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Effective water management and policy play a critical role in shaping
society’s evolving relationship with water. Yet, the growing impacts of
water-related risks worldwide show that many responses remain ineffective,

oftenleading to unintended consequences that undermine stated policy
objectives. These contradictions—referred to in the literature as water
paradoxes—occur when well-intentioned efforts to manage water backfire.
This Review argues that researchers should better characterize these
paradoxes, and practitioners must integrate them in decision-making
processes and economic evaluations of water policy. Four key paradoxes are
examined: value, supply, efficiency and data. For each, relevant examples are
highlighted, policy implications are explored and potential approaches for
addressing them are suggested. Water management and policy should focus
on addressing these paradoxes, rather than pursuing grand visions and
missions detached from context.

Why are some of the world’s most sacred rivers also among the most
polluted? Why does global consensus on the value of water coexist
with low levels of investment and policy action? Why do governments
spend billionsinsubsidies that encourage pollution and wasteful water
withdrawals? And why does growing interestin applying artificial intel-
ligence (Al) to water management coexist with limited data access
and severe gaps in hydrometeorological monitoring infrastructure?

These seemingly naive questions capture the contradictions that
define local and global responses to the world’s growing and multi-
faceted water crisis. These—and many other—contradictions giverise
to ‘water paradoxes’. Water paradoxes occur when well-intentioned
actions to manage water resources (for example, building a flood
embankment) lead to unintended consequences (for example,
increased flood exposure) or when statements about water (for exam-
ple, ‘the river is sacred’) contradict actual practices (for example,
dumping untreated wastewater into the river).

Water paradoxes have been discussed extensively in the
economics"? and water resources literature’. However, scholars have
notyetreviewed and synthesized them. This Review addresses this gap
by proposing a conceptualization of water management and policy
that is grounded in the notion of paradoxes. To do so, it explores two
questions: (1) what are key water paradoxes, and how do they shed light
on the contradictions and trade-offs that characterize water policy?
and (2) how may researchers and practitioners actively address these

paradoxes to develop more contextual and appropriate interven-
tions that reflect the complexity of water management? The purpose
of this Review is to address these questions and encourage scholars
and practitioners to place paradox dynamics at the centre of water
management and policy.

The motivation for promoting paradox thinking in water science,
policy and management is threefold. First, paradoxes are a useful tool
for advancing science because they reveal apparent contradictions
in our understanding of the world, prompting the development of
new theories and practices for resolving them*. Water science, policy
and management need such innovations to confront challenges such
as hydrological nonstationarity’, the rapid emergence of new water
contaminants® and inadequate pricing of water’.

Second, scholars of organizational studies have long used paradox
thinkingto help individuals and organizations deal with ‘wicked prob-
lems’ characterized by conflictive objectives, large uncertainties and
the need for transformative action and fundamental shifts in percep-
tion®. Water management is one such wicked problem®", indicating
that paradox thinking may offer valuable insights.

Inthe organizational studies and management theory literature,
paradox thinking is seen as a driver of organizational development
and success under conditions of uncertainty™. Itis also used to design
business models that leverage contradictions to help organizations
be more competitive™. In psychology and conflict resolution studies,
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Table 1| Overview of water paradoxes, policy implications
and opportunities to address them

Paradox Description Policy Opportunities to
implications address the paradox
Value Water has a high + Water overuse « Integration of pricing
value in use but a and pollution and markets with
low market price - Insufficient cost complementary
recovery measures to address
« Lower ability to equity trade-offs,
expand access endogenous
to unserved responses,
communities institutional and
governance
requirements
Supply Providing more « Greater « Complementary
infrastructure exposure to demand, regulatory
without water-related and communication
accompanying hazards interventions
economic « Ever-growing « Strategic planning to
incentives and need to incorporate human-
regulations invest in new natural system
enables greater infrastructure interactions and
demand « Risk of adaptive responses
maladaptation
Efficiency  Higher water-use «Overallincrease  « Water accounting
efficiency at the in water « Caps on withdrawals
local leveldoes not  consumption and irrigated area
lead to expected (rebound effect) < Behavioural
basin-wide water « Acceleration in interventions
savings water depletion - Scale-based
« Lower return frameworks
flows to understand
efficiency
Data Despite growing « Full potential of ~ « Open-access

interest in Al, Al in water not remote-sensing
water-related exploited products

data remain - Weaker - Large-sample
undervalued, decision-making publicly available

datasets
« Place-based
observatories

poorly managed
and not widely
shared

paradox thinking has been applied to foster fundamental changes in
attitude toward complex issues®, including efforts to promote peace
in conflicts that are traditionally viewed as intractable™. This point is
particularly relevant in the context of water: the ubiquitous calls for
fundamental changesinattitudes and practices around ‘valuing water’
have proved particularly difficult toimplement. Paradox thinking may
offer a promising approach for conceptualizing and designing inter-
ventions that are aimed at transforming how individuals and societies
perceive and act upon the value of water.

Finally, paradox thinking can help to identify recurring patterns
of policy failure, thereby supporting the study and understanding of
disparate water-related challenges worldwide. In public policy, exam-
ining failures—situations where well-intentioned policies produce
unintended or paradoxical outcomes—is particularly instructive, as
it enables the development of generalizable lessons™°. For instance,
the study of policy failures has been promoted as akey instrument to
inform groundwater policy in South Asia”. Paradox thinking, therefore,
supports the development of an overarching framework for under-
standing water-related issues across time and space. This approach
enables researchers and practitioners toidentify options foractionand
explorehowto address these paradoxes and achieve better outcomes.

This Review examines the theory and evidence related to four
water paradoxes: value, supply, efficiency and data (Table1). In present-
ing these paradoxes, I acknowledge that the list may not be exhaus-
tive and that definitions and categorizations may require further
refinement. For instance, additional paradoxes may arise in trans-
boundary water management, where cooperation and conflict over
shared waters often paradoxically coexist’®. Similarly, in virtual water

trade, hyper-arid countries or regions may paradoxically use scarce
water resources to grow crops for export, jeopardizing long-term
sustainability'*?°. Moreover, positive social impacts of virtual water
trade can mask paradoxical realities, such as increased local conflicts
and scarcity®.

Paradox of value

The paradox of value is a well-known concept in economics and
philosophy. The economist Adam Smithis typically credited for having
formalized this paradox in a well-known passage of The Wealth of
Nations, where he noted that “Nothing is more useful than water: but
itwill purchase scarce any thing; scarce any thing canbe had inexchange
for it. A diamond, on the contrary, has scarce any value in use; but a
very great quantity of other goods may frequently be had in exchange
for it”*% Smith used the water-diamond paradox to explain marginal
utility and the difference between market price and economic value,
building on a long tradition in philosophy around the discussion of
value and its meaning?®.

Building on this well-known framing, scholars have explored vari-
ous corollaries of the paradox of value in water-related contexts. Exam-
plesinclude water pricing (“the price of water almost never equalsiits
value and rarely covers its cost”?), water service delivery (“implemen-
tation of full cost recovery principles may exacerbate uneven access
in heterogenous water supply systems”?*), failure to act on the global
water crisis (“ascarce and valuable resource is poorly managed”’) and
virtual water trade (“water scarce countries export virtual water to
water rich countries”’), among others.

Itis no coincidence that the influential report published by the
Global Commission onthe Economics of Water in2024 emphasizes the
notion of valueinitstitle The Economics of Water: Valuing the Hydrologi-
cal Cycle as a Global Common Good™. This report builds on decades
of international efforts to highlight the ‘value of water’, such as the
business case for water valuation provided by the World Business
Council for Sustainable Development®, the Valuing Water Initiative
launched in 2017 by the United Nations/World Bank High Level Panel
on Water? and the United Nations World Water Development Report
0f 20217, The emphasis on value stressed by the Global Commission
onthe Economics of Water also draws oninfluential work in the history
of economic thought and the call to rethink the theory of value for the
twenty-first century?,

Despite these efforts, this emphasis on value has not, onits own,
contributed to resolving the paradox. A new economics of water
requires moving beyond conventional policy prescriptions that are
founded on market-based solutions or generic recommendations
based on global valuation studies towards locally grounded agendas
that are informed by at least two elements. First, advances in the sci-
enceand practice of water valuation and cost-benefit analysis, which
have already demonstrated effectiveness in addressing the paradox
of value and the unique characteristics of water*. For example, in the
case of water quality, expanding cost-benefit analysis frameworks to
account for bothlocal and global benefits® and applying stated prefer-
ence techniques® enable more precise assessments of the costs and
benefits of water quality improvements.

The second element in resolving the paradox of value requires
adeeper integration of economic policy tools (for example, pricing,
markets) with complementary measures that address contradictions
inherent in human behaviour, trade-offs and political priorities in its
management. Achieving this integration demands a fundamental
rethink of the economic approach to water®. Narrow applications
of economic methods often perpetuate the paradox of value, for
example, when economists design randomized controlled trials to
assess sanitation interventions but fail toaccount for therole of other
critical factors, such as housing policy, that influence sanitation out-
comes’*. Conversely, when tailored to local social and political con-
texts, economic research can improve policy design and evaluation.
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Forinstance, economicresearch can: (1) shed light on theinteractions
between specific economicinstruments and user behaviours, such as
therelationship between subsidies for smallholderirrigation and farm-
ers’ perceptions®; (2) identify institutional and governance require-
ments for water allocation reforms, such as creating water markets
(for example, the Water Markets Readiness Assessment framework®®);
and (3) quantify trade-offs between equity, economic efficiency and
cost recovery when designing tariffs* or considering water allocation
reforms>®. This emphasis on incorporating equity also aligns with
recent advances in systems modelling used for water policy evalu-
ation® and the exploration of new property rights systems, such as
‘Rights of Nature’ approaches®.

The world urgently needs increased application of economic
instruments—such as water pricing and markets—to address the para-
dox of'value and adapt to climate change. However, these applications
willonly succeed if combined with a deep understanding of the govern-
ance structures implementing interventions (for example, water utili-
ties, river basin agencies, water user associations) and the behavioural
responses of the users that they affect.

Paradox of supply

Water resources management and planning traditionally focus on
ensuring reliable and cost-effective access to water services, such as
flood protection or water supplies, to arange of users. The conventional
approach to delivering these services relies on expanding the supply
capacity, through investments inreservoirs, inter-basin transfers and,
more recently, desalination infrastructure, all of which are aimed at
meeting the demands of cities, industries and farms*°. This supply-led
approachis also widely applied in flood risk management, where the
demand consists of the need to protect assets, and the supply largely
takes the form of flood controlinfrastructure, such asembankments,
to protect people and property from the destructive force of water*.

The supply-led approach has served society well, enabling urban
expansion and economic growthinarid regions and floodplains; how-
ever, it has produced two paradoxical outcomes. First, rather than
reaching an equilibrium with demand, it has enabled even greater
demands for water supply or flood protection®. Second, it has height-
ened society’s vulnerability and exposure to water-related hazards,
by incentivising risk-taking behaviours—for example, irrigating
cotton in drought-prone areas or settling in floodplains exposed to
high-impact floods—in a classic case of what economists call a moral
hazard problem*.

This is the paradox of supply: providing more infrastructure
without accompanying economic incentives and regulations ena-
bles greater demand and increases vulnerability and exposure to
water-related hazards. This paradox has been extensively documented
in the water engineering and economics literature, with examples
reported for cities, irrigated areas and floodplains, among others.

In cities around the world, expanding the water supply capacity
through reservoirs or transfers has typically resulted in higher levels
of water consumption. Historical analyses of water resources devel-
opment in Athens* and Isfahan** illustrate a positive feedback loop
between the construction of reservoirs and transfers and the subse-
quentincrease in water demand. Similarly, the ‘reservoir effect’ shows
that global water demand has grown faster than reservoir storage
capacityinrecent decades, offsetting the initial benefits of additional
water supply provided by reservoirs built during the 1970s and 1980s>.
Inahistorical assessment, it has been hypothesized that over-reliance
on reservoirs may have contributed, alongside socio-political fac-
tors, to the collapse of the Mayan civilization in the ninth century®.
Reservoirs allowed continued urban and population growth; however,
whenthey randry during prolonged droughts, theimpacts were more
severe. These impacts probably contributed to destabilizing Mayan
societies already under pressure from warfare, economic challenges
and socio-political crises*.

Similar patternsare observedinirrigated areas around the world.
Providing cheap, abundant water for agriculture through reservoirs,
canals and groundwater pumping—without corresponding incen-
tives to farmers to limit water use or plant crops that are adequate to
local climates—typically leads to increased water demand. Ground-
water irrigation in the Great Plains of the United States encouraged
the production of water-intensive crops, heightening vulnerability to
drought”. Similarly, while irrigation boosts crop productivity in the
face of hydrological variability, it also paradoxically increases vulner-
ability to drought globally*?. Abundant, cheap irrigation water in dry
areas incentivizes the cultivation of crops that are unsuited to these
climates, sowhen droughts occur and crop water demands cannot be
met, farmers suffer greater losses**.

In the context of flood risk management, the paradox of supply
takes the form of the ‘levee effect’. This well-known paradox arises
fromthe provision of flood control and protection: constructing flood
protection infrastructure reduces risk perception and encourages
development in highly exposed floodplains*. Despite awareness of
this phenomenon in the hydrological and engineering literature**™,
empirical estimates of its magnitude and policy insights on ways to
reverseitare only beginning to emerge and inform flood risk manage-
ment. For example, studies have shown that areas protected by levees
along the Jamuna River in Bangladesh experienced higher mortality
rates during extreme floods®. In Florida, newly constructed levees
increased the rate of residential development by 50% (ref. 53). Simi-
larly, historical analysis of floodplain expansion in the United States
reveals that levee construction accelerated urban growth by 62%,
compared with a national average of 29% between 1940 and 1970°*.
The same analysis also identified the role of land-use planning in
reversing this effect. This research underscores a clear shift in risk
perception after levees are built, and emphasizes the importance of
combining infrastructure provisions with economic incentives and
regulations—such as floodplain zoning—that signal residual risks and
the cost of protection.

The limitations of a supply-led approach to water management
have long been recognized®; however, current water resources
management and planning frameworks do not take into account the
paradox of supply. Thisis concerning given the growing uptake of tech-
nologies that create additional water supplies, such as desalination®®,
and the continued expansion of urban areas in floodplains®.

Paradox of efficiency
With rising water scarcity and human impacts on freshwater ecosys-
tems, sustaining economic development—particularly food produc-
tion—while limiting water use has become an urgent challenge’®®. A
key response to this challenge is improving water-use efficiency. In
agriculture, thisinvolves deployingirrigation technologies such as drip
irrigation systems, which maintain or increase agricultural output for
the same or reduced water input at the field level, thereby improving
the ‘crop per drop’ ratio (that s, the proportion of water that actually
supports crop growth, rather than being lost through conveyance,
weed irrigation or evaporation)®. Drip irrigation typically ensures
thataround 85-95% of the water taken from a source reaches the crop,
compared with much lower volumes for surface water systems®’.
Considering this potential, governments around the world heavily
subsidize the roll-out of drip irrigation technologies, assuming that
they will save water in agriculture and release it for other uses, nota-
bly ecosystems. However, decades of research have shown that these
expected water savings rarely materialize. Evidence from interven-
tions across multiple regions—Southwestern USA®, India®?, Chile, the
Western USA and southern Spain®® and Australia®*—reveals that farmers
equipped with advanced irrigation systems use more, not less, water,
and that overall water availability across river basins tends to decline®.
This is the paradox of efficiency: greater water-use efficiency at the
field level does not deliver expected water savings at the basin level®°.
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The paradox of efficiency is not only relevant for water conserva-
tionin agriculture. Subsidies for water-efficient devicesin households
can sometimes lead to increased water consumption®®. Communi-
ties that experience plentiful water supplies after drought often see
consumption rebound despite the implementation of efficiency
improvements, as observed in Australia®” and California®. The para-
dox of efficiency can also affect the feasibility of wastewater reuse.
Efficiency improvements at the household level can have unintended
consequences on downstream wastewater availability and quality.
In Southern California, urban water conservation measures reduced
wastewater effluent flows and increased effluent salinity, limiting
the amount and quality of wastewater available for recycling or for
discharge into ecosystems®’.

While intuitive and consistent with broader economic concepts
such as the Jevons paradox and the rebound effect’, resolving the
paradox of efficiency requires careful policy design because of the
multi-scale, complex nature of hydrological systems. This paradox
serves as a warning against simplistic calls to improve water-use effi-
ciency as a solution to water scarcity, but nor is it a panacea to guide
water management’’, or worse, ajustification for reducing or limiting
water conservation efforts’%. Addressing this paradox calls for water
monitoring and accounting, along with limits on water abstractions
or irrigated areas. These measures should be complemented and
informed by policy analysis frameworks that map how perceptions
of efficiency vary across spatial scales and stakeholder viewpoints™.

Paradox of data

The advent of Alis providing new opportunities in hydrological sciences
and water management more broadly”™. Scientists and water managers
have used Almethods for decades to support specific functionsin water
management, such as artificial neural networks for predicting water
quality parameters”. However, recent advances in machine learning
that do not require human supervision and domain expertise, com-
bined with computational improvements, have led to an exponential
growthin their application to water over the past decade. Recent exam-
ples of Alapplicationsin water managementinclude flood prediction
inungauged catchments’ and spatial and temporal infilling of water
quality data”.

The robustness of Al approaches depends on the quality and
quantity of available data. Despite this well-known link between Al
and data quality and availability, and despite the increasing emphasis
that practitioners, funding agencies and researchers place on Al, the
capacity toaccess and generate high-quality data on water resources is
notimprovingglobally. The number of river gauging stations reporting
to global and publicly available databases, such as the Global Runoff
Data Centre operated by the World Meteorological Organization,
is declining’®. Water quality data are notoriously sparse and incon-
sistent, meaning that Al applications in water quality lag well behind
other fields of environmental science”. Furthermore, existing global
databases still provide only a very partial understanding of the loca-
tion, status and operation of key water infrastructure assets, such as
reservoirs, wastewater treatment plants, water transfers and irrigation
canals, and offer limited insights on water-use dynamics. This lack of
dataoninfrastructure and water use is concerning, given that at least
two-thirds of the world’s rivers are human-impacted”. Information on
infrastructure location and operation, as well as water-use dynamics,
could help to improve the predictive ability of Al-based models®®*',

This is the paradox of data: despite being the foundation for Al
development and applications, global capacity for water monitoring is
declining, and water-related dataremain undervalued, poorly managed
and not widely shared. Long-term efforts aimed at data collection, har-
monization and consolidation are typically not supported or funded®
and water-related dataare not valued®. Al researchers are aware of this
paradox. The largest bottleneck to deep learning applications in water
quality is dataavailability”’, and the development of publicly available

global water datasets is crucial to fully leverage the potential of Al for
water security’.

Continued development and application of open-access
remote-sensing products broaden opportunities to monitor, assess
and forecast water-related variables. When coupled with systematic
ground-truthing and field measurements, remote sensing can help
toresolve the paradox of data. For example, water accounting proce-
dures based on remote sensing are foundational tools for managing
water scarcity and promoting sustainable water management®. These
approaches are crucial for advancing demand-management solu-
tions, such as water markets, ina cost-effective and transparent way*®.
Reviews of one of the most developed water markets inthe world—the
Murray-Darling Basin of Australia—demonstrate the importance of
water accounting in enabling fully transparent auditing of water avail-
ability and use, and in increasing market participation®.

Additional opportunities to resolve the paradox of data include
the creation of large-sample, publicly available Al-ready datasets® ¢,
place-based research observatories® and new developments in data
collection, such asunmanned aerial vehicles and citizen science. How-
ever, these opportunities have not yet been fully realized: research
and funding attention remain focused on testing Al approaches and
model performance, rather than promoting afundamental rethinking
of how water data are collected, managed and interpreted in the age
of Al. Data infrastructure facilities, such as the UK’s national Floods
and Droughts Research Infrastructure, offer a promising means of
addressing this paradox and should be prioritized over generic efforts
totestand apply Almodels.

Muddling through

Addressing paradoxes requires exploring unintended consequences
and tensions in water management and policy. It also shifts the focus
from ‘fixing’ to ‘coping’: water solutions are always partial, as society’s
expectations change and human modifications of the environment,
including climate change, exceed the capacity of infrastructure and
institutions to cope. Contradictions between supply and demand, and
water’s destructive and constructive forces, define adynamic relation-
ship. Consequently, water management and policy move away from
a conventional emphasis on control and fixing problems towards a
dynamic process of ‘coping with”*° or ‘muddling through™' these para-
doxes. This shift aligns with current trends in water research, which
include defining place-specific water security pathways’?, understand-
ing and modelling multi-sector dynamics’?, and empirically studying
the co-evolution of human-water systems’*%,

The concluding message is not that these paradoxes represent uni-
versal truths. Rather, they offer auseful lens for water policy research-
ersand practitioners to engage non-water experts and the publicon the
unintended consequences of seemingly intuitive policy responses to
complexwater challenges. Far from being overly critical or pessimistic,
this framing shifts the focus towards reducing the risk of paradoxical
and unintended outcomes, rather than pursuing grand visions and
missions that are detached from context.
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