sum of everybody’s utility is maximized). However,
much of the work involved in improving efficiency depends on understanding people,
their values, and the effects that their context or surrounding systems have on them (e.g.,
Bertassello et al., 2021). Regarding perspective, economics starts with the world as it
currently is, as represented by actual decisions and preferences. It relies on the generative
assumption that an observed situation emerges as an equilibrium that may or may not
maximize social welfare. Environmental economics then seeks to identify and address
potential market failure that gave rise to a potentially suboptimal equilibrium. Envi-
ronmental economics also has a robust statistical inference branch, based on econometric
methods. Since statistical approaches are applied to observed data to build these models,
they are strongly grounded in the status quo.

2.4.4 Aggregation

While heterogeneity in both space and time is a pervasive feature of the world—and an
important input into environmental economic methods—the goal of research is usually
focused on understanding some kind of average (e.g., a mean valuation or a central
elasticity). This tension emerges from the fact that the unit of analysis is often the
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individual (or the stakeholder group) and their decision, whereas the subject of study is
often system-level efficiency (whether Pareto or Kaldor-Hicks). An unresolved chal-
lenge is how to combine efficiency goals with distributional concerns in a unified
analysis. For example, conventional cost-benefit analysis often relies on the Kal-
dor—Hicks criterion—that a policy is desirable if those who benefit are made better oft by
an amount that is large enough to compensate those who stand to lose. Note that this
compensation need not actually be paid, and alternative decision criteria might better
address harms faced by some stakeholders. In the time domain, and with notable ex-
ceptions, economic models generally describe long-term steady-state equilibria. Because
they rely on steady-state assumptions on the nature of costs and benefits (e.g., utility has a
constant parametric form), economic approaches are best suited for evaluating incre-
mental changes in attributes of water resources, rather than the dynamic effect of
disruptive shocks.

BOX 2.5 Economics research in the Indus Basin: Water availability and
wellbeing

Duflo and Pande (2007) examine the effect of large irrigation dams on agricultural productivity
and poverty by applying a quasi-experimental research design. The challenge in analyzing a
causal effect is related to endogeneity. Simply comparing outcomes in locations with and
without dams presents the issue that areas with more dams are likely to have greater potential
for agricultural production. To address this, they create an instrumental variable that exploits
the fact that a location’s suitability for dam siting is influenced by river gradient. Lower river
gradients are more suitable for irrigation dams. They find that districts that are downstream
from a dam experience increased agricultural production and reduced rural poverty. In
contrast, districts where the dam is built have no change in productivity, while rural poverty
increases. This increase in poverty in the dam’s district is largely relative to poverty declines
in downstream districts. They conclude that dam construction has distributional impacts;
adverse effects do not appear to be compensated for by government or markets. Similarly, Bla-
keslee et al. (2020) use a quasi-experimental research design to assess the effects of ground-
water scarcity in India on farm income and wealth. Establishing a causal effect is complicated
by the fact that agricultural activity can be closely associated with groundwater availability.
However, in their study site of Karnataka, they exploit exogenous variation in groundwater
availability due to a fractured bedrock aquifer; considerable spatial variation in supply has
only become apparent in recent years due to declining water levels. Findings indicate that
declining groundwater levels cause a persistent reduction in farm income and, subsequently,
loss of wealth.
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Figure 2.6 Typology placement for ecological economics (EE): (a) components; (b) paradigm; (c)
perspective; (d) aggregation.

2.4.5 Methods

Three methodological features of neoclassical economics are particularly relevant in their
association with water resources. First, the field relies on mathematical formalism to
describe agents’ decisions. Expected utility is generally modeled as a parametric function
of resource consumption, with probabilities (e.g.,. associated with uncertainties and
climate variability) used as weights. It is then optimized analytically under resource
constraints (also expressed as analytical functions) using Lagrange multipliers. This
approach allows one to characterize market failures and misaligned incentives in a
generalized analytical framework, for example, using equilibria notions from game
theory. Second, the field has developed an extensive statistical toolbox to evaluate
theoretical predictions using observational empirical data. In particular, approaches based
on linear regressions leverage quasi- and natural experiments to infer causal (rather than
correlational) relationships in situations where controlled experiments, such as ran-
domized controlled trials, are not feasible (see discussion in Miiller & Levy (2019)).
Third, a key challenge in environmental economics is that there typically are no real-
world markets for many environmental attributes, including those associated with wa-
ter resources. To address this, economists have developed techniques for nonmarket
valuation, which can be categorized as revealed or stated preferences. Revealed
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preference methods rely on observable choices that allow the value of water resources to
be inferred. Commonly used revealed preference techniques include travel cost, averting
cost, and hedonic valuation methods (see Boyle (2003)). For example, an individual
might pay more for a house in a location with cleaner lakes and rivers. Hedonic valuation
approaches seek to estimate this premium to infer the imputed value of ambient water
quality. In contrast, a stated preference approach directly asks individuals about their
willingness to pay, using contingent valuation surveys or choice experiments (see Kroes
and Sheldon (1988)). While stated preference methods have received criticism for
creating hypothetical markets, there are few alternative approaches for evaluating nonuse
values such as the value of biodiversity or species existence.

/ 2.5 Ecological economics and social metabolism
2.5.1 Overview

EE is an interdisciplinary field focused on understanding the biophysical roots of the
economic process (i.e., the role of energy and material resources, including water, in
sustaining socio-economic systems) (Martinez-Alier & Schliipmann, 1994). Ecological
economists argue for the incommensurability of values and for the need of nonmonetary
valuation tools (Martinez-Alier et al., 1998). In this context, social metabolism is a
widely applied analytical framework for characterizing and quantifying energy and
matter exchange between societies and their environments (Fischer-Kowalski, 1998). In
an analogy with biological metabolism, social or societal metabolism assumes that
different types of societies require different qualities and quantities of natural resources
for maintaining their structures and functions (Giampietro et al., 2014). Bridges between
social metabolism with political ecology of water (see next section) consider not only the
material but also the political dimensions of water flows in societies. This mixed line of
research focuses on how changes in socio-metabolic configurations, such as the building
of a dam for hydropower supply, give rise to ecological distribution conflicts and
environmental justice movements (Scheidel et al., 2018). Fig. 2.8 displays the position of
EE within the considered typology, with dimensions discussed in the following
paragraphs.

2.5.2 Components

Social metabolism analyses water as flows of different characteristics (quantity, quality,
location, or temperature) that connect human and biophysical processes (Cabello et al.,
2015; Madrid et al., 2013). Yet, the emphasis is placed on the input-output of human
water uses rather than on water system dynamics. Hydrological behavior is usually
averaged to understand the pool of water resources available for diverse societal purposes
and the environmental impacts derived from withdrawals and wastewater discharges.
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BOX 2.6 Ecological economics research on water uses in the Indus Basin

Gerbens-Leenes and Hoekstra (2012) examine the green, blue, and gray water footprint (WF) of
sweeteners and bioethanol from sugarcane, beet, and maize in the main producing countries.
For this purpose, they first calculate ratios of soil water evapotranspiration, irrigation, and ni-
trogen leakage per crop and country. Second, they allocate those ratios into the subsequent
products, sweeteners, and bioethanol, according to a value fraction method (defined as the
ratio of the product with an economic value to the aggregated market value of all products
obtained from the crop). Their results show the Indus Basin as a global hotspot for blue WF
consumption associated with sugar cane irrigation linked to both bioethanol and sugar pro-
duction. Finally, they evaluate the environmental sustainability of such production. They calcu-
late that a large fraction of the Indus has a water withdrawal-to-availability ratio of 90%—100%,
meaning that nearly all available blue water is consumed for irrigation with only a small frac-
tion draining to the Arabian Sea. They conclude that large WFs for sugar cane pose heavy
water stress and negatively impacts sustainability in the Indus Basin. Madrid-Lopez and
Cadillo-Benalcazar (2014) apply the MuSIASEM accounting framework to assess the water-
food-energy nexus of grain production in Punjab State. They develop a multilevel analysis
that connects household activity and agricultural production to the socio-economic and envi-
ronmental context of Punjab, the whole country of India, and the international scale. They
show that most of the Punjab’s grain (mostly wheat and rice) feeds a national pool and is sus-
tained by a governmental minimum support price that ensures farmers’ livelihood. At the
same time, the government heavily subsidizes electricity for agricultural activities, which
amounts for 10% of total energy used in the state. Such public support has enabled the inten-
sification of agricultural activities and a great expansion of groundwater use and overdraft.
Whereas grain exports are minor as compared to national consumption, the international level
is relevant in the remittances received from abroad by local households. Altogether, they
argue that this metabolic pattern stabilizes the peculiarity of having both a high GDP per cap-
ita and a large contribution of the agricultural sector to this GDP (30%), something rare in other
states of India and other similar countries.

Spatially explicit analyses are common in water flow accounting (albeit not a strict
requirement because the framework follows a conceptual system analysis rationale).
Time dynamics is mostly not addressed, being snapshots of input and output fluxes that
are often aggregated at the annual scale. Date availability and quality often constrain the
production of reliable time series at subannual time scales

2.5.3 Paradigm and perspective

Different strands of social metabolism range from descriptive to normative and critical
goals. Ultimately, the field of EE shares the critical goal of questioning the market-based
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Figure 2.7 Typology placement for large-scale hydrology (LS): (a) components; (b) paradigm; (c)
perspective; (d) aggregation.

assumptions of neoclassical economics and proposing alternative economic analyses that
properly address social inequalities and environmental degradation. As a quantitative
analysis framework, social metabolism is rather generative in its attempt to describe the
current structure of socio-economic systems. Its dealing with the future aligns with
anticipation theory in the sense that predictions of the future (albeit uncertain) can
legitimately be used to inform present decisions (Poli, 2017).

2.5.4 Aggregation

Social metabolism and EE focus on distributional aspects of resource extraction and
exploitation mostly by addressing their spatial patterns. Whereas some authors strive for a
historical perspective (De Molina & Toledo, 2014), this is often constrained by data
availability, and temporal dynamics tend to be averaged.

2.5.5 Methods

The most standardized methodologies for water use accounting are the virtual water
(Allan, 2011) and the tricolored water (Hoekstra and Chapagain, 2007, 2011). While the
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former refers to the embedded water content of trade products, the latter expands this
indirect water use to the direct water consumption from water bodies, the soil, or in the
form of polluted water. These indicators have been extensively applied to understanding
patterns of water use by both consumers and producers within and across countries. The
Multiscale Integrated Analysis of Social and Ecological Metabolism (MuSIASEM,
Giampietro et al.,, 2014) is another methodological framework that applies a social-
ecological perspective to water flow analysis. Its main strengths lie in its capacity to
interlink water with other resources such as energy, food, land, or hours of human labor
and its suitability for mixed-method research (Cabello et al., 2021).

/ 2.6 Large-scale hydrological and land surface models
2.6.1 Overview

A significant subfield of hydrology focuses on modeling the spatial distribution of water
resources at a large (regional to global) scale and its evolution through time. These efforts
fall along two broad categories of models. Large-scale hydrological models (LHMs) were
developed to assess the demand, use, and availability of water resources at the regional to
global scales, and their association to anthropogenic land and water management prac-
tices (Wada et al., 2017). LHMs are used, for instance, to attribute hydrological extremes
(loods and droughts) to human and natural processes, to evaluate human impact on
(average) water availability and stress, and to model the long-term depletion of
groundwater resources. In contrast, land surface models (LSMs) are generally used to
represent the terrestrial component of fully coupled earth system models (Pokhrel et al.,
2016). They are generally coupled with atmospheric circulation models and are used, for
example, as lower boundary conditions to global climate models. Fig. 2.5 displays the
position of LS within the considered typology, with dimensions discussed in the
following paragraphs.

2.6.2 Components

LHM and LSM (which are jointly designated as LS in the typology) both focus on the
quantitative representation of physical processes and the prediction of water resources
fluxes and volumes over large spatial scales. The (recent) incorporation of human pro-
cesses arises from the need to represent the increasingly salient effects that human ac-
tivities have on the global distribution of water resources. Both classes of models focus on
three specific types of human interventions—irrigation, reservoir operations, and
groundwater mining— which are deemed most amenable to influence large-scale water
distribution (Pokhrel et al., 2016). Irrigation accounts for the lion’s share of consumptive
water use and feeds back into the atmosphere through its effect on soil moisture and
evapotranspiration, and ultimately affects precipitation patterns. Reservoir operations
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affect the availability and variability of blue water resources over large spatial and tem-
poral scales through their effects on streamflow. By transferring large volumes of water
from long-term storage to the active hydrological cycle, groundwater mining has long-
term effects on the spatial and temporal distribution of water resources. Reservoir im-
poundments and groundwater pumping over long time scales have both been found to
have a measurable impact on sea-level change (Wada et al., 2016) and can substantially
alter regional precipitation patterns (Degu et al., 2011). These three types of human
interventions are generally modeled through well-constrained optimization rules with
predetermined and invariable objective function (Wada et al., 2017). For instance,
irrigation withdrawals are determined so as to cover soil moisture deficit conditional on
water availability (Pokhrel et al., 2012). Reservoir operations are determined by irri-
gation withdrawals, by the minimization of flood peaks, or by the maximization of
hydropower production, depending on the specific, unique, and predetermined purpose
of the reservoir (irrigation, flood control, or hydropower (Hanasaki et al., 2000)). These
restrictive assumptions have important implications on the models’ ability to predict
human—water interactions, as further discussed below under “methods.” In contrast to
human processes, hydrological processes are represented differently by the two types of
approaches, owing to their distinct objectives. LHMs are generally focused on the ac-
curate simulation of blue water resources for policy and management purposes. Earlier
models focused on the long-term average availability of renewable water resources (Doll
et al.,, 2003). They generally focused on long-term average streamflow, making no
distinction on whether impacts on that variable arise from direct river diversions or from
pumping from shallow aquifers. In later analyses, groundwater mining was estimated
implicitly as water use in excess of renewable water availability (Hanasaki et al., 2010).
Recent efforts focus on a more realistic representation of surface water—groundwater
interactions to represent the effect of groundwater withdrawal on streamflow (e.g., De
Graaf et al., 2017). However, LHMs typically do not explicitly solve the surface energy
balance, but instead employ model parameters that can be tuned to match the simulated
discharge with observation over daily or longer time scales (Wada et al., 2017). In
contrast, LSMs are intended to be fully coupled with global circulation models and must
accurately describe the exchange of energy, heat, and momentum between the land
surface and atmosphere. They are typically run over much shorter (sub-daily to sub-
hourly) time steps in order to capture diurnal patterns that are critical to resolve the
energy balance on land (Pokhrel et al., 2016).

2.6.3 Paradigm and perspective

LHM and LSM are both intended to describe the behavior of the system (either the
hydrologic system or the fully coupled earth system) to inform policy and operational
management decisions. However, they are not normative in the sense that they (a) do not
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directly prescribe a course of action (unlike, e.g., hydroeconomic models), and (b) they
do not provide insight on what principle should guide the determination of that course
of action (unlike, e.g., political ecology). LHMs and LSMs seek to predict the evolution
of the system under future potential forcing scenarios. The two classes of models differ in
the number and types of variables that are considered exogenous. LSMs put a stronger
emphasis on capturing the dynamics and physical processes of the current system
(Pokhrel et al., 2016), whereas LHMs might be more prone to relying on calibrated
parameters to maximize the fit to observed streamflow (or groundwater levels) (Wada
et al.,, 2017). However, neither class of models puts a strong emphasis on seeking to
explain how the current system was formed by past processes.

2.6.4 Aggregation

LHM and LSMs both fit in the center of the space aggregation spectrum because (a) they
are gridded models intended to represent the spatial distribution of water resources, but
(b) they do not seek to resolve heterogeneities within their predetermined (and generally
coarse) grid cells. Yet the two classes of models arguably diverge in the time aggregation
spectrum. LHMs are generally focused at determining long-term averages and their
evolution under changed climatic and anthropogenic forcing (Wada et al., 2017),
although it is worth noting that a substantial subset of LHMs are used to evaluate and
attribute hydrological extremes (e.g., Wanders & Van Lanen, 2015). In contrast, LSMs
resolve the water and energy balances over much smaller time scales and are explicitly
used to simulate hydrometeorological extremes (Pokhrel et al., 2016).

2.6.5 Methods

LHMs and LMSs are anchored within the methodological traditions of the geosciences.
Models are governed by fundamental principles of conservation (mass, energy, and
momentum), expressed in differential equations that are coupled in time and space.
Processes that are not explicitly depicted as differential equations (e.g., energy balance for
most LHMs) are represented phenomenologically as parametric functions within the
remaining differential equations. The dynamic system is then solved numerically, and its
predictions are compared to observed equivalents to calibrate free parameters, leveraging
the arsenal of data assimilation tools available in hydrology and earth system science. This
procedure points to two key constraints when it comes to modeling human—water in-
teractions (Wada et al., 2017): models of human processes should be (a) compatible with
the form (coupled difterential equations) and resolution of the geophysical model and (b)
rely on first principles that are invariable in space and time. These constraints explain the
current focus on using rule-based optimization to represent irrigation and reservoir
operation as parametric functions used to couple the differential equations of the
geophysical model (very much like the “simplified” geophysical processes). While
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effective at providing first-order estimates of the short-term behavior of the system, this
approach has three important limitations that are at the forefront of recent LMH and
LSM research (see Pokhrel et al., 2016; Wada et al., 2017). First, it misses endogenous
social response over longer space and time scales. This includes, for instance, changing
social values (time) and land use change in response to changing water conditions (space).
“Prediction of water cycle dynamics over long timescales is not feasible without
including the interactions and feed-backs with human systems” (Wheater & Gober,
2015). A model predicting the eftect of hydroclimatic change will need to incorporate
changes in land and water management that emerge of societies’ attempt to adapt to these
changes (e.g., by practicing deficit irrigation). Second, water management often implies
the simultaneous consideration of multiple objectives. For example, a reservoir that is
primarily used for irrigation can also simultaneously be used for flood control or hy-
dropower production. The weights assigned to these often contrasting objectives are
often context-dependent and time-specific, and their effect is poorly represented by the
exogenous parametric functions generally used in LHM and LSM (Pokhrel et al., 2016).
Third, strategic behavior and market imperfections can introduce social dilemma that are
poorly represented in LHM and LSM, which often assumes that the human processes
within the system operates “optimally”. For example, pumping cost externalities (the
effect of groundwater use by one farmer on the other farmer’s pumping costs) incentivize
farmers to pump more groundwater than what would be necessary to maximize the
value of irrigation (Penny et al., 2021). While SH and hydro-economics are promising
avenues to address these three shortcomings, they fall short in terms of scale discrep-
ancies: SH and HM are ultimately (for now) place-based studies that struggle to
generalize local insights and estimates to the global scale. The absence of generalized
theoretical principles governing human—water interaction and a general dearth of global-
scale sociohydrologic data makes it currently difficult to scale place-based advances made
by SH and HM to global-scale LHM and LSMs (Wada et al., 2017).

> 2.7 Physical Geography and Spatial Science
2.7.1 Overview

While space is a key feature of any CWHS, physical geography treats the social-physical
co-created space as the core object of interest. The underlying framework of physical
geography is landscape mapping, by collecting and analyzing geolocated information
about water resources, human-built infrastructure like canals, reservoirs, and pumps, and
the communities served by them. This work is correspondingly “place-based”: the
research questions generally concern how a water is situated within a particular region,
or how it has emerged there over time and space. A related branch of geospatial science is
studied under the heading of generative social science. Most social science takes the
human system or CWHS as given and studies the effects of environmental or policy
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BOX 2.7 Large-scale hydrology research in the Indus Basin

Felfelani et al. (2017) combine remote sensing and large-scale modeling approaches to attri-
bute changes in terrestrial water storage to human or natural drivers throughout the Indus Ba-
sin. Gridded remotely sensed estimates of terrestrial water storage are obtained from the
Gravity Recovery and Climate Experiment, a NASA satellite mission able to infer changes in
terrestrial water storage by measuring changes in gravitational characteristics of the earth sys-
tem. Terrestrial water storage estimates are then used to separately calibrate two large-scale
numerical models (one LSM and one LHM) that capture human and natural forcings on the
hydrological cycle. In particular, both models capture the effect of groundwater abstraction,
reservoir retention, and irrigation on terrestrial water storage. Attribution is assessed through
predictive inference, where the processes associated with the considered anthropogenic
drivers are “switched off” in the models. The causal effect of the driver is then determined
by comparing the simulated terrestrial water storage with and without the corresponding
modeling component. The study identified the Indus Basin as a hotspot of human-induced
loss in terrestrial water storage through groundwater irrigation.

Figure 2.8 Typology placement for physical geography and spatial science (PG): (a) components; (b)
paradigm; (c) perspective; (d) aggregation.
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changes. An alternative approach, generative social science, argues that our under-
standing of social systems should be able to explain how these systems originated and
combines ecology and environmental geography. Generative social science focuses on
space and on explicitly complex spatiotemporal interaction to characterize emerging
behavior. This approach is naturally compatible with agent-based modeling methods
(Castilla-Rho et al., 2015), where the emergent consequences of simple behavioral rules
can be studied in simulated settings. A classic example of this approach is the model
described in Janssen (2009), which is aimed at describing the settlement of the Prehis-
toric American Southwest, where water availability plays a central role. Fig. 2.7 displays
the position of physical geography within the considered typology, with dimensions
discussed in the following paragraphs.

2.7.2 Components

Physical geography treats water as a collection of landscape features (e.g., rivers, lakes,
soils, and irrigation-equipped land) and people as the forces behind human-built
infrastructure and other landscape modification (e.g., land use, cities, and population
density); space is represented on a geospatial grid, with a resolution of meters to 10s of
kms and a range of kms to the globe; time is often not included (that is, a snapshot in time
is studied), except as part of the implicit behind the formation of landscapes. For
example, agent-based models typically represent water as a feature of a landscape (e.g.,
proximity to a river); many individual people or households are represented as inter-
acting agents; space is most commonly represented on a grid where landscape features
and people interact, and generally fairly local (a single community’s land); and time is
discrete spanning decades to centuries.

2.7.3 Paradigm and perspective

The goal of physical geography is ultimately descriptive: to reveal structural features of
the world as it is and to explain their logic. In many cases, the motivation for these
descriptions is normative, highlighting structural problems and inequalities, and the
consequences of historical mistakes. However, the normative framing is not the object of
study, and often borrowed from other fields of social science. Physical geography is
typically not predictive; it is focused on manifestations of history or present conditions in
the present day.

2.7.4 Aggregation

Physical geography is interested in describing heterogeneity at one instant in time. While
in some cases, this has an explicit goal to understand inequity, it is more common to
think of the project of a geography study as trying to elucidate spatial relationships
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BOX 2.8 Physical geography research in the Indus Basin

Many aspects of the physical geography of the Indus Basin are relevant to understanding it as a
CHWS: its topography and land cover patterns; the configuration and attributes of its rivers,
canals, and reservoirs; and the location of population centers, agriculture, and other demands
on water resources. These social and physical features have coevolved, and their arrangement
can explain the underlying logic of that coevolution. Land use changes in the Upper Indus Ba-
sin reflect the complex interactions between changing water availability (Biemans et al., 2019),
economic opportunities, and population growth, with the aggregate effect of increasing irri-
gated land (Nusser et al., 2012). Even the structure of the river has changed in areas to remove
braiding by reinforcing embankments and through large-scale diversions (Nusser et al., 2012).
Water management in the Basin occurs at multiple spatial scales (household, provincial, and
national), and important interactions exist between large-scale decisions and local-scale action
(Wescoat et al., 2000).

However, detailed spatial information on the environment and populations spanning the
Indus Basin is incomplete. Remote sensing and the tools of Geographic Information Systems
(GIS) provide a powerful lens on the changing geography of the basin. Satellites provide high-
resolution data on physical and social environments, and GIS facilitates its translation into
maps and metrics reflecting its history and future and its associated hydrological challenges
and opportunities. By combining satellite data with ground information and machine learning
techniques, land use and land cover types (Cheema & Bastiaanssen, 2010) and water availabil-
ity (Forsythe et al., 2012) can be determined in forms that are both socially and hydrologically
relevant. When further combined with meteorological records and crop management informa-
tion, these can describe water stress and agricultural outcomes (Masud & Bastiaanssen, 2017).

between things. This is particularly true for CHWSs, as these consist of both people and
the natural environment, each shaping the other.

2.7.5 Methods

Classic physical geography methods include mapping, often under the broader meth-
odological heading of GIS, and spatial statistics. Here, mapping refers not only to rep-
resenting space but also the process of bringing together many different types of spatial
data. Information contained in these data needs to be understood in the light of multiple
layers, beyond what can be shown on any single map. GIS is a suite of tools and methods
for managing and displaying these multiple forms of spatial data. The core datum in GIS
is a labeled geolocation, which may itself be part of a larger structure like a path (e.g., a
river) or a polygon (e.g., a basin). GIS tools manipulate these data and extract features of
interest. This process is increasingly facilitated by machine learning algorithms,
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particularly in the context of satellite image classification. Studies that look at larger areas
try to continue to do so at high resolution, and this is where spatial statistics comes in.
Spatial statistics are a wide-ranging set of methods (algorithms) to analyze the attributes
of spatial data. Some common attributes of interest are spatial correlations like Moran’s I
and descriptions of spatial heterogeneity. The core tool of most generative social science
is the agent-based model since it allows behavioral assumptions and interactions to play
out across space. Agent-based models consist of many acting units (agents), which make
decisions based on their local environment and community. The behavior of the agents is
usually fairly simple: humans are typically rule-based or utility-maximizing agents. Like
SH, the purpose is to identify conditions associated with particular equilibria and/or
emergent phenomena, rather than to forecast specific system states at particular times.

2.8 Critical geography
2.8.1 Overview

CG encompasses several complementary and sometimes overlapping paradigms that can
be classified in the typology considered in this chapter: political ecology, the hydrosocial
cycle, multiple ontologies of water, and water justice.

The field of political ecology has emerged in response to apolitical studies of envi-
ronmental phenomena and natural hazards, which reduced environmental concerns to
problems of overpopulation, scarce resources, and poor environmental management or
lack of environmental knowledge. The field worked to develop explanations of—among
others—famines, environmental pollution, or water scarcity that account for the cho-
reographies of power and the related processes of marginalization and accumulation,
colonial and racial capitalism that generate uneven distribution of environmental
“goods” and “bads” across social groups, intraurban spaces, and regions (Heynen et al.,
2006; Perreault, 2014; Zwarteveen et al., 2017).

Building on these ideas, the hydrosocial cycle has focused on “socio-natural processes
by which water and society make and remake each other over space and time” (Linton &
Budds, 2014). The framework critiques mainstream hydrology for depicting water as
separate from social relations and for assuming that solutions to water problems lie strictly
in technoscientific and hydraulic realms. In contrast, the hydrosocial cycle insists that
different waters are constituted by different histories, socio-cultural practices, political,
and power relations. For example, the brine extracted from salt flats for lithium pro-
duction in the Atacama desert is not legally considered water according to Chilean
regulation, but very much considered water by the Indigenous communities that
perceive lithium mining activities as processes by which water is mined and commod-
ified (Jerez et al., 2021). The hydrosocial cycle framework views water and social power
as related internally, and therefore as hybrids rather than distinct dynamics situated in
either nature or society (Wesselink et al., 2017). Water, by the hydrosocial framework, is
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embedded in social relations rather than merely an external, material object for society’s
use, control, and management. In the study of society-water relations through a
hydrosocial framework, core questions of interest are the dialectical and relational pro-
cesses through which water is both shaped by and shapes social relations of power, more
so than simply how water and society affect one another. The hydrosocial cycle allows
the interrogation of social and power relations and the historical and geographical
processes configuring how water is produced, allocated, and distributed, and how
different knowledges of water are constructed, produced, and made known (Linton &
Budds, 2014; Schmidt, 2014).

Related to this notion is the emerging framework of multiple ontologies of water,
which emphasizes how different cultures, religions, and societies attribute different
meanings and values to water. The importance of this work for hydrological and soci-
ohydrological research lies in the understanding that different meanings of and claims on
water also generate different functional engagement with water resources at different
spatial and temporal scales. To illustrate, western societies have increasingly treated water
as an economic good, no different from other goods and services. In contrast, alter-
globalization movements (e.g., Shiva, 2016) claim that water has unique qualities that
make it essential for human and nonhuman life and wellbeing, and should be treated as a
common good. While an economic good perspective calls for commodification, mar-
ketization, and/or privatization of water, a commons perspective calls for collective
management. As this example aptly illustrates, different ways of valuing water have the
potential to generate very different modes of water governance.

Drawing on wider environmental justice perspectives (Schlosberg, 2004, 2007;
Walker, 2009), critical water scholars have engaged with questions of justice in water
governance processes. Research on water justice focuses on multiple dimensions of
justice, including distributional, processual, and recognitional justice (Boelens, 2014;
Harris et al., 2017; Perreault, 2014; Rusca, Alda-Vidal, et al., 2017; Sultana, 2018;
Zwarteveen, 2010; Zwarteveen et al., 2017). As noted by these authors, distributional
justice concerns the processes generating inequitable distribution of water and in-
frastructures; procedural justice engages with inclusiveness and fairness of institutional
decision-making processes on water governance at multiple, interconnected scales,
examining by whom are development trajectories and targets set, and with whom these
targets achieved; last, recognitional justice focuses on the rights and recognition of
different cultural identities and ways of dealing with water, as well as with gendered,
racialized, sexual, and other forms of discrimination that exclude some from both access
and participation in decision-making processes on water governance. In other words,
water justice scholarship entails a “scrutiny of prevailing modes of water distribution and
water authority, as well as of the discourses, institutions and technologies through which
these become articulated” (Zwarteveen & Boelens, 2014), attention to inclusive and
meaningful participation of underrepresented groups and authorities (Harris et al. |
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Figure 2.9 Typology placement for critical geography (CG): (a) components; (b) paradigm; (c)
perspective; (d) aggregation.

2017), and appreciation of the multiple meanings values, different needs and forms of
organization around water beyond what is predicted by technical experts and within
western cultures (Sultana, 2018; Yates et al., 2017; Zwarteveen et al., 2017). This
framework has served to examine several water-related governance challenges, including
climate-related emerging challenges. Fig. 2.9 displays the position of CG within the
considered typology, with dimensions discussed in the following paragraphs.

2.8.2 Components

CG tends to focus on the human component and spatial (or organizational) dimensions
of CHWSs. The frameworks take social processes as the starting point to examine how
economics, politics, and culture shape human interactions with the water cycle, and vice
versa (i.e., how the hydrological cycle shapes culture, politics, and economic processes).
Analyses have examined water-society relations at different, interconnected spatial and
organizational scales—the local, the national, the regional, or the global.

2.8.3 Paradigm and perspectives

CG tends to adopt a critical paradigm and a descriptive—and sometime gen-
erative—perspective on CHWSs. Central to political ecology, hydrosocial cycle, and
multiple ontologies of water are the choreographies of power or hydrosocial relations
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that produce socio-ecological inequalities within the system. These frameworks are an
“engaged praxis”. On the one hand, they aim to establish transdisciplinary to partici-
patory, and trans-sectoral co-engagement to critique. On the other hand, the goal is to
transform the choreographies of power (e.g., who are the decision makers, what
knowledge is valued, what ideological/ethical perspectives are embraced) and the capital
flows (e.g., investments in hydraulic infrastructures and underlying economic logics) that
determine who controls water resources, how the hydrological cycle is altered, and who
benefits from the resulting water flows and development trajectories. All together these
studies critically examine the political and economic processes that alter and transform
the hydrological cycle by determining where and to whom water should flow; the formal
and informal institutions and laws that regulate and sustain these flows; who controls
decision-making processes; and what and whose knowledge those decisions are based on.
As many researchers have noted, the outcome of these processes is highly uneven and
unsustainable. In this light, political ecology and related frameworks complement work
in hydrology and SH by providing more complex understandings of the social processes
that determine how a given society will coevolve with the water system. Last, the
multiple ontologies of water framework has contributed to CHWSs by focusing on the
fundamental ontological question of what water is (and for whom), and by arguing that
some ontological positions are silenced and overlooked (Yates et al., 2017). Importantly,
power plays a crucial role in determining which water is brought into being or prior-
itized, and which is silenced (Yates et al., 2017). For instance, the ontological claims of
First Nations have been consistently overlooked in water resources management, while
western claims of water as an economic good have consistently been prominent in the
global water governance agenda (Yates et al., 2017).

BOX 2.9 The Indus Basin in critical water studies

The frameworks discussed above have been drawn upon to examine political and geograph-
ical complexities of river basins at multiple, nested scales. Drawing on work in different
regional and national contexts, this literature has critiqued the notion that water governance
challenges are strictly physical and can be addressed through technical expertise alone
(Carroll, 2012). In the Indus River Basin, for instance, regional analyses have demonstrated
that water technologies and their management are contentious and political.

First, technoscientific expertise, reliance on quantitative data, and solutions are not polit-
ically neutral: they are mobilized to legitimize Indian and Pakistani states and construct na-
tional ideologies (Akhter, 2017). Second, research on the Kishenganga and Baglihar
hydroelectric power projects on the Indus tributaries demonstrates that dams and water allo-
cation between riparian states produce geopolitical effects (Akhter, 2013). India and Pakistan
entered two contentious legal cases on the legality of the technical specifications of respective
dams that could have produced unintended consequences on upstream-downstream

(Continued)
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BOX 2.9 The Indus Basin in critical water studies—cont'd

dynamics. Third, analyses attentive to scale (from transboundary to (sub)national governance,
from urban and rural scales to households, gendered water labor and bodies) emphasize that
so-called “water diplomacy” has consequences that are felt and experienced across scales,
spaces, genders, income groups, and other dimensions of social differentiation. Others have
examined the gendered implications of transboundary politics that is often led by state’s po-
litical and economic elites. These elites are, on paper, operating in the public’s interest, but
often overlook local interests and the most vulnerable water users. Work by Mustafa (2007),
for instance, sheds light on the dissonance between the development of large mega-
projects and the local impacts in terms of uneven access to water for irrigation and domestic
uses as well as vulnerability to floods in Pakistan (Mustafa, 2007). The author concludes that
qualitative and localized research is needed to understand lived experiences and implications
of national and regional hydropolitics. Similarly, Aijaz and Akhter (2020) (p. 2) have noted the
“cross-scalar and transregional conditions” that tie large-scale water projects on the Indus to
everyday life of poor communities and, in particular, women who are responsible for fetching
water and suffer the most from uneven distribution of water.

It follows from the hydropolitics (The term was coined in 1979 by Smil (1981) in reference
to his work on the Nile Valley) examined above that engineering alone cannot provide the
knowledges required to understand and govern water crises, which demand multiple perspec-
tives across subfields in natural and social sciences (see Akhter, 2013) for the Indus). Specif-
ically, these perspectives are essential to meet several SDGs including good health and
wellbeing (SDG 3), gender equality (SDG5), and clean water and sanitation (SDG6), including
effective transboundary cooperation (SDG6.5.2), and wider concerns of inclusive states,
addressed by SDG 10.

2.8.4 Aggregation

Drawing upon political ecology, hydrosocial cycle, and multiple ontologies of water,
scholars have advanced CHWSs scholarship by examining water supply and the social
processes that generate inequalities in condition of access to drinking water both in urban
and rural areas (Ahlers & Zwarteveen, 2009; Birkenholtz, 2013; Heynen et al., 2006;
Loftus, 2015; Meehan, 2014; Rusca et al., 2017b, 2022; Swyngedouw, 2004; Tiwale
etal., 2018), uneven distribution of hydrological risks (Adger, 2006; Collins, 2008, 2010;
Mehta, 2007), and socio-ecological regime shifts due to “river control” measures in the
form of multipurpose river valley “development” schemes in the global South (Baghel,
2014; Molle et al., 2009; Mukherjee, 2018). Moreover, research has focused on water-
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society relations in the domain of groundwater, especially within developing contexts
(Birkenholtz, 2008, 2016; Sultana, 2013) shedding light on the politics “around water
[...] through water and often driven by water” (Bear, 2011). Last, work has critically
interrogated the solid-liquid binary in river studies and build on the conceptual traction
of “muddyscapes”, thereby enriching the hydrosocial cycle by incorporating sediments
in documenting water—society dialectics (De Micheaux et al., 2018; Mukherjee & Ghosh,
2020). More recently, a second wave of political ecology has turned attention to the
everyday, to examine how structural inequalities are experienced, contested, or repro-
duced in the everyday (McFarlane & Silver, 2017). Other studies shed light on the “gray
zone” of hybrid institutional and plural water infrastructural and governance arrangements
(Truelove, 2016). Sultana (2019) validates why spatial and temporal explorations of ma-
terialities of water and infrastructure should intersect with embodiments of gender, class,
and migrant to inform water—citizenship scholarship. In analyzing these processes, spatial
scales have been conceptualized as “socially constructed, historically contingent, and
politically contested”, critiquing hierarchical interpretations that attribute a more signif-
icant role and power to the global than to the local (Neumann, 2009). Spatial scales,
therefore, are understood as socially produced, nested, and nonhierarchical. In terms of
temporal scales, this work is mostly retrospective, largely focused on the past/history as a
way to understand the present. In examining the historical production of contemporary
hydrosocial configuration, much work has focused on the neoliberalization of nature that
has significantly altered hydrological processes and development over the past 4 decades
(See, for instance Bakker, 2005; Swyngedouw, 2005). Concurrently, wider/longer time
scales are considered in analyses of, for instance, the impacts of colonial regimes on water
access in postcolonial cities and on contemporary agriculture in former colonies (Kooy &
Bakker, 2008; Rusca et al., 2023; Savelli et al., 2021).

2.8.5 Methods

Empirically, analyses of political ecology, hydrosocial cycle, and multiple ontologies of
water have focused on different settings with the aim of unraveling the politics of
environmental processes and natural hazards at multiple spatial and temporal scales.
Methodologically, work has been mostly developed through field-based methods,
including qualitative interviews, observations, focus group and visual methods, and
archival research (Mukherjee, 2020; Perreault et al., 2015; Rangecroft et al., 2021).
Alongside these established approaches, a growing number of studies develop interdis-
ciplinary approaches across geography and sociology (Brewis et al., 2020; Wutich, 2009),
and across physical and social sciences, combining water engineering, hydrology, and
political ecology insights and weaving together different methodological approaches and
epistemologies (Lave et al., 2014; Rusca et al., 2017b, 2023; Savelli et al., 2021).
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2.9 Institutionalism
2.9.1 Overview

The institutionalist school is rooted in game theory, using both quantitative and quali-
tative approaches, with a heavy focus on norms, culture, and ecological context. Its
practitioners typically identify as political scientists, anthropologists, or economists, with
some ecologists having also espoused it. One of the fundamental concepts is that of a
CPR, that is a resource that is “rival” (my use of the resource affects it in a way that
changes its availability to another user) and “non-excludable” (it is difficult to prevent
access and use of it by others). The central question is how humans organize to deal with
the challenge of cooperating to manage CPRs, which encompasses the challenge of
finding rules of organization for day-to-day use, the challenge of collectively learning
about the resource, and the challenge of resolving conflicts. The socio-ecological systems
(SESs) framework, and its predecessor, the institutional analysis and development (IAD)
framework (Schlager & Cox, 2018) are among the most developed and influential sub-
schools. These frameworks arose from the systematic empirical study of many CPRs
(water systems, but also fisheries, forests), in particular within the workshop for political
theory and policy analysis, with the leadership of Elinor Ostrom at Indiana University (e.
g., Ostrom, 1990). The first phase of development was heavily inspired by rational choice
theory, with its focus on reconciling individual and collective interests, and led to the
[AD framework (McGinnis, 2000). In a second phase, this line of inquiry led to the SES
framework, which focuses more on the complexity of socio-ecological interactions, in
particular nonlinear dynamics, multiple scales, shocks, and the importance of learning
and experimentation, thereby rejoining other adjacent frameworks such as adaptive
resource management. Beyond these two subschools, there are many institutionalist
analyses of water problems that move away from the CPR perspective, focusing more on
drinking water as a publicly provided good and the regulations that aftfect water quality.
Fig. 2.10 displays the position of IN within the considered typology, with dimensions
discussed in the following paragraphs.

2.9.2 Components

The institutionalist framework has been mostly used to analyze the sustainability and
fairness of water use and management at the scale of water basins, aquifers, and irrigation
systems, as well as transboundary issues. There are also institutional analyses of global
issues (e.g., international treaty on desertification, on climate change, or on the oceans),
but these tend to abstract a lot more from the characteristics of the water resource to
focus almost fully on the social processes of cooperation. Temporally, the scales tend to be
within the time scales of human decision-making (from days to decades). In all cases, the
central component is the set of institutions, seen as the fundamental structure that
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Figure 2.10 Typology placement for institutionalism (IN): (@) components; (b) paradigm; (c)
perspective; (d) aggregation.

mediates the interaction between humans and environmental systems, including water
systems. Most detail and attention is thus given to analyzing institutions (laws, rules,
norms, and customs) and human behavior. This entails paying attention to the different
roles of individuals. An important distinction exists, for example, between users (e.g.,
farmers) and “infrastructure providers” (those who produce the physical infrastructure, as
well as the rules, this can be the users themselves or third parties). The framework also
pays close attention to some characteristics of the water system, in particular the
competing uses of water, the technique by which it can be appropriated, the infra-
structure required to use the resource, the ease of observing it, the ways in which it
shapes people’s interests (e.g., how water flows relative to someone’s property), the ease
of storage, and the variability of the system.

2.9.3 Paradigm and perspective

The role of the researcher is to diagnose mechanisms by which rules and institutional
structures poise the system for success or failure due to incentives and learning dynamics,
thus adopting a normative paradigm. The goal is both to highlight the autonomy of users
in order to warn policy-makers against destroying self-organized functional arrange-
ments, but also to engage with SES stakeholders to diagnose malfunctioning institutions
and identify new management options (Walker et al., 2002). Second, collective choice



62

Marc F. Muller, et al.

institutions (e.g., water compacts, legislatures, and cooperatives) are understood to give
agency to groups to generate and select options. Thus, if institutions work well, the
feedback between resource dynamics and human behavior should not be predictable, in
contrast to the working assumption of the sociohydrological modeling community. This
understanding of institutions is compatible with a robust control perspective: the more
institutions allow water-human systems to adapt, the less we need to be able to precisely
predict future states (Millner & Heyen, 2021). Instead of quantitatively predicting the
future states of human-water system, this approach advocates a more generative
perspective that increases our ability to understand how good institutions emerge
(Brelsford et al., 2020).

2.9.4 Aggregation

The institutionalist school focuses both on aggregate and distributional characteristics.
Indeed, it focuses on

how individuals in the system act collectively, which requires both an attention to the
heterogeneity of individuals’ roles, positions in the system and resulting interests, and the
collective outcome of their interaction (aggregate results). Distribution is important both
as an explanation for aggregate outcomes, and as an objective in itself. Indeed, the central
question is how institutions support participants (e.g., farmers) to cooperate in order to
maintain water infrastructure and distribute water in a way that is both fair and
responsive to natural variability. Fairness is understood to be a key requirement for
cooperative institutions to endure. Spatial heterogeneities are also very important to the
analysis, as the position of participants in the natural system is understood to shape their
behavior. For example, farmers at the tail end of an irrigation system have different needs
and opportunities than those at the head. Great attention is paid to spatial configuration,
both in terms of how the spatial structure of the resource mediate the impact of human
behaviors.

But also, because spatial configuration shapes what individuals need and what they
can or cannot do in the system. For example, how well can they monitor what others are
doing? How well can they observe change in the state of the water system? How does the
scale at which the system is managed aftects individual behaviors, power relationships,
and the resulting outcomes? The approach to time is less explicit because most studies do
not quantitatively model the dynamics (although some do). However, conceptually, the
institutionalist framework 1s very much concerned about resilience to variation in the
water system, noise in people’s perception of the system, and adaptation to change.

2.9.5 Methods

Much of institutionalist research uses a blend of field research and experimental game
theory. Through field work, scientists identify the rules used by participants to regulate
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BOX 2.10 Institutionalism research in the Indus Basin

Condon et al. (2014), “Challenge and response in the Indus Basin” describes the historical evo-
lution of the institutions governing the distribution of water in the Indus, and their vulnera-
bility in the face of climate change. According to the authors, the largest challenges are:
conflict and distrust from the provinces over the water apportionment rules used by the
federal-level Indus River System Authority (IRSA), the IRSA’s legal incapacity to monitor and
enforce apportionments in the provinces, as well as the lack of regulation of groundwater,
and the need for additional drainage, storage, and flood control infrastructure. The authors
point to the need for political leadership to unify provinces around a national water challenge
and emphasize that the multilevel system of governance (with provinces holding authority
over many issues) has in-built resilience and adaptability, since multiple centers of power
could take a leadership role in fostering greater trust and cooperation.

the system and the physical characteristics of the system. Through qualitative and sta-
tistical analysis, they seek to understand how the rules and the water system’s charac-
teristics affect behavior and ecological outcomes. Meanwhile, laboratory experiments are
used to test hypotheses about the mechanisms of collective behavior observed in the
field. Increasingly, authors are drawing on methods from complex systems, such as
nonlinear dynamics (Horan et al.,, 2011), machine learning for identifying the key
variables in an SES (Gutiérrez et al., 2011), network analysis (Schneider et al., 2003), or
the coupling of ABM and field research (Lansing et al., 2017). The institutionalist schools
are heavily reliant on theoretical frameworks. The earlier school (IAD) focusing pri-
marily on cooperation has also developed testable causal theories. The SES framework,
focusing on sustainability and resilience, nonlinear and multiscale dynamics, is still in a
fairly descriptive phase of identifying relevant variables and interactions. Its weakness is
thus the prevalence of ad-hoc case studies that are hard to compare and use as a basis for
generalization. In part, this is due to the fact that progress in this field requires longi-
tudinal and comparative datasets, which are costly to assemble (Cumming et al., 2020).

2.10 Relevance for the rest of the book

As one moves through subsequent chapters in this book, the frameworks presented
in this chapter help to put the various case studies presented in this book and the methods
used into context. The diversity of frameworks presented here provides a rich and
multifaceted view that is necessary to characterize the complex multiscale challenges
associated with socio-environmental change in these systems, as seen for the Indus River
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Figure 2.11 An approximative typology placement for the case studies in Chapters 3—11 of this book
(purple-shaded areas).

Basin in this chapter. It is notable that the case studies presented in this book do not cover
each and every framework outlined here, as Fig. 2.11 shows, but only a small subset.
Instead, we hope the reader uses the description of the frameworks to consider new ways
of looking at problems, and to consider how multiple frameworks might be used
creatively in the same study.

Yet combining these different perspectives is challenging. Researchers might lack a
common language for the different frameworks to speak to each other to paint a
common holistic picture of rapidly changing systems, make sense of its key drivers, and
converge on appropriate approaches to address them. The typology proposed in this
chapter seeks to address this challenge by mapping the frameworks according to their
topical, philosophical, and aggregational focus. In doing so, we seek to identify the
dimensions along which two frameworks are complementary, in the sense that they
address different aspects of a given issue, and/or compatible, in the sense that they have
common topical or methodological grounds for collaboration.

With respect to the topical focus of the frameworks, approaches rooted in the social
or environmental sciences are clearly complementary, in the sense that they respectively
focus on the human or water components of CHWS, and yet finding common grounds
for collaboration has been a long-standing challenge. Here we suggest that focusing on
either the temporal or spatial dynamics of human—water interactions might make some
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combinations of frameworks comparatively more compatible. For example, SH and
economics both predominantly consider the temporal dynamics of coupled systems,
while respectively focusing on the water and human components (Miiller & Levy, 2019).
Conversely, (classical) economics and EE both center on the human component of
CHWS but predominantly focus on the temporal and spatial dynamics, respectively.

The philosophical dimension of the typology considers whether two frameworks
share a similar paradigm and/or perspective or, in contrast, ask complementary ques-
tions. For instance, thanks to their distinct descriptive and critical axiologies, SH and the
CG might engage in a different, and arguably complementary, manner with similar
generative questions related to the emergence of CHWS phenomena (Linton & Budds,
2014; Rusca & Di Baldassarre, 2019). Similarly, generative insights from SH on the long-
term coevolution of water and society might be integrated into large-scale hydrologic
models to support predictions. This complementary relationship might be helped by the
compatible (positivist) paradigm of the two fields.

With regards to aggregation, frameworks studying aggregate or distributional dy-
namics are inherently complementary, and combining them 1is critical to capture the
multiscale nature of most CHWS. For instance, Cohen (2016) combines SH and the
critical geographies to characterize both the lumped state of a dynamic system (i.e.,
urban drought resilience) and the inequalities within it (i.e., social power and hierar-
chies). Similarly, in the time domain, Yu et al. (2020) have combined SH with institu-
tionalist approaches (i.e., the robustness-fragility trade-off framework) to understand the
interplay between design and self-organization in CHWS.

The extent to which two frameworks complement each other ultimately describes
potential gains from combining them through interdisciplinary collaboration. Similarly,
the extent to which two frameworks are compatible describes the potential feasibility of
said collaboration and points to a common ground that could be used as a starting point.
We posit that frameworks that are simultaneously compatible and complementary along
any (ideally most) of these four dimensions (components, paradigm, perspective, and
aggregation) are particularly promising to be combined. While promising, recognizing
frameworks that are complementary and/or compatible along a subset of the four broad
dimensions that we consider is helpful but not sufficient. For effective interdisciplinary
research to be successful, consideration must also be given to methodology (Chapter 4)
and data requirements (Chapter 5).

> 2.11 Summary of key points

e Different frameworks are available to analyze and understand complex human-water

systems from different disciplinary perspectives, for instance: SH, WSA and HM,
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EC, EE and social metabolism, large-scale hydrological and land surface models (LS),
PG and spatial science, CG, and IN.

e Some frameworks focus more on time and dynamics, such as SH and HM, while
others focus more on space and are more steady state, such as EE and PG.

e Some frameworks are more normative, i.e., focusing on decision support and
providing predictions, such as WSA (HM). Others are more positive, i.e., focusing
on understanding and are generative, i.e., providing an explanation how the system
evolved, such as SH.

e Focusing on either the temporal or spatial dynamics of human-water systems will
ease the combination of frameworks. Combining some of these frameworks that are
compatible or complementary can generate promising novel results. For instance,
generative insights from SH on the long-term coevolution of water and society can
be integrated into LHMs to support predictions. This complementary approach is
supported by the compatible, positivist paradigm of these two frameworks.

e In the following chapters, more details are provided on sociohydrological approaches
and their application.
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