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Foreword

The Global Framework on Water Scarcity in Agriculture (WASAG: www.fao.org/
land-water/overview/wasag/en/) was established in 2016 and aims to bring together 
key players across the globe and across sectors to tackle the collective challenge of using 
water better in agriculture to ensure food security for all. It is an initiative for partners 
from all fields and backgrounds to collaborate in supporting countries and stakeholders 
in their commitments and plans related to the 2030 Sustainable Development 
Agenda, the Paris Climate Agreement (including implementing nationally determined 
contributions) and other plans and programs related to agriculture and water.

The working group on Sustainable Agriculture Water Use focuses on supporting the 
implementation of the Call for Action of 83 Ministers of Agriculture (as stated during 
the 9th Berlin Agriculture Ministers’ Conference at the Global Forum for Food and 
Agriculture (GFFA) in January 2017) to address water scarcity risks in agriculture. It 
aims to increase awareness and action by agriculture and related ministries for more 
sustainable agricultural water use to address water scarcity for enhanced food security 
and nutrition, as well as for achieving all other Sustainable Development Goals. 

This paper was prepared by Winston Yu wyu@worldbank.org, Stefan Uhlenbrook 
s.uhlenbrook@cgiar.org, Rachel von Gnechten r.vongnechten@cgiar.org, and 
Julie van der Bliek j.vanderbliek@cgiar.org from the International Water Management 
Institute (IWMI) and synthesizes discussions held at a WASAG workshop co-hosted 
by the International Center for Advanced Mediterranean Agronomic Studies 
(CIHEAM) and the CGIAR coordinated research program on Water, Land and 
Ecosystems (WLE) titled “Can Water Productivity Improvements Save Us from 
Global Water Scarcity?”, on 25-26 February at CIHEAM Bari in Valenzano, Italy. 
This paper received valuable inputs from Nicola Lamaddalena (CIHEAM Bari), 
C. Dionisio Pérez Blanco (Universidad de Salamanca), Chris Perry (independent 
consultant), Ranu Sinha (Global Water Partnership, GWP), Quentin Grafton (Australian 
National University), Thomas Anken (Agroscope, Switzerland), Julienne Roux 
(GWP), Hamil Emre Kislioglu (Ministry of Agriculture and Forestry, Turkey), 
Ruhiza Jean Boroto (Food and Agriculture Organization of the United Nations, 
FAO), Stefan Strohmeier (International Center for Agricultural Research in the Dry 
Areas, ICARDA), Mesfin Mekonnen (Daugherty Water for Food Global Institute at 
the University of Nebraska), Raffaella Zucaro (Government of Italy), Claudia Ringler 
(International Food Policy Research Institute, IFPRI), Petra Schmitter (IWMI), 
Soumya Balasubramanya (IWMI), Laura Sommer (Government of Switzerland), 
Graham Jewitt (IHE Delft), Poolad Karimi (IHE Delft), and Marloes Mul 
(IHE Delft). Additional feedback was received by participants of a FAO webinar on the 
paper held on 14 July 2020. This paper was edited for publication by Antoine Asselin-
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Nguyen (FAO).  Generous financial support was received from the Federal Office for 
Agriculture (FOAG) of the Government of Switzerland and the CGIAR coordinated 
research program on Water, Land and Ecosystems (WLE), which is gratefully 
acknowledged. 
This paper is intended for a broad range of actors working on agriculture water use.  
This includes policymakers and decision-makers who are designing national or basin 
scale interventions to address water scarcity and stakeholders who would be impacted 
by these programs. This paper aims to provide some guiding recommendations to 
ensure more resilient and sustainable agricultural water use.
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Executive summary

Agriculture is essential to achieving food security and supporting livelihoods 
and economies. Population increase, unsustainable production and consumption 
patterns, and climate change are critical drivers for increasing water stress. Urgent 
responses are required to improve agriculture water management, well integrated 
with other competitive sectors, particularly in water scarce regions. Sustainable water 
management is indispensable for climate-resilient growth and environmental integrity 
– unsustainable water management has devastating effects for people, economies and 
the environment. While agriculture is responsible for about 70 percent of global water 
withdrawals, agriculture will be an important part of the solution to solving the global 
water scarcity challenge. Getting agriculture water use right is essential to growing 
food in a more sustainable and resilient manner.

1. MONITOR AND ASSESS – DEVELOP WATER 
ACCOUNTS AND CONSIDER IMPACTS OF FUTURE 
CHANGES AND NATURAL VARIABILITY 
Fully understanding the current state of water resources, including identifying where 
key uncertainties exist, will enable well-informed planning and management, and 
increase transparency in decision making. Quantifying water accounts at multiple scales 
allows policymakers to understand the limits of sustainable water use. Information on 
return flows from agricultural water use is particularly relevant to identifying how 
policies and interventions may lead to third party impacts. This requires sustained 
investments in monitoring across a wide range of hydrologic and meteorological 
parameters. 

2. SET CONSUMPTION LIMITS – IDENTIFY 
SUSTAINABLE BOUNDARIES FOR CURRENT 
AND FUTURE WATER USE AT THE BASIN SCALE 
AND SET APPROPRIATE ALLOCATIONS FOR 
AGRICULTURE
Water resources can be exhaustible and non-renewable at different spatial and 
temporal scales. As such, water must be managed at an appropriate scale and within 
an identified sustainable boundary. Boundaries should be set in terms of maximum 
water consumption (instead of withdrawals) to prevent over-allocation and unintended 
negative impacts. Once these physical boundaries are defined, allocations (and 
reallocations) across various water-using sectors can be set and need to be supported 
and enforced by an effective regulatory and governance framework. The greatest 
allocations will in many basins in most countries go to agricultural water given the 
important role the agriculture sector plays in food security, employment, and in 
reducing poverty, hunger, and malnutrition.  
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3. THINK SYSTEMS – DESIGN AND IMPLEMENT 
AGRICULTURAL WATER USE INTERVENTIONS 
WITH THE WIDER SYSTEM CONTEXT IN MIND
Interventions on the farm often have impacts, interact, and are influenced by dynamics 
beyond the field. Thus, recognition and understanding of both broad natural systems 
and human systems (e.g. food, energy, social) is essential to minimizing unintended 
consequences and to maximize synergies.  In practice, this requires a high degree of 
coordination and collaboration across traditional administrative divisions.

4. MANAGE TRADEOFFS – USE MULTIPLE 
POLICY INSTRUMENTS TO ACHIEVE MULTIPLE 
OBJECTIVES
There will be many objectives to achieve (e.g. conserve water resources, increase 
agricultural production or farmer’s incomes). Some objectives may be complementary 
and have co-benefits, while others may be in conflict. Thus, tradeoffs will be inevitable 
and will need to be better understood and properly managed.  Under these conditions, 
each policy objective should have its own instrument and embedded in a coherent 
broad policy framework that supports water, energy, food and environmental security 
objectives of governments. 

5. MAXIMIZE AND SHARE BENEFITS 
FROM AGRICULTURE – SET TARGETS FOR 
AGRICULTURAL WATER USE THAT MAXIMIZE THE 
BENEFITS FROM THE SECTOR AND ENSURE THAT 
FARMERS AND VULNERABLE POPULATIONS CAN THRIVE 
Depending on the goals of government for the agriculture sector, policymakers will 
need to determine how benefits can be maximized for farming communities. That 
is, how can the available water for the agriculture sector (set to allow environmental 
sustainability and future economic development) achieve the most for society. 
Governments should ensure that these benefits are shared with vulnerable populations 
(e.g. women, children, disabled). 

6. EVALUATE, LEARN, AND COMMUNICATE – PUT 
IN PLACE ITERATIVE PROCESSES OF LEARNING 
TO BUILD PROGRESS TOWARDS MAXIMIZING 
BENEFITS FROM AGRICULTURAL WATER USE 
WITHIN SUSTAINABLE LIMITS
All water productivity interventions (policy or technical) are social experiments 
in practice. Since changes in human behavior are intended, anticipated outcomes 
are never certain. Thus, frequent evaluation is needed throughout implementation. 
Learning during actual implementation is inevitable and should be incorporated and 
communicated broadly early-on to create greater chances for success.  
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Introduction

The important role that the agricultural sector (here defined to include livestock) 
plays in eradicating poverty, hunger, malnutrition, particularly in rural areas where 
most of the global poor live, is well established (FAO, 2017). Unfortunately, the 
numbers of undernourished people are on the rise as progress towards globally 
set hunger targets is far too slow (FAO et al., 2019). Furthermore, food security is 
strongly susceptible to global systemic shocks (as seen during the financial crisis 
of the late 2000s and currently with the COVID-19 crisis), making apparent the 
need to increase the resilience of the sector. Achieving the associated Sustainable 
Development Goals (SDGs) targets1 by 2030 will require significant investments 
in increasing farmers’ productivity and income and improving the sustainability 
and resilience of the sector (e.g., climate smart and profitable innovations; Jat et 
al., 2020). This is in tandem with non-agriculture interventions such as investing 
in rural non-farm economies and the expansion of social development programs 
and other public services in rural areas. Water resource constraints, both existing 
and emerging, threaten to undermine gains made.

According to the United Nations (2018), over 2 billion people live in places experiencing 
high water stress. Numerous factors are contributing to increased global water scarcity 
(e.g. climate change, population growth, increasing urbanization, expanding industrial 
demands, changing diets). Some areas are already facing significant environmental 
and socio-economic impacts from the over-use of water for agricultural production.  
Under various future climate scenarios, the situation is expected to worsen in many 
areas (Gosling and Arnell, 2013; IPCC, 2018). This raises concerns whether there 
will be adequate water for all uses and users and particularly for food production, 
responsible for about 70 percent of global withdrawals (Giordano, 2007; Falkenmark, 
2013; Perry et al., 2017; Sadoff et al., 2020). In response to this scarcity (both physical 
and economic2, a wide variety of water productivity interventions (both technical and 
policy instruments) have been used in the sector. 

1  For instance: SDG 1: End poverty in all its form everywhere,  SDG 2: End hunger, achieve food security 
and improved nutrition and promote sustainable agriculture and  SDG 6: Ensure availability and 
sustainable management of water and sanitation for all. More details regarding these goals and specific 
targets and indicators can be found here:  
https://sustainabledevelopment.un.org/sdgs

2  Physical water scarcity occurs when there is not enough water to meet all demands. Arid regions are 
most often associated with physical water scarcity, but an alarming new trend is an artificially created 
physical water scarcity due to over allocation and overdevelopment of water resources. Symptoms of 
physical water scarcity include, among other factors, severe environmental degradation and increasing 
occurrence of conflicts. Economic water scarcity is caused by a lack of investment in water or human 
capacity to satisfy the demand for water, even in places where water is abundant. Symptoms of economic 
water scarcity include inadequate infrastructure development, people have trouble getting enough water 
for domestic and other purposes, high vulnerability to seasonal fluctuations, floods and droughts, and 
inequitable distribution of water, even when infrastructure exists (FAO, 2009).

https://sustainabledevelopment.un.org/sdgs
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Commonly, such interventions aim to produce more output for the same or less 
level of input at the plot level. This objective itself may be adequate. However, 
water productivity interventions can have multiple objectives apart from reducing 
the impacts of water scarcity. These interventions may be sought to, inter alia, raise 
farm-level income, alleviate poverty, increase crop diversification, and support water 
reallocation from agriculture to other sectors including the environment (Molden et al., 
2010; Giordano et al., 2017). Moreover, different actors may have different intentions, 
perspectives, and scales of interest. Breeders, driven by scientific crop improvements, 
often focus on individual plant productivity enhancements. Farmers, needing to 
support livelihoods, focus at the farm-scale on maximizing incomes and food security 
for their immediate households. Public water resources managers, driven by long-term 
sustainability concerns, focus at the basin, national, or regional scales.  Assessing the 
effectiveness of any water productivity intervention must start with understanding 
their defined objectives and the metrics considering the scale of the intervention.

To complicate matters, there are often inconsistencies, ambiguities, and misconceptions 
with water productivity terminology.  This is important as it prevents actors from 
developing a shared understanding and vision of the issues at stake and of the objectives 
of the proposed interventions. Definitions have been developed from various academic 
fields each with different perspectives. For example, an engineer defines water “lost” 
when it flows beyond its system boundary, whereas a hydrologist sees this as not 
a “loss”, but instead a “source” to an aquifer, wetland or for evaporation (Perry et 
al., 2017).  The terminology utilized can also be ambiguous. For example, “water 
use” is commonly said; however, the distinction between water “use” and water 
“consumption” is essential to the management of the total resource. Water productivity 
terms can also be misleading.  For example, a common misperception is that water 
productivity interventions result in water “savings” at larger scales. Determining 
water “savings” is much more complex as it requires an understanding of the broader 
hydrological context and respective water accounts across scales (Grafton et al., 2018).

Despite these challenges, are there common guiding principles to help policymakers 
and involved professionals to design interventions that minimize the impacts of water 
scarcity on food security, and vice versa? The aim of this paper is to summarize the 
experience with water productivity interventions observed in the field, to better 
understand the perspectives and scales of different actors, and to synthesize some key 
principles to follow.  These recommendations will help policymakers and stakeholders 
more positively address the title of this paper.
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1. Observations from the 
literature
There is ample evidence from the field that while water productivity interventions 
(broadly defined) are successful in achieving some objectives (e.g. improved 
farmer incomes), they may not be successful in others (e.g., conservation of water 
resources, environmental impacts). For example, policymakers often implement 
these interventions expecting water “savings” to be used by other users. The 
empirical evidence suggests otherwise. Pérez Blanco et al. (2019) reviewed over 240 
water productivity intervention studies and found that “higher irrigation efficiency 
typically contributes to intensification of water scarcity through increased water 
consumption in the agricultural process.” Similarly, a global review of the impact of 
hi-tech irrigation (here defined as any technical intervention designed to improve 
water delivery to the farmer) on available “savings” reveals inconclusive results, 
indicating that these interventions are often associated with an increase in water 
consumption, and relatively constant water productivity (i.e. per unit of water 
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consumed in production) (Perry et al., 2017). Moreover, Wichelns (2015) argues 
that higher estimates of water productivity are not necessarily associated with 
higher yields, larger incomes, or larger amounts of production for sale or home 
consumption. As such, he argues that there is no economic rationale to maximizing 
water productivity.

Increases in water consumption are often a result of unanticipated expansion of crop 
production and/or shifts in cropping patterns including into more water intensive crops. 
For example, Ahmad et al. (2007) showed in the Punjab province of Pakistan that the 
introduction of resource conservation technologies (zero tilled crops and laser leveling) 
reduced water application at the field scale (24 to 32 percent) and increased farm 
incomes. However, overall water consumption in the basin increased by 59 MCM per 
year in part due to the associated expansion of cropped areas. Similarly, Scott et al. (2014) 
showed increases in irrigated area and crop diversification (from water-intensive cereals 
to high-value crops with lower water requirements e.g. vineyards, olives, fruit trees, 
vegetables) in the Guadiana Basin of Spain following government support in irrigation 
efficiency improvements. Overall consumptive use increased by over 200 MCM 
per year from 2002 to 2006.

Many water productivity interventions have also been introduced to tackle the 
worldwide concern over unsustainable groundwater use (Famiglietti, 2014). For 
example, in the State of Rajasthan in India, the government promoted drip irrigation 
with the objective of conserving groundwater and increasing resilience to climate 
change. Birkenholtz (2017) found that this program led to farmers intensifying 
production, shortening fallow times, and expanding production areas from 40 percent 
to 67 percent on average.  In the State of Kansas in the United States of America, from 
1998-2005 the government promoted the adoption of more efficient irrigation systems 
to reduce groundwater use. The State paid up to 75 percent of the cost of purchasing and 
installing new or upgraded irrigation technology. Pfeiffer and Lin (2014) found that this 
correlated with an increase in groundwater extraction, on average by 4 440 to 6 170 m3 
per field (average field size around 70 hectares). In the North China Plain, Kendy et al. 
(2003) found that the long-standing policy of promoting irrigation efficiency to curb 
over-extraction of groundwater resulted in a decrease in pumping rates (over 50 percent 
since the 1970s) but a continued decline in groundwater tables (almost 20 m over the 
same period) due to crop expansion.  

Water productivity interventions can also have unintended consequences on 
environment flows and ecosystem services. Scott et al. (2014) showed that water 
productivity interventions (i.e. irrigation efficiency improvements, canal lining, and 
automated monitoring and control systems) in the Imperial Valley of California 
intended to generate “saved” water to be transferred to the city of San Diego reduced 
environmental flows to the Salton Sea (originally around 1.7 BCM). This contributed 
to its increased salinity.  Carrillo-Guerrero et al. (2013) describe the importance of US 
irrigation return flows (on the Colorado River) to the downstream riparian ecosystems 
and delta wetlands in Mexico. Given that most environmental water supply is not 
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guaranteed, improvements in agricultural water use efficiency and reductions in canal 
seepage would reduce flows to these ecosystems. Similarly, Qureshi et al. (2010), 
using the Murray-Darling Basin in Australia as an example, argue that in cases where 
irrigation “losses” serve as substantial return flow for the environment, a policy of 
subsidizing investments in irrigation and conveyance system upgrades may not be 
beneficial considering the whole system. Irrigation expansion can also have negative 
impacts on biodiversity (e.g., Riedener et al., 2013) leading to multiple repercussions.

To minimize increased consumption and the “rebound effect”3 from efficiency and 
productivity interventions, the role of regulatory instruments is clear. Mekonnen et al. 
(2019, 2020) demonstrate that in Nebraska, United States, the observed shift to more 
efficient irrigation systems (e.g. changing from gravity to center pivot systems) and 
setting regulatory limits on pumping for irrigation has helped to reduce the field level 
irrigation application depth in three Natural Resources Districts (NRDs). These strict 
controls on abstraction levels and groundwater usage have helped to maintain overall 
consumption. Similarly, in the Guadalquivir river basin in Spain where significant 
efforts were made to transform old open-channel distribution systems into pressurized 
pipe networks to save an estimated 3 000 Mm3 annually, Borrego-Marin and Berbel 
(2019) show that indeed withdrawals were reduced. Moreover, consumption remained 
constant due to the prohibition of irrigated area expansion (in effect since 2005) and the 
government retention of all ‘water savings’.

How can these diverse observations and experiences be explained? What can be learned 
from these experiences moving forward to guide policymakers? The following sections 
disentangle some common challenges to achieving real water savings. 

3  Wheeler et al. (2020) use this term
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2. Confusing terminology 
and multiple meanings
For professionals broadly working on water resources management and development, 
collaborating with different academic disciplines and perspectives is common (e.g. 
hydrology, water engineering, irrigation, economics, agronomy, ecology, behavioral 
sciences, law). Though this diversity of views has its strengths, it also brings a 
complicated mix of jargon and terminology. This multiplicity of terms poses a 
challenge in understanding the impacts of various interventions that fundamentally 
cross different disciplines and scales (e.g. Balasubramanya and Stifel, 2020). These 
inconsistencies can cause confusion and miscommunication for policy- and decision-
makers, and researchers (those who evaluate the impacts) or even trigger conflicts. 
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For example, the distinction between water “use” (or abstraction or withdrawals i.e. 
water removed or diverted) and water “consumption” (amount depleted and no longer 
available in the reference system) is critical to managing the total resource (unlike other 
natural resources e.g. forests, land, minerals or fossil fuels).

Moreover, different technical communities view productivity differently. The term 
water productivity refers to the ratio of the net benefits (e.g. from crop, forestry, 
fishery, livestock) to the amount of water (whether consumed or withdrawn from a 
source) used to produce those benefits. In its broadest sense, it reflects the objective 
of producing more food, income, livelihood and ecological benefits at less social and 
environmental cost per unit of water consumed (Molden et al., 2010). The selection of 
the numerator and denominator depends on the scale of analysis and the interest of the 
actor. Productivity can be defined in physical terms (e.g. [kg/m3]: ratio of agricultural 
output to the amount of water consumed – ‘more crop per drop’) or in economic 
terms (e.g. [USD/m3]: value derived per unit of water used). Note that since this is a 
partial factor productivity metric, maximizing this metric may not be consistent with 
maximizing net returns for the farmer (Wichelns, 2015).

This contrasts with classical engineering terms for efficiency. Here, irrigation efficiency 
traditionally reflects the ratio of water consumed relative to the volume of irrigation 
water applied. Though this perspective is appropriate with respect to the planning, 
design, and operation of an irrigation system, this perspective tends to treat water 
leaving the boundary of this engineering system as a “loss”. A hydrologist in contrast, 
might view this engineering efficiency “loss” as a source of important water for other 
parts of the hydrologic cycle (e.g. recharge to an aquifer, or base flow to a river).  
Thus, as Perry (2011) points out, the term “efficiency” carries the implication that the 
increase in efficiency actually “saves” some of the resource, which is often not the case 
(as described in the previous section). 

The multi-disciplinary necessity to approaching water scarcity requires unambiguous 
productivity terminology. Policymakers must be clear in the terminology they use and 
understand the misconceptions of commonly used terms such as water “savings”. From 
a public policy and societal perspective, the physical basin scale (notwithstanding often 
incongruity between surface and groundwater) is needed for analysis of interventions 
and to harmonize across multiple incentives and interests. To address the concerns 
around terminology, this calls for a common framework for accounting of the physical 
resource over space and time for which different water productivity interventions, 
across different disciplines and actors, can be evaluated.
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3. Water accounting: tracking 
stocks and flows
In the field of hydrology, a water balance equation can be used to describe how much 
water flows in and out of a defined basin system. The principles of conservation of 
mass are used whereby any water entering the system (via precipitation or a transfer 
from another system), must be balanced with any water leaving the system either 
as evaporation or runoff (eventually leaving in the form of river or groundwater 
discharge), or stored in different hydrological storages (e.g. snow and ice, soil water, 
groundwater, vegetation or human systems; e.g. Uhlenbrook, 2006). Added to this, the 
different uses of water can also be defined. This results in physical water accounts, i.e., 
the stocks, flows, and uses of water throughout the system over time. Water accounting 
presents information in a standardized manner that is understandable across different 
disciplines and can be used to investigate different water resource decisions and 
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policies. Water accounting tools to systematically support quantitative assessments for 
management of water supply, demand, distribution and resource development are well 
developed in the literature (Steduto et al., 2012; Karimi et al., 2013a; UN, 2012). These 
have been applied in many countries (e.g. Pakistan4, Iran5, Vietnam6) and basins (e.g. 
Awash7, Helmand8 , Indus9).

As with all types of modeling tools, obtaining the required data, especially in developing 
countries, is not trivial. With declining public budgets devoted to maintaining hydro-
meteorological systems, the ability to monitor key hydrological and meteorological 
parameters has increasingly become difficult. A World Bank (2018) review identified 
common obstacles to providing adequate and effective hydro-meteorological services, 
such as, insufficient budgets, inability to attract, train, and retain qualified staff, 
inadequate data management systems, insufficient integration between hydrological 
and meteorological services, poor connection with users. This is especially worrisome 
in the context of climate change and the (in)ability for governments to narrow the 
uncertainties around key hydrologic and climatologic processes. Moreover, even in 
the robust of networks and with ample funding, data can always be subject to bias 
and error (Wilby et al., 2017). However, with improved field observation methods 
and more avenues to collect data (e.g. via drones, satellites and remote sensing, citizen 
science efforts), inter-linked systems (e.g. mobile phones, internet of things), and new 
ways to analyze and integrate (big) data (e.g., artificial intelligence, block chain), these 
traditional field-level systems can be supplemented to better quantify the basic water 
accounts. Indeed, society is in what the World Economic Forum calls the Fourth 
Industrial Revolution on Water10 (WEF, 2018).  

To predict the impacts of a water productivity intervention using the water accounting 
approach, at its simplest, all water used for any purpose within a defined system goes 
to one or more of the following categories (Perry, 2017) – see Figure 1:

1. Consumptive use
a. Beneficial consumption (i.e. water evaporated or transpired for its intended 

purpose)
b. Non-beneficial consumption (i.e. water evaporated or transpired not for its 

intended purpose)
2. Non-consumptive use

a. Recoverable flows (i.e. water that can be captured and re-used)

4  Ahmad et al. (2007).

5  Delavar et al. (2020)

6  Dost et al. (2013); Karimi et al. (2015)

7  Dost et al. (2013); Karimi et al. (2015)

8  Peiser and Bastiaanssen (2015)
9  Karimi et al. (2013b)
10 The Fourth Industrial Revolution on Water envisions a major role for emergent technologies and their 

applications in solving many of society’s challenges in the water sector.  With technology becoming 
increasingly connected and a greater convergence amongst the digital, physical and biological realms, new 
opportunities are emerging to tackle the most pressing issues in water management.
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b. Non-recoverable flows (i.e. water that is truly lost and unavailable or of 
insufficient quality for intended use)

3. Change in storage

Figure 1. Note that the evaporation fluxes are synonymous with consumptive uses and may be beneficial 
(i.e. evaporated or transpired for its intended purpose) or non-beneficial (i.e. not evaporated or transpired 
for its intended purpose e.g. weeds, surface evaporation from the reservoir). To determine whether the 
non-consumptive uses (e.g. return flows, surface runoff) are recoverable or non-recoverable depends on 
their destination. The surface runoff into the salt pan (shown) would be non-recoverable. The recharge 
into groundwater would be recoverable. Real savings can mainly be achieved by reducing consumption 
(particularly non-beneficial uses if crop performance is unchanged) and reducing non-recoverable flows.

7 

 

 
 

 
The law of conservation of mass dictates that the fractions at each category must sum to 
one. That is, all water that is applied for any purpose goes somewhere. Most attention 
is focused on the beneficial consumption; for example, transpiration from an irrigated 
or rain-fed crop or evaporation from a cooling tower at a thermal power plant. This 
contrasts with non-beneficial consumptive use that may not be directly related to 
the intended purpose; for example, evaporation from a reservoir, irrigation drain or 
unintended weeds. If these amounts can be converted into ‘productive’ uses, then gains 
will have been made. There are also non-consumed fractions that can either be re-used 
(for example return flows to drains, water used for hydropower purposes) or not (e.g. 
flows to saline groundwater sinks, flows to the sea). Note that water quality usually 
changes along its path preventing the resource from certain uses or requiring treatments 
(e.g. return flow from irrigated schemes may be polluted with agrochemicals). 
Reducing the amount of water that ends up in places that cannot be accessed for re-use 
(i.e. non-recoverable flows) would be a gain from the water management perspective.  
Understanding how the resource is partitioned amongst these different categories is the 
first step in better managing its sustainability.
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4. Water productivity 
interventions: different 
actors, objectives and scales
A wide range of interventions are available to address water scarcity conditions.  Many 
directly relate to improving water productivity; that is, producing more (whether 
in physical biomass or economic terms) for a given unit of resource utilization. For 
example, advances in crop science may lead to new breeds and varieties of crop that 
require less inputs per unit of output. Similarly, introducing different agronomic 
practices at the field (e.g. mulching, zero tillage, laser land leveling, alternating wetting 
and drying, deficit irrigation) may in the end require less applied water per unit 
output as non-beneficial evaporation is minimized. Irrigation engineers often employ 
a wide range of “modernization” interventions (e.g. canal lining, control structures, 
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participatory irrigation management) to improve the delivery efficiency and reliability 
of an irrigation system for farmers. High precision irrigation technologies (e.g. drip, 
sprinklers) may also result in farm-level delivery efficiencies, thereby benefiting the 
farmer not only in terms of reducing water costs (if farmers are charged and reduce 
deliveries) but also with respect to saving labor, precision application of fertilizers 
and chemicals, minimizing leaching of nitrates and other pollutants, and diversifying 
crops. Finally, economic instruments (e.g. pricing, water markets) and management 
and regulatory interventions (e.g. resource re-allocations, improved monitoring, 
strengthened governance arrangements, quotas and caps on irrigation, buybacks) may 
have positive impacts on water utilization and simultaneous productivity enhancements. 
The challenge with designing effective productivity interventions relate to the different 
objectives and incentives that different actors may have, and the complexity of systems 
and multiplicity of scales that these interventions take place in.

4.1 DIFFERENT ACTORS AND OBJECTIVES
Depending on the actor (e.g. farmer, basin manager, environment, government, 
household, private sector), reducing water scarcity itself may not be the key objective.  
Rather, people and communities may aim to maximize farm incomes and local food 
availability, the “environment” may aim to limit resource depletion and impacts on 
ecosystem service provision, and national governments may aim to stimulate effects on 
growth and jobs. As such, different actors may pursue a wide range of interventions 
some of which may not be directly water related (e.g. job training programs into other 
sectors, import of food, promote other industries with greater growth potential, social 
protection programs, environment conservation programs).  

Moreover, water productivity interventions themselves may have different objectives 
(Giordano et al., 2017). Is the water productivity intervention intended to increase 
agricultural production, reduce agricultural water consumption, increase farm-level 
income, alleviate poverty and inequity, or make more water available for downstream 
users?  Public policymakers must, together with stakeholders, identify what they want 
to achieve broadly and how a water productivity intervention can support this, while 
also recognizing that different actors may have different objectives that may both 
conflict and be complementary with each other.  Tradeoffs will be inevitable.

4.2 DIFFERENT SCALES
Impacts of changing or shifting water use are scale dependent. Every water productivity 
intervention will have an impact on some component of the water accounts. The 
critical question is the scale of the perspective to take when evaluating an intervention.  
For example, water productivity metrics can be used in different ways depending on 
the scale of interest, system boundaries, and the actor (see Table 1).
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Table 1
Water productivity at different spatial scales 

Scale Crop Field Farm Irrigation 
system

Basin Region/
country

Purpose Assessing 
energy 
conversion, 
biomass or 
harvestable 
yield from a 
crop or cultivar

Assessing 
biomass or 
harvestable 
yield from 
a cropping 
system

Assessing 
harvestable 
yield or 
economic 
return from 
a farm’s crop 
production

Assessing 
irrigation 
system 
performance 
in terms of 
harvestable 
yield, water 
delivered, 
operation and 
maintenance, 
or economic 
return

Assessing 
water 
allocation, 
including use 
of water in 
agriculture 
compared to 
other sectors

Assessing 
water 
allocation to 
achieve food, 
water, energy 
etc. security 
at national or 
regional scales

Users Plant 
physiologists, 
breeders, 
private sector

Soil scientists 
and crop 
agronomists, 
agricultural 
extension 
agents, farmers, 
private sector

Agronomists, 
farmers, 
private sector

Irrigation 
engineers, 
agronomists/
agriculture 
extension 
agents, water 
managers

Water 
managers at 
basin level, 
hydrologists, 
water users

Policy makers 
at country or 
regional levels, 
including 
environment, 
food and 
nutrition, 
water, energy, 
trade, etc. 

From Giordano et al. (2017), adapted, last column added

Understanding these different scales matters because impacts of an intervention may 
occur at multiple spatial scales (intentional or otherwise). For example, modernized 
irrigation technologies are often branded for their water “saving” capabilities and 
improved irrigation “efficiencies.” Many studies (see section above) reveal that water 
“savings” at the farmer-scale or irrigation system-scale may not translate to water 
“savings” for other actors within a larger basin scale. In fact, “advanced irrigation 
technologies that increase irrigation efficiency may even increase on-farm water 
consumption, groundwater extractions, and water consumption per hectare” (Grafton 
et al., 2018). This lack of broader scale water “savings” is because, at the farm-scale, 
farmers tend to utilize the available resources for generating additional benefits which 
could result in the cultivation of more water-intensive crops, increase the cropping 
intensity, expand irrigated areas, or see “a strong marginal yield response from 
additional water” with the same crop (Grafton et al., 2018). The authors refer to this as 
the irrigation efficiency paradox.11 Moreover, national level policies and productivity 
interventions may have differential impacts on basins and sub-basins both within a 
country and in a transboundary context.

11  This is analogous to Jevons paradox in economics whereby technological progress increases the efficiency with which a 
resource is used while simultaneously the rate of consumption of that resource rises due to increasing demand (e.g., more 
fuel-efficiency does not result in reduced fuel consumption, but in an overall increase).
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5. Where do we go from here?
With many places now facing increasing water scarcity, policymakers are faced with 
difficult choices about how to limit excessive or unsustainable consumption of water 
resources. These choices are complex with sometimes multiple consequences for the 
reasons given above.  Nonetheless, from the public policy perspective, decision making 
should be informed and guided by the following six principles:

5.1 MONITOR AND ASSESS: DEVELOP WATER 
ACCOUNTS AND CONSIDER IMPACTS OF FUTURE 
CHANGES AND NATURAL VARIABILITY
Fully understanding the current state of water resources (both quantity and quality, in 
space and time), including identifying where key uncertainties exist (e.g. future demand 
projections, groundwater contributions to river flow, future variability etc.) will 
enable well-informed planning and management, and increase transparency in decision 
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making. This is especially critical in the context of climate change and increased 
future water scarcity. Quantifying water accounts from farm to basin scales allows 
policymakers to better understand the sustainable limits of the water resource and 
forces them to negotiate priorities and interventions within that sustainable boundary. 

Developing water accounts requires sustained investments (both capital and recurrent) 
in monitoring systems across a wide range of hydrologic and meteorological 
parameters (as discussed earlier) at multiple scales (e.g. field, farm, basin, national). 
This is not a trivial exercise in practice, especially at the field level.  However, modern 
Earth observation and remote sensing products (of evaporation) in tandem with new 
big data approaches (e.g. internet of things, use of cellular network towers, citizen 
science efforts, artificial intelligence and machine learning approaches, drones) can 
complement traditional ground-based monitoring networks to provide the baseline 
knowledge needed to build water accounts at various scales.

With water accounts in place, the impact of future exogenous changes (e.g. climate, 
population, demographic shifts), drivers for water use, as well as various water 
productivity and policy interventions can be evaluated at the crop, field, farmer, basin 
and regional scales. Information on return flows from agricultural water use and 
whether they are beneficial or not (i.e. they flow to a sink) is particularly relevant 
to identify whether policies and interventions will lead to third party impacts. 
Especially from the public resource management and environmental perspectives, 
basin implications need to be considered. This can be particularly challenging in a 
transboundary context. Water accounting can help understand where locally “saved” 
water really goes. Water accounting tools can also help policymakers better foresee 
risks, tradeoffs, and/or unintended consequences and make more “transparent who 
gets what and where” (Grafton et al., 2018).

5.2 SET CONSUMPTION LIMITS: IDENTIFY SUSTAINABLE 
BOUNDARIES FOR CURRENT AND FUTURE WATER USE AT 
THE BASIN SCALE AND SET APPROPRIATE ALLOCATIONS 
FOR AGRICULTURE
Water resources can be exhaustible and non-renewable at different spatial and 
temporal scales. As such, water must be managed at an appropriate scale and within 
an identified sustainable boundary to ensure adequate water for various current and 
future users (agriculture, industry, energy, domestic, environment, etc.). For example, 
such boundaries for basins are well established in the literature (Loucks 1997, 2000; 
Sandoval-Solis et al., 2011; Wu et al., 2015). Moreover, boundaries should be set in 
terms of maximum water consumption (instead of withdrawals which most water 
rights administration systems regulate) to prevent over-allocation and unintended 
negative impacts.
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Once these physical boundaries are defined, allocations (and reallocations) across 
various water-using sectors can be set and guided by stakeholder consultations 
and supported and enforced by an effective regulatory and governance framework.  
Particularly in larger basins, limits will need to be set at sub-basin scales but 
coordinated at basin scales (O’Donnell et al., 2019). These allocations and limits will 
require politically challenging choices given the nature of the tradeoffs to make and 
interests of various stakeholders (now and in the future). Limits should consider future 
conditions (e.g. climate change, development of various sectors), existing variability, 
and be regularly reviewed and adjusted as needed. Allocations themselves may be more 
dynamic and respond to short-term challenges (e.g. shocks) including buffering and 
sharing between physically defined watersheds. Nonetheless, in many basins in most 
countries the greatest allocations will go to agriculture water given the important role 
the agriculture sector plays in food security, employment, and in reducing poverty, 
hunger, and malnutrition. Moreover, with set consumption limits, policymakers can 
then evaluate various water productivity interventions and assess whether impacts (e.g. 
biophysical, economic, distributional) are acceptable. Perry et al. (2017) and others, for 
example, argue that water allocation limits based on water accounting must be done 
prior to promoting hi-tech irrigation technologies.  

5.3 THINK SYSTEMS: DESIGN AND IMPLEMENT 
AGRICULTURAL WATER USE INTERVENTIONS WITH THE 
WIDER SYSTEM CONTEXT IN MIND
Interventions on the farm often have impacts, interact, and are influenced by dynamics 
beyond the field. Thus, recognition and understanding of broad natural systems (e.g. 
watershed, river basin, groundwater-surface water interconnections, source to sea) and 
their interactions with human systems (such as food, energy, and social systems) are 
essential to minimizing unintended consequences. This recognition of the importance 
of better understanding “hydrosociology” (Falkenmark, 1979) and contemporary 
permutations (e.g. Sivapalan et al., 2011) is well established. In practice, this requires 
a high degree of coordination and collaboration across traditional administrative 
divisions.

Actions at an individual farm can have impacts on larger food systems and at the same 
time be impacted by them. For example, water productivity interventions that aim to 
shift the pattern of cropping towards higher value crops (i.e. more economic benefit per 
unit applied water) may impact local market prices; not only the price of the new crop 
by increasing supply, but also the price of the old crop by decreasing supply (assuming 
that markets are not distorted through price-based incentives, e.g., guaranteed prices 
etc.). This could have broader implications on the supply chain, both upstream (e.g. 
seeds and fertilizers) and downstream (e.g. agro-processing) for both the old and new 
crop. Conversely, these interventions may not succeed if not supported by the current 
or anticipated food system (e.g. availability of seed suppliers, required fertilizers, labor, 
knowledge of new cultivars, market access). For example, Burt et al. (2008) critique 
proposals by Cooley et al. (2008) to shift 25 percent of the irrigated field crops in 
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the Central Valley in California to higher-value irrigated vegetables to generate water 
savings of about 1.5 BCM. While Burt et al. (2008) acknowledge that vegetable crops 
may use less water than field crops, they argue that such a shift is unrealistic in practice 
because impacts on farmer incomes would be negative, especially given that the existing 
market could not absorb such a large increase in vegetable production.

Similarly, the nexus between agriculture and energy systems is well documented 
(Ringler et al., 2013). Significant energy resources are needed to pump water for 
irrigation purposes and pressurize high-precision systems (e.g. drip and sprinkler 
systems). At the same time, water is needed to produce energy (e.g. cooling for thermal 
power plants) including the conversion of large areas of land for biofuel production 
(consuming in many cases more water than before; see for example Jewitt and Kunz, 
2011). This can have significant impacts on the prices of basic crop commodities 
(Rosegrant, 2008; Diaz-Bonilla, 2013). Thus, well designed water productivity 
interventions may also need to consider energy systems.  For example, recent research 
in India has examined the water impacts of using solar-powered irrigation in lieu of 
traditional fuels to support agriculture production (Verma et al., 2018; Shah et al., 2016; 
Gupta, 2019). Concerns over the impacts of this policy on groundwater over-extraction 
are well justified. In response, experiments are under way whereby farmers are given 
the option to sell energy to the grid (‘solar power as a remunerative crop’). Reducing 
groundwater use depends on setting an appropriate electricity feed-in-tariff (Shah 
et al., 2016). The feed-in-tariff must be high enough to dis-incentivize groundwater 
pumping (while maintaining or improving farm incomes), but at the same time not too 
high to discourage crop production (important for meeting local consumption needs).

Finally, ecosystem services provide benefits that are essential to human health and 
well-being (WLE, 2014). Healthy ecosystems can positively impact agriculture, for 
example, through soil nutrient cycling, regulation of water flows, carbon sequestration, 
pollination, and pest control (Zhang et al., 2007). Beyond the agriculture sector, 
ecosystems can also provide water quality enhancement and flood protection. These 
benefits are not always physically well understood nor easy to economically value 
(Ruckelshaus et al., 2015; Bagstad et al., 2013; Holzman, 2012). An example of the 
interconnectedness of agriculture and ecosystem services can be seen in the Volta 
River Basin. Here, poor upstream catchment management is contributing to decreased 
storage capacity in the basin, impacting dry season irrigation and fish (WLE, 2014). 
Not surprising, there are many notable global examples of detrimental impacts on the 
environment of over-consumption of water in the agriculture sector (e.g. Aral Sea, 
Ogallala Aquifer).

5.4 MANAGE TRADEOFFS: USE MULTIPLE POLICY 
INSTRUMENTS TO ACHIEVE MULTIPLE OBJECTIVES
By thinking in terms of these broader systems, there will be many objectives to achieve. 
Some objectives may be complimentary and have co-benefits, while others may be in 
conflict. Thus, tradeoffs will be inevitable and will need to be better understood and 
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properly managed. The process will ultimately be political in nature. Tradeoffs will 
be made across different users (including the environment), across present and future 
benefits, using different criteria (e.g. economic, political, social). Tradeoffs may also 
be across different spatial scales (e.g. downstream users and groundwater recharge). 
Analytical tools (e.g. multi-objective systems optimization) exist to help better 
understand and calculate these tradeoff frontiers (Haimes et al., 1975; Loucks and van 
Beek, 2017). Under these conditions, as suggested by Tinbergen (1952), each policy 
objective should have its own instrument.  For example, a single water productivity 
intervention cannot be used to both increase agriculture production and reduce basin 
wide consumption given that these objectives are largely in conflict.  

Policymakers will face difficult choices in the selection amongst multiple interventions. 
Clear understanding of each instrument’s objectives, operating scales, and stakeholders 
will be critical to assessing performance. Moreover, irrespective of intervention choice 
these will need to be embedded in a broader coherent policy framework that supports 
the water, energy, food and environmental security objectives of policymakers. This 
will require a high degree of coordination and collaboration across various sectors 
within government. Finally, the governance and institutional arrangements, including 
the processes in place to include stakeholder voice and input, will be critical to 
minimizing conflict.  

5.5 MAXIMIZE AND SHARE BENEFITS IN AGRICULTURE: 
SET TARGETS FOR AGRICULTURAL WATER USE 
THAT MAXIMIZE THE BENEFITS FROM THE SECTOR 
AND ENSURE THAT FARMERS AND VULNERABLE 
POPULATIONS CAN THRIVE 
Governments may envision different pathways for the agriculture sector and the role 
it plays in serving the economy and society. Depending on these goals (e.g. in terms of 
employment, economic growth, livelihood generation, poverty reduction, sustaining 
ecosystems), policymakers will need to determine how benefits, within defined water 
allocation boundaries, can be maximized for farming communities. That is, how can 
this available water for the agriculture sector achieve the most for society. At the same 
time, maximizing economic efficiency must be balanced against distributional aims, 
especially in the context of rural populations. Governments should ensure that benefits 
realized from agricultural water allocations are shared with vulnerable populations (e.g. 
women, children, disabled) such that these groups can thrive. For example, access to 
and control over water resources and its benefits in relation to agricultural production 
remains often unequal between female farmers and their male counter parts (Theis et 
al., 2018). Hence, interventions to overcome economic and/or physical water scarcity 
requires likely different interventions and incentives. As such, increasing female 
farmers’ incomes through agricultural water management interventions can improve 
family welfare as women tend to spend a higher proportion of their incomes on 
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associated expenses (i.e. food, school fees, and healthcare for their children) (Nicol et 
al., 2015). This will build a more inclusive rural society and contribute to the SDGs on 
poverty, gender, and inequality.  

5.6 EVALUATE, LEARN AND COMMUNICATE: PUT IN 
PLACE ITERATIVE PROCESSES OF LEARNING TO BUILD 
PROGRESS TOWARDS MAXIMIZING BENEFITS FROM 
AGRICULTURAL WATER USE WITHIN SUSTAINABLE LIMITS 
All water productivity interventions (policy or technical) are social experiments 
in practice. Since changes in human behavior are intended, anticipated outcomes 
are never certain. Thus, frequent evaluation is needed throughout implementation.  
Learning during actual implementation is inevitable and should be incorporated and 
communicated broadly early-on to create greater chances for success. Only then 
can various water productivity approaches be improved upon to deliver optimal 
benefits from the agriculture sector, for farmers, vulnerable communities, and society, 
in a manner that preserves the opportunities for future generations in a sustainable 
environment.
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6. Concluding remarks
Can water productivity improvements save us from global water scarcity? This depends on 
the difficult choices that policymakers will need to make about the water resource and who 
gets how much and when, and the resources that can be mobilized for related interventions. 
This is further complicated by the diverse goals and interests of different actors, and the 
multiple scales and systems within which agriculture water use is embedded. Agriculture 
water use will continue to be essential to achieving food security and supporting rural 
livelihoods and economies. The mark the sector has had on reducing poverty and hunger 
globally is clear. At the same time, population increase, unsustainable production and 
consumption patterns, and climate change are further constraining water resources and 
increasing stress for many. These realities call for urgent responses to achieve improved 
and more resilient agriculture water management, particularly in water scarce regions. This 
is essential to the urgently needed global transformation of the food system (Willett et al., 
2019).
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While agriculture is responsible for about 70 percent of global water withdrawals, agriculture 
will be an important part of the solution to solving this global water scarcity challenge. 
Essential to this is first a better understanding of the multiple incentives of actors and water 
accounts at sub-basin, basin, and national levels. This requires significant investment in the 
capacity for countries to monitor and assess key hydrological and meteorological parameters. 
Only then can sustainable limits be determined and allocations across different water using 
sectors be made. Moreover, limits should be set in terms of maximum water consumption 
(instead of withdrawals) to prevent over-allocation and unintended negative impacts. It is 
unavoidable that significant allocations will go to agriculture water given the important role 
the sector plays in food security, employment, biomass-based production (including fodder, 
fuel and fiber) and in reducing poverty, hunger, and malnutrition. Policymakers will have 
a challenge in determining how best to generate benefits within these set water limits and 
ensure these benefits are broadly shared. Recognition and understanding of broad natural 
and human systems will be essential to minimizing unintended consequences. Moreover, 
given the multitude of objectives many of which may be in conflict, tradeoffs will need to 
be understood and managed and multiple instruments employed.  

The stakes are high and accelerated action is needed, especially in the context of an uncertain 
climate change future and its implications on the dual challenge of food and water security. 
Sustainable water management across all sectors will be indispensable for climate-resilient 
growth and environmental integrity.  At the same time, the goals of ending poverty and 
hunger will likely go well beyond the SDGs in 2030. Thus, more comprehensive thinking 
informed with better data and information, more integration between research and practice, 
and broader recognition of the landscape of actors and objectives will be critical to delivering 
benefits from the agriculture sector in a manner that preserves the opportunities for future 
generations. The principles given in this paper will help policymakers more effectively 
design water productivity interventions to achieve this.



25References

References
Ahmad, Mobin-Ud-Din, Turral H., Masih I., Giordano M. & Zubair M. 2007. 

Water saving technologies: myths and realities revealed in pakistan’s rice-wheat 
systems. Edited by international water management institute and future harvest 
(program). Research report / international water management institute 108. 
Colombo: international water management institute.

Bagstad, K. J., Semmens D. J., Waage S. & Winthrop R. 2013. “A 
comparative assessment of decision-support tools for ecosystem services 
quantification and valuation.” Ecosystem services 5 (september): 27–39.  
https://doi.Org/10.1016/J.Ecoser.2013.07.004.

Balasubramanya, S. & Stifel. D. 2020. Viewpoint: water, agriculture & 
poverty in an era of climate change: why do we know so little? Food policy, 
https://doi.Org/10.1016/J.Foodpol.2020.101905

Bastiaanssen, W., Than Ha, L. & Fenn M. 2015. “Water accounting plus (wa+) for 
reporting water resources conditions and management: a case study in the ca river 
basin, vietnam,” 35.

Birkenholtz, T. 2017. “Assessing india’s drip-irrigation boom: efficiency, 
climate change and groundwater policy.” Water international 42 (6): 663–77.  
https://doi.Org/10.1080/02508060.2017.1351910.

Borrego-Marin, M. & Berbel, J. 2019. Cost-benefit analysis of irrigation modernization 
in guadalquivir river basin. Agricultural water management, 212; 416-423.

Burt, C. et al. Agricultural water conservation and efficiency in 
california – a commentary, international center for water technology:  
www.Icwt.Net/agwaterefficiencycommentary.pdf (accessed on january 5, 2015)

Carrillo-Guerrero, Y., Glenn E. P. & Hinojosa-Huerta O. 2013. “Water budget 
for agricultural and aquatic ecosystems in the delta of the colorado river, mexico: 
implications for obtaining water for the environment.” Ecological engineering 59 
(october): 41–51. https://doi.Org/10.1016/J.Ecoleng.2013.04.047

Cooley, H., Christian-Smith, J. & Gleick P., more with less: agricultural water 
conservation and efficiency in california: a special focus on the delta, pacific 
institute, september 2008.

Delavar, M., Morid, S., Morid, R., Farokhnia, A., Babaeian, F., Srinivasan, R. & 
Karimi, P. 2020. Basin-wide water accounting based on modified SWAT model 
and WA+ framework for better policy making. Journal of Hydrology. 585. 
https://doi.org/10.1016/j.jhydrol.2020.124762

Díaz-Bonilla, E. 2013. “Ties That Bind Energy, Food, and Agriculture.” In 2012 
Global Food Policy Report, 0 ed. Washington, DC: International Food Policy 
Research Institute. https://doi.org/10.2499/9780896295537.

https://doi.org/10.1016/j.ecoser.2013.07.004
https://doi.org/10.1016/j.ecoleng.2013.04.047
https://doi.org/10.1016/j.jhydrol.2020.124762
https://doi.org/10.2499/9780896295537


26 Can Water Productivity Improvements Save Us from Global Water Scarcity?

Dost, R., Bastidas Obando, E., Bastiaanssen, W. & Hoogeveen, J. 2013. “Water 
Accounting Plus (WA+) in the Awash River Basin.” Coping with Water Scarcity – 
Developing National Water Audits Africa.

Falkenmark, M. 1979. Main problems of water use and transfer of technology. 
Geojournal, 3, 435-443.

Falkenmark, M. 2013 Growing water scarcity in agriculture: future 
challenge to global water security. Phil Trans R Soc A 371: 20120410.  
http://dx.doi.org/10.1098/rsta.2012.0410

Famiglietti, J. 2014. The global groundwater crisis.  Nature Climate Change, 4, 945-
948.

FAO. 2009. Water Scarcity. www.fao.org/assets/infographics/FAO-Infographic-water-
scarcity-en.pdf. Accessed April 30, 2020.

FAO, IFAD, UNICEF, WFP & WHO. 2019. The State of Food Security and Nutrition 
in the World 2019. Safeguarding against economic slowdowns and downturns. 
Rome, FAO.

FAO. 2017. Ending Poverty and Hunger by Investing in Agriculture and Rural Areas. 
20 pp.

Giordano, M., Turral, H., Scheierling, S. M., Treguer, D. O. & McCornick, P. G. 
2017. “Beyond ‘More Crop per Drop’: Evolving Thinking on Agricultural Water 
Productivity.” International Water Management Institute (IWMI) | The World 
Bank. https://doi.org/10.5337/2017.202.

Giordano, M. 2007. More Crop Per Drop: Revisiting a Research Paradigm: Results and 
Synthesis of Iwmi’s Research 1996-2005. Edited by Frank R. Rijsberman & R. Maria 
Saleth. London, UK: IWA Publishing.

Gosling, S & Arnell, N. 2013. A global assessment of the impact of climate change on 
water scarcity. Climatic Change, 134, 371-385.

Grafton, R. Q., Williams, J., Perry, C. J., Molle, F., Ringler, C., Steduto, P., Udall, 
B. et al. 2018. “The Paradox of Irrigation Efficiency.” Science 361 (6404): 748–50. 
https://doi.org/10.1126/science.aat9314.

Gupta, E. 2019. The impact of solar water pumps on energy-water-food nexus: 
Evidence from Rajasthan, India. Energy Policy. 129. 598-609.

Haimes, Yacov, Hall, W A. & Freedman, H. T. 1975. Multiobjective Optimization in 
Water Resources Systems: The Surrogate Worth Trade-off Method. Elsevier.

Holzman, D. C. 2012. “Accounting for Nature’s Benefits: The Dollar Value 
of Ecosystem Services.” Environmental Health Perspectives 120 (4): a152–57.  
https://doi.org/10.1289/ehp.120-a152.

http://dx.doi.org/10.1098/rsta.2012.0410
http://www.fao.org/assets/infographics/FAO-Infographic-water-scarcity-en.pdf
http://www.fao.org/assets/infographics/FAO-Infographic-water-scarcity-en.pdf
https://doi.org/10.1289/ehp.120-a152


27References

IPCC. 2018. Summary for Policymakers. In: Global Warming of 1.5°C. An IPCC 
Special Report on the impacts of global warming of 1.5°C above pre-industrial 
levels and related global greenhouse gas emission pathways, in the context of 
strengthening the global response to the threat of climate change, sustainable 
development, and efforts to eradicate poverty [Masson-Delmotte, V., P. Zhai, 
H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. 
Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, M.I. Gomis, E. 
Lonnoy, T. Maycock, M. Tignor, and T. Waterfield (eds.)]. World Meteorological 
Organization, Geneva, Switzerland, 32 pp.

Jat, M.L., Chakraborty, D., Ladha, J.K., Rana, D. S., Gathala, M. K., Mc Donald, A. 
& Gerard, B. 2020. Conservation agriculture for sustainable intensification in South 
Asia. Nature Sustainability, 3, 336–343. https://doi.org/10.1038/s41893-020-0500-2

Jewitt, G., & Kunz, R. 2011. “The Impact of Biofuel Feedstock Production on 
Water Resources: A Developing Country Perspective.” Biofuels, Bioproducts and 
Biorefining 5 (4): 387–98. https://doi.org/10.1002/bbb.314

Karimi, P., Bastiaanssen, W. G. M., Sood, A., Hoogeveen, J., Peiser, L., Bastidas-
Obando, E. & Dost, R. 2015. “Spatial Evapotranspiration, Rainfall and Land Use 
Data in Water Accounting – Part 2: Reliability of Water Accounting Results for Policy 
Decisions in the Awash Basin.” Hydrology and Earth System Sciences 19 (1): 533-550.  
https://doi.org/10.5194/hess-19-533-2015

Karimi, P., Bastiaanssen, W. G. M. & Molden, D. 2013a. Water Accounting Plus 
(WA+) – a water accounting procedure for complex river basins based on 
satellite measurements, Hydrology and Earth System Sciences 17 (7), 2459-2472.  
https://doi.org/10.5194/hess-17-2459-2013.

Karimi, P., Bastiaanssen, W. G. M., Molden, D. & Cheema, M. J. M. 2013b. 
“Basin-Wide Water Accounting Based on Remote Sensing Data: An Application 
for the Indus Basin.” Hydrology and Earth System Sciences 17 (7): 2473–86.  
https://doi.org/10.5194/hess-17-2473-2013

Kendy, E., Molden, D. J., Steenhuis,  T. S., Liu, Ch.  & Wang, J. 2003. “Policies 
Drain the North China Plain: Agricultural Policy and Groundwater Depletion 
in Luancheng County, 1949-2000,” 52.  

Loucks, D.P. 1997. “Quantifying trends in system sustainability.” Hydrol. Sci. J., 42(4), 
513–530.

Loucks, D.P. 2000. Sustainable Water Resources Management, Water International, 
25:1, 3-10, DOI: 10.1080/02508060008686793

Loucks, D. P. & van Beek, E. 2017. Water Resource Systems Planning and 
Management: An Introduction to Methods, Models, and Applications, edited by 
Daniel P. Loucks and Eelco van Beek. Cham: Springer International Publishing.  
https://doi.org/10.1007/978-3-319-44234-1_4

Mekonnen, M., Neale, Ch. & Ray, Ch. 2019. “Nebraska Water Productivity Report.”

https://doi.org/10.1038/s41893-020-0500-2
https://doi.org/10.1002/bbb.314
https://doi.org/10.5194/hess-17-2473-2013
https://doi.org/10.1007/978-3-319-44234-1_4


28 Can Water Productivity Improvements Save Us from Global Water Scarcity?

Mekonnen, M., Hoekstra, A.Y., Neale, C., Ray, C. & Yang, H.S. 2020. Water 
productivity benchmarks: The case of maize and soybean in Nebraska. Agricultural 
Water Management, 234, 106-122.

Molden, D., Oweis, T., Steduto, P., Bindraban, P., Hanjra, M. A. & Kijne, J. 2010. 
“Improving Agricultural Water Productivity: Between Optimism and Caution.” 
Agricultural Water Management, Comprehensive Assessment of Water Management 
in Agriculture, 97 (4): 528–35. https://doi.org/10.1016/j.agwat.2009.03.023.

Nicol, A., Langan, S., Victor, M. & Gonsalves, J. 2015. Water-Smart Agriculture in 
East Africa. “International Water Management Institute (IWMI). CGIAR Research 
Program on Water, Land and Ecosystems (WLE); Global Water Initiative East 
Africa (GWI EA). https://doi.org/10.5337/2015.203

O’Donnell, E.L., Garrick, D.E. & Horne, A.C. 2019. Reallocation through irrigation 
modernization: The ‘once-in-a-hundred-year’ opportunity of the North-South 
Pipeline, Australia. Water Security, 6. 100028.

Peiser, L., & Bastiaanssen, W. 2015. “Water Accounting through Remote Sensing 
(WA+) in Helmand River Basin.” Analysis on Water Availability and Uses in 
Afghanistan River Basins.

Pérez Blanco, C., Hrast Essenfelder, A. & Perry, C.J. 2019. Irrigation Technology and 
Water Conservation: From Panaceas to Actual Solutions.

Perry, C, P Steduto, and F Karajeh. 2017. “Does Improved Irrigation Technology 
Save Water? A Review of the Evidence” Discussion paper on irrigation and 
sustainable water resources management in the Near East and North Africa, Cairo: 
FAO. 42 pp.

Perry, C. 2011. “Accounting for Water Use: Terminology and Implications for Saving 
Water and Increasing Production.” Agricultural Water Management 98 (12): 1840–46. 

Pfeiffer, L & Lin, C. 2014. “Does Efficient Irrigation Technology Lead to Reduced 
Groundwater Extraction? Empirical Evidence.” Journal of Environmental Economics 
and Management 67 (2): 189–208. https://doi.org/10.1016/j.jeem.2013.12.002

Qureshi, M. E., Schwabe, K., Connor, J. & Kirby, M. (2010). Environmental 
water incentive policy and return flows. Water Resources Research, 46(4),  
https://doi:10.1029/2008WR007445

Riedener, E., Rusterholz, H. P. & Baur, B. 2013. Effects of different irrigation systems 
on the biodiversity of species-rich hay meadows. Agriculture, Ecosystems & 
Environment, 164, 1, 62-69,  https://doi.org/10.1016/j.agee.2012.09.020

Ringler, C., Bhaduri, A. & Lawford, R. 2013. The nexus across water, energy, land and 
food (WELF): potential for improved resource use efficiency? Current Opinion in 
Environmental Sustainability. 2013, 5: 617-624.



29References

Rosegrant, M.W: Biofuels and Grain Prices: Impacts and Policy Responses. Testimony 
for the US Senate Committee on Homeland Security and Governmental Affairs; 
2008:. May 7, www.ifpri.org/publication/biofuels-and-grain-prices

Ruckelshaus, M., McKenzie, E., Tallis, H., Guerry, A., Daily, G., Kareiva, P., 
Polasky, S., et al. 2015. “Notes from the Field: Lessons Learned from Using 
Ecosystem Service Approaches to Inform Real-World Decisions.” Ecological 
Economics, Ecosystem Services Science, Practice, and Policy: Perspectives 
from ACES, A Community on Ecosystem Services, 115 (July): 11–21.  
https://doi.org/10.1016/j.ecolecon.2013.07.009

Sadoff, C. W., Borgmeo, E. & Uhlenbrook, S. 2020. Rethinking Water for SDG 6. 
Nature Sustainability, in press. 

Sandoval-Solis, S, McKinney, D.C. & Loucks, D.P. 2011. Sustainability Index for 
Water Resources Planning and Management, Journal of Water Resources Planning 
and Management, 137 (5).

Scott, C. A., Vicuña, S., Blanco-Gutiérrez, I., Meza, F. & Varela-Ortega, C. 
2014. “Irrigation Efficiency and Water-Policy Implications for River Basin 
Resilience.”  Hydrology and Earth System Sciences  18 (4): 1339–48.  
https://doi.org/10.5194/hess-18-1339-2014

Sivapalan, M., Savenijie, H.G. & Bloschl, G. 2011. Socio-hydrology: A new 
science of people and water. Hydrological Processes, 26(8), 1270-1276.  
https://doi.org/10.1002/hyp.8426

Shah et al. (2016) Solar power as remunerative crop. IWMI-TATA Water Policy 
Program, Report 10, 8 pps. www.iwmi.cgiar.org/iwmi-tata/PDFs/iwmi-tata_water_
policy_research_highlight-issue_10_2016.pdf

Steduto, P., Faurès, J., Hoogeveen, J., Winpenny, J. T. & Burke, J.J. eds. 2012. Coping 
with Water Scarcity: An Action Framework for Agriculture and Food Security. 
FAO Water Reports 38. Rome: Food and Agriculture Organization of the United 
Nations.

Tinbergen, J. 1952. On the Theory of Economic Policy. North-Holland Pub. Co.

Theis, S., Lefore, N., Meinzen-Dick, R. & Bryan, E. 2018. What happens after 
technology adoption? Gendered aspects of small-scale irrigation technologies in 
Ethiopia, Ghana, and Tanzania. Agriculture and Human Values. 35, 671-684.

Uhlenbrook, S. 2006. Catchment hydrology — a science in which all processes are 
preferential. Hydrological Processes, HP Today, 20, 16, 3581–3585, DOI: 10.1002/
hyp.6564.

United Nations, ed. 2012. System of Environmental-Economic Accounting for Water: 
SEEA-Water. Economic & Social Affairs. New York: United Nations.

United Nations. 2018. Sustainable Development Goal 6 Synthesis Report 2018 on 
Water and Sanitation. New York.



30 Can Water Productivity Improvements Save Us from Global Water Scarcity?

Verma, S., Kashyap, D., Shah, T., Crettaz, M. & Sikka, A. n.d. “A New SDC-IWMI 
Regional Partnership,” 17.

Water, Land and Ecosystems (WLE), CGIAR Research Program on. 2014. 
“Ecosystem Services and Resilience Framework.” International Water Management 
Institute (IWMI). CGIAR Research Program on Water, Land and Ecosystems (WLE).  
https://doi.org/10.5337/2014.229

Wichelns, D. 2015. Water productivity and food security: considering more carefully 
the farm-level perspective. Food Security. 7:247-260.

Wheeler, S.A, E Carmody, E., Grafton, R.Q., Kingsford, R.T. & Zuo, A. 2020. The 
rebound effect on water extraction from subsidizing irrigation infrastructure in 
Australia. Resources, Conservation and Recycling, 159, 104755.

Wilby, R. L., Clifford, N. J., De Luca, P., Harrigan, S., Hillier, J. K., Hodgkins, R., 
Johnson, M. F., et al. 2017. “The ‘Dirty Dozen’ of Freshwater Science: Detecting 
Then Reconciling Hydrological Data Biases and Errors.” WIREs Water 4 (3): e1209.  
https://doi.org/10.1002/wat2.1209

Willett, W.,  Rockström, J.,  Loken, B.,  Springmann, M.,  Lang, T.,  Vermeulen, 
S., Garnett, T., Tilman, D., DeClerck, F., Wood, A., Jonell, M., Clark, M., Gordon, 
L. J.;  Fanzo, J.,  Hawkes, C.,  Zurayk, R.,  Rivera, J. A.,  Vries, W. De,  Majele 
Sibanda, L.,  Afshin, A.,  Chaudhary, A.,  Herrero, M.,  Agustina, R.,  Branca, 
F., Lartey, A.,  Shenggen, Fan., C., Bignet, E., Max, T., V., Lindahl, T., Sudhvir, 
S., Cornell, S. E., Srinath Reddy, K., Sunita, N., Nishtar, S. & Murray, C. J.L. 
2019. Food in the Anthropocen: the EAT–Lancet Commission on healthy diets 
from sustainable food systems. The Lancet, 393, 10170. ISSN 0140-6736, p. 447–492,  
https://doi.org/10.1016/S0140-6736(18)31788-4

World Bank. 2018. “Assessment of the State of Hydrological Services in Developing 
Countries.” GFDRR, World Bank, Washington, DC.

World Economic Forum (WEF). 2018.  Harnessing the Fourth Industrial Revolution 
for Water. WEF. 26 pp.

Wu, H., Darton R. & Borthwick, A. 2015. Defining and measuring river basin 
sustainability: a case study of the Yellow River, Sustainable Development, Vol. 1 
383-394.

Yu, W., Uhlenbrook, S.,  von Gnechten, R., van der Bliek, J. 2021.  Can Water 
Productivity Improvements Save Us from Global Water Scarcity? A White Paper. 
Rome, FAO.

Zhang, W., Ricketts, T. H., Claire Kremen, K. C., & Swinton, S. M. 2007. 
“Ecosystem Services and Dis-Services to Agriculture.” Ecological Economics, 
Special Section - Ecosystem Services and Agriculture, 64 (2): 253–60.  
https://doi.org/10.1016/j.ecolecon.2007.02.024





WATER PRODUCTIVITY
WASAG WHITE PAPER 1

WASAG WORKING GROUP ON
SUSTAINABLE AGRICULTURAL WATER USE

©
 F

AO
, 2

02
1 

C
B3

89
6E

N
/1

/0
5.

21

This White Paper has been produced with the support of:




