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Foreword
The fundamental starting point for food and for life is water. Over the past century, our 
understanding of water management and agriculture enabled us to dramatically decrease 
hunger, malnutrition, and poverty. We have developed new knowledge and technology 
that allow us to harness this precious resource and manage life systems, creating unprec-
edented abundance for much of humankind. Despite this progress, some clear lessons 
emerge from the pages of history. First, inequity continues to coexist alongside abundance 
and prosperity—that is the sharp truth for 821 million food-insecure people and 150 million 
malnourished children in the year 2019. Second, as water scarcity intensifies, we must 
remember that without water, there is no food, and without food, there is no security.

This report, From Scarcity to Security: Managing Water for a Nutritious Food Future, 
examines the urgent challenges created by water scarcity and the impact on food security. 
More importantly, it offers an evidence-based pathway forward. Aligning clean water devel-
opment with agricultural development can yield multiple benefits and is crucial to producing 
enough nutrient-rich food for a growing global population. The report reminds us that agri-
culture is fundamentally a response to the need of 7.8 billion people to eat every day, 365 
days a year. Sustainably producing food and the act of eating food cannot be separated.

The areas of food, water, and energy have been significantly transformed over the past 
100 years, and new solutions to age-old problems leap from impossibility to feasibility 
to reality. Technological advancement creates a sense that no problem is too big for our 
collective innovation potential as long as we invest appropriately in research and develop-
ment. But we must not ignore or diminish the need for collective action to solve structural 
and often systemic problems. We also must not underestimate the urgency of the chal-
lenge. The cost of inaction can quickly destabilize communities when water and food are 
at stake. Good-quality water is projected to become short in supply, creating significant 
strain on food production systems already challenged by changing weather patterns. The 
increased demands from rapidly growing urban populations create an even more alarming 
scenario, where water scarcity leads to increasing levels of insecurity around the world. 

With the clock ticking, now is the time to strengthen our national and global capacity 
to identify, assess, and address these critical issues in the face of known and unknown 
challenges. This report explores these conundrums and ultimately concludes that we know 
how to address the challenge. It offers a timely set of solutions and principles we must pur-
sue if we hope to achieve a world of truly equitable opportunity and abundance. Whether 
through hindsight or foresight, the facts will require all of us to acknowledge that sustain-
able, resilient food systems maintain a peaceful prosperous civilization. 

As cochairs for the report, we would like to thank our fellow task force members 
for their insight, guidance, and commitment throughout this process. Each individual 
brought their expertise to this effort, effectively collaborating to shape the report’s con-
sensus-based findings and recommendations. We would also like to thank Dr. Mark 
Rosegrant, lead author, who brought his great wealth of knowledge and thought leader-
ship to develop the report’s content, as well as the numerous subject matter experts who 
provided valuable input. Finally, we would like to express our appreciation to the Bill & 
Melinda Gates Foundation for its generous support, which made this report possible.

Ertharin Cousin and A.G. Kawamura

Cochairs, 2019 Global Food Security Report
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The world is running out of clean, fresh water to feed—and nourish—a growing global 
population. Approximately 2.4 billion people—more than one-third of the global pop-
ulation—currently live in water-scarce regions, and projections indicate that by 2050 

over one-half of the world’s population could be at risk due to water stress. At the same 
time, global demand for water will continue to increase, driven by population growth, rising 
consumption, urbanization, and energy needs.

The stakes are high for protecting and effectively managing this vital resource, as 
increasing water scarcity threatens to undermine the progress that has been made on 
global food and nutrition security. Failure to treat water as a strategic, valuable, and 
limited resource will accelerate water insecurity, even for historically water-secure pop-
ulations, and may threaten the economic and political security of nations, including the 
United States.

Agriculture depends on a reliable source of water, which will be severely tested by 
changing climate patterns, unpredictable water supplies, and increased demand for 
diverse, nutritious diets. Smallholder farmers, who largely rely on rainfall for their water 
supply, are at the greatest risk of total crop failure in the face of these challenges. Yet if 
they can manage water effectively, these farmers could be well positioned to produce the 
high-value crops needed to meet consumer demand and lift themselves out of poverty. 

With the potential for severe economic, political, and humanitarian consequences, bold 
action and a commitment from all stakeholders is needed to address this critical issue. A 
combination of careful management strategies, technological innovations, investments, 
and policies around water are imperative to advance a sustainable, resilient global food 
system in the face of increasing water scarcity. In partnership with national governments, 
the private sector, and civil society, the United States must continue to lead in these 
efforts. With thoughtful planning and a commitment to sustainability, it will be possible to 
meet the water and food demands of current generations—while laying the groundwork 
for a nourishing food system in the future.  

Competition for water

Water touches every aspect of our lives: food, health, environment, industry, and leisure. 
The competition for water resources is increasing between people and the natural envi-
ronment as well as between cities and rural areas. Adding to this pressure, rising incomes 
are increasing demand for diverse, nutritious diets—including fruits, vegetables, legumes, 
nuts, healthy oils, and animal-source foods—which require more predictable supplies of 
water to produce at a time when changing climate patterns are making these supplies 
even less predictable.

By 2050 the global population is expected to increase to 9.8 billion, with 86 percent 
living in less developed countries and 70 percent living in rapidly growing urban areas. 
Farmers will need to improve their food production capacity to meet the needs of the 
growing populace, while expanding urban areas will also demand more water from a 
steadily decreasing supply. Global demand for water is generally projected to increase by 
30 to 50 percent by 2050. 

The fresh water necessary to produce crops and livestock accounts for the largest 
percentage of water usage among all sectors (71 percent), followed by industrial use (20 
percent), and then domestic uses, including drinking water and sanitation (9 percent). 
Agriculture is expected to remain the largest user of freshwater resources in all regions 
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in the foreseeable future, despite rapidly growing industrial and domestic demand. 
Competition for water among its many users is only going to intensify. 

Threats to food and water security

Intensifying sectoral competition and water scarcity problems—combined with declining 
reliability and quality of water supplies and increased degradation of ecosystems—are 
major challenges to future food and nutrition security. Greater variability in precipitation 
and increases in temperature will disrupt agricultural production, further threatening water, 
food, and nutrition security. These impacts will likely be felt most intensely in regions with 
the least resources to adapt to it. 

Agricultural production in low- to middle-income countries is more vulnerable to 
adverse weather shocks due to lower coping capacity. Expanding access to sustainable 
irrigation methods can increase both productivity and climate resilience: while only 20 
percent of all cultivated land is irrigated, this land accounts for about 40 percent of agricul-
tural production. But irrigation also has costs and environmental impact if poorly managed, 
including overuse, groundwater depletion, soil degradation, and increased vulnerability. 

As nonagricultural demand for water increases, water will be increasingly transferred 
from use for irrigation to other uses in many regions. This will create the potential for con-
flict as well as the loss of farm production and income, especially among smallholder farm-
ers. The reliability and quality of both agricultural and nonagricultural water supplies will 
decline without significant improvements in water governance, management strategies, 
policy, and investment.

Strategies to move the world toward greater water, 
food, and nutrition security 

Successful, sustainable water management in agriculture is imperative to achieve the 
food and nutrition security goals of a rapidly growing, urbanizing world. Several exist-
ing strategies can be used to address the challenge posed by increasing water scarcity. 
These include: 

1. improving overall water resource governance through institutions that are trans-
parent, accountable, efficient, responsive, sustainable, and geographically 
contextualized; 

2. allocating water more efficiently through water rights, regulations and quotas, water 
pricing, water trading, and subsidy reform;

3. improving crop and livestock productivity per unit of water and land through agricul-
tural research, development, technology, extension, and financing; 

4. shifting diets and diversifying agriculture to reduce the demand for water; and 

5. increasing the supply of managed water and expanding the irrigated area through 
investment in infrastructure.    

In addition, expanding urban and periurban agriculture and focusing on effective interna-
tional agricultural trade policies, including trade in “virtual” water, will further support water 
productivity. Ensuring that these solutions reach smallholder farmers and that women and 
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girls are empowered in the process is not only essential to increasing water productivity 
but will improve livelihoods and contribute to greater water, food, and nutrition security. 

Continued US leadership and alignment of water 
and food security programs is needed to ensure 
future prosperity 

At home, the United States has been at the forefront of addressing agricultural water man-
agement by empowering entrepreneurial farmers through technological advancements, 
research, and innovative implementation models. Globally, legislation like the Senator Paul 
Simon Water for the Poor Act of 2005 and the Senator Paul Simon Water for the World 
Act of 2014 are two examples of how US leadership is essential to catalyze innovations 
necessary to achieve global water, food, and nutrition security. While current efforts on 
both water and food assistance are to be commended, a multilayered and multidimension-
al approach is needed to reach the nation’s stated foreign policy, national security, and 
humanitarian goals. Water challenges will only get worse if left unaddressed, and the in-
credible development gains of the past 50 years could be lost. Solutions to water scarcity 
and water access cannot be considered outside of the context of food production and the 
increasing food and nutritional needs of growing populations. As a global leader in both 
food security and water access efforts, the United States has the expertise, knowledge, 
and capability to ramp up solutions. It will take bold action and a commitment from all ac-
tors to work together toward the common goal of a water-secure and food-secure future. 

This report lays out four key actions that can be taken by the US government—in 
partnership with national governments, the private sector, and civil society—to advance 
successful, sustainable water management in agriculture to achieve a nourishing food 
system for all.

Recommendation 1: Strengthen the environment 
for cooperation and communication between water 
development and food and nutrition security

 ⊲ Create a formal, integrated, and multilayered process for communication and collabora-
tion between implementers of the Global Water Strategy and the Global Food Security 
Strategy to improve whole-of-government efforts to expand sustainable agricultural 
development and water resource management simultaneously.

 ⊲ Congress should permanently authorize the Global Food Security Act, in alignment with 
the authorization for the Water for the World Act, to give projects, grants, and research 
adequate time to come to fruition.

 ⊲ Congress should request a comprehensive report from the administration on the impact 
of food and water insecurity on regional stability. 

 ⊲ Bolster the new Bureau for Resiliency and Food Security by increasing interdisciplinary 
efforts and requiring increased accountability and engagement.
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Recommendation 2: Ease the challenges that 
hinder greater private-sector investment to expand 
sustainable water development for food and 
nutrition security 

 ⊲ Assess the use of artificial intelligence and expansion of the National Agriculture 
Imagery Program (NAIP) at USDA for solving major development issues such as water 
resource scarcity.

 ⊲ As a part of the restructuring of the bureau, USAID should establish an interagency pol-
icy working group to formalize and coordinate a holistic approach that will make devel-
opment finance tools available to local private-sector investors, from small businesses 
and farmers to multinational corporations.

 ⊲ Congress should ensure the new US International Development Finance Corporation 
includes opportunities for short- and long-term investment in agriculture and water. 

 ⊲ The administration should support the development of an enabling environment for 
business through a standardization of regulations and support for rule of law. 

 ⊲ The administration should pilot collaborations with the private sector and civil society to 
design programs or innovations that build demand for nutritious diets.

 ⊲ NOAA should continue to maintain current investments in digital mapping of water 
resources, and incentives should be introduced to increase sharing of critical data by 
commercial entities on this common platform. 

Recommendation 3: Leverage US expertise and 
influence to improve water resource governance and 
sustainability 

 ⊲ In the face of rising investment from countries like China, the administration should 
employ all foreign policy tools available, with emphasis on technical assistance for 
water sustainability, to maintain US global leadership in strategically important regions.

 ⊲ The administration should include education on water resource management at the 
state and national level as part of fellowships and academic exchanges. 

 ⊲ The administration should support active engagement with traditional multinational 
development institutions engaged in water management and development. 
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Recommendation 4: Strengthen support for agricultural 
R&D and interdisciplinary research at the nexus of 
water, food, and nutrition 

 ⊲ The administration should coordinate and Congress should fund a significant challenge 
fund for water scarcity issues that encourages private-sector innovation. 

 ⊲ Support the creation of a USAID innovation lab at a land-grant university or expand 
existing innovation lab efforts to advance uptake and improvement of wastewater man-
agement and reuse for agriculture.

 ⊲ Advance innovative new agricultural approaches to combat the impacts of a changing 
climate through targeted research. 

 ⊲ The administration should affirm and support greater research and development oppor-
tunities that are interdisciplinary and target the nexus of food, water, and nutrition.

African girl takes water from the river, Ethiopia. Credit: istock/hadynyah 
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Akosua Nhyira Mireko, Ghana. Credit: Jennifer Winter  
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The world is running out of clean, fresh water to feed—and nourish—a growing global 
population, ensure sustainable human development, and maintain the health of our 
planet. Approximately 2.4 billion people—more than one-third of the global popu-

lation—currently live in water-scarce regions, and projections indicate that by 2050 over 
one-half of the world’s population could be at risk due to water stress.1 Competition for 
water among its many users—including food and agriculture production, the environment, 
energy, industry, and individual consumers—is going to intensify. Increased competition 
over highly stressed, shared water sources, combined with weak governance and in-
creased weather variability, can lead to migration and even violence. Failure to treat water 
as a strategic, valuable, and limited resource will accelerate water insecurity, even for 
historically water-secure populations, and may threaten the economic and political security 
of nations, including the United States. 

Sufficient water for agriculture is at risk

Growing water scarcity, along with increasing degradation of ecosystems and poor water 
quality, is a major challenge to future food and nutrition security. The fresh water neces-
sary to produce crops and livestock accounts for the largest percentage of water usage 
among all sectors (71 percent), followed by industrial use (20 percent) and then domestic 
uses, including drinking water and sanitation (9 percent).2 Agriculture depends on a reli-
able source of water, which will be severely tested by expected changes in demand. By 

2050 the global population is expected to increase to 9.8 billion, with 86 percent living in 
less-developed countries and 70 percent in rapidly growing urban areas.3 

Farmers will need water to improve their food production capacity to meet grow-
ing demand, while expanding urban populations will also demand more from a steadily 
decreasing supply. Climate change further threatens water for agriculture, as greater vari-
ability in precipitation and increases in temperature make supplies increasingly unreliable. 
Water challenges will likely be felt most intensely in regions with the least resources to 
adapt to it. Smallholder farmers, who largely rely on rainfall for their water supply, are at 
the greatest risk of total crop failure in the face of increased climate variability. 

Adding to this pressure, rising incomes are increasing demand for diverse, nutri-
tious diets—including fruits, vegetables, legumes, nuts, healthy oils, and animal-source 
foods—which tend to be more water-intensive to produce and require more predictable 
water supplies at a time when changing climate patterns are making these supplies even 
less predictable. Meanwhile, water and sanitation services are inadequate for billions of 
people, threatening health and nutritional status. More than 80 percent of wastewater is 
discharged without adequate treatment or reuse, threatening supplies for agriculture and 
other sectors.4 

Despite rapidly growing industrial and domestic demand, agriculture is expected to 
remain the largest user of freshwater resources in all regions for the foreseeable future. 

Failure to treat water as a strategic, valuable, and 
limited resource will accelerate water insecurity, even 

for historically water-secure populations.
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As nonagricultural demand for water increases, water will be increasingly transferred from 
irrigation to other uses in many regions. This will create the potential for conflict as well as 
the loss of farm production and income. 

At the same time, subsidies and distorted policy incentives are encouraging conflicting 
water uses. Aquifers are being depleted of groundwater, and the reliability and quality 
of both agricultural and nonagricultural water supplies  will decline without significant 
improvements in water governance, management strategies, policy, and investment. 
Although the domestic and industrial sectors use far less water than agriculture, the 
growth in water consumption in these sectors has been rapid. Globally, domestic and 
industrial water withdrawal, defined as the total volume removed from a surface water 
or groundwater source, quadrupled between 1950 and 1995, compared with agricultural 
water withdrawal, which slightly more than doubled.5 

Water, food, and nutrition security depend on effective 
water management

The stakes are high for effectively developing and managing water because of its funda-
mental importance to food and nutrition security. Water, when reliably available to farmers 
throughout the year, increases the volume and diversity of food that can be produced. It 
allows for the greater production of micronutrient-rich foods such as fruits, vegetables, 
animal-source foods, and dry season crops. Expanding access to sustainable irrigation 
methods can increase both productivity and climate resilience: while only 20 percent of all 
cultivated land is irrigated, this land accounts for about 40 percent of agricultural pro-
duction.6 Irrigation contributes to increased food production, farm income, and improved 
resilience against weather variability. 

Domestic (drinking water and sanitation)

Industry
Agriculture

71%

9%

20%

Figure  1 – Water usage by sector

Source: Wada et al. 2011
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An Egyptian farmer holds a hose to pump water from a well to irrigate his land. Credit: REUTERS/Mohamed Abd El Ghany

If smallholder farmers can manage water effectively, these farmers could be well posi-
tioned —through their proximity to growing markets and potential competitiveness—to 
produce the high-value crops needed to meet consumer demand and lift themselves out 
of poverty. Scaling up sustainable irrigation methods can help smallholder farmers build 
resilience and protect against variable rainfall patterns, providing the control and access to 
water resources that are often out of reach or increasingly unpredictable. 

But irrigation also has costs and an environmental impact if poorly managed, including 
groundwater depletion and soil degradation. Without thoughtful planning and a commit-
ment to sustainability, water may be overused and contribute to increased vulnerability 
and instability within food systems and communities. Ensuring the affordability of improved 
irrigation technologies is also critical for smallholder farmers, and especially women, who 
disproportionately bear the physical burden of cheap forms of irrigation, like hand water-
ing, which are the most labor-intensive.7 Reducing these labor burdens would free up 
their time for more productive uses and contribute to poverty reduction. A combination 
of careful management strategies, technological innovations, investments, and policies is 
required to ensure that water demand pressures today do not undermine food security, 
human health, and peace of future generations but spark the innovations and investments 
necessary to lay the groundwork for a nourishing food system for all. 
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Cooperation between the agriculture and the water, 
sanitation, and hygiene (WASH) sectors is vital

The WASH sector is also critically important for achieving food and nutrition security. 
The burden of disease from unsafe water, coupled with time spent collecting water, is a 
significant drag on the economies of low- and middle-income countries (LMICs). Women 
and girls are disproportionately affected, since they often bear primary responsibility for 
providing drinking water and sanitation for their families and for taking care of the sick. 
The consequences of their time and labor burdens are often borne out in girls’ access to 
education and women’s livelihood opportunities. Distant water access points can have 
negative impacts on health. Analysis of the Demographic and Health Surveys found that 
a 15-minute decrease in one-way walk time to the water point was associated with a 41 
percent reduction in the prevalence of diarrhea, an 11 percent reduction in child mortality, 
and improvement in child nutritional status.8 

In many LMICs, water facilities are multiuse, providing for both irrigation and for WASH 
needs. This influences the overall water environment in and around the household, poten-
tially reducing exposure to fecal contamination and the risk of infectious diseases. Access 
to safe water is associated with reduced incidence of enteric infection and reduced inci-
dence of disease in pregnant women, lowering maternal and neonatal mortality rates. 
Access to safe water can also reduce stunting among children under the age of five and 
improve nutrition in the first 1,000 days of life.9 

A woman fetches water in a flood-affected village in Sonitpur district in the northeastern state of Assam, India. Credit: REUTERS/Anuwar Hazarika
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Given that water quality issues cut across agriculture and WASH, conducting interdisci-
plinary research and integrating policies between these sectors opens vital new pathways 
for health and nutrition. This includes improvements in the proximity and cleanliness of 
water sources and in technologies for water extraction to support women’s empowerment 
through time savings and improved health conditions. It also includes design and research 
on nutrition-sensitive irrigation programs and the integration of behavior change com-
munication in agricultural water efforts.10 Moreover, access to sanitation for women and 

girls is particularly crucial for preserving basic dignity and improving access to education 
and economic opportunities.11 A stronger emphasis on the need for policy coherence and 
alignment—as well as adequate water resource management between multiple users in a 
community—is crucial to achieve the goals of both the agriculture and WASH sectors.

Several strategies are essential to moving the world 
toward greater water, food, and nutrition security 

Successful, sustainable water management in agriculture is imperative to achieve the food 
and nutrition security goals of a rapidly growing, urbanizing world. Several strategies can 
be used to address the challenges posed by increasing water scarcity. These include: 

1. improving overall water resource governance through institutions that are trans-
parent, accountable, efficient, responsive, sustainable, and geographically 
contextualized; 

2. allocating water more efficiently through water rights, regulations and quotas, water 
pricing, water trading, and subsidy reform;

3. improving crop and livestock productivity per unit of water and land through agricul-
tural research, development, technology, extension, and financing; 

4. shifting diets and diversifying agriculture to reduce the demand for water; and 

5. increasing the supply of managed water and expanding the irrigated area through 
investment in infrastructure.  

In addition, expanding urban and periurban agriculture and focusing on effective interna-
tional agricultural trade policies, including trade in “virtual” water, will further support water 
productivity. Ensuring that these solutions reach smallholder farmers and that women and 
girls are empowered in the process is not only essential to increasing water productivity, 
but will improve livelihoods and contribute to greater water, food, and nutrition security. 

Successful, sustainable water management in agriculture 
is imperative to achieve the food and nutrition security 

goals of a rapidly growing, urbanizing world.
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PART I

THE THREAT OF 
WATER SCARCITY

A man walks near a dry field, West Java, Indonesia. REUTERS/Willy Kurniawan
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Rising global population, income, and urbanization are causing strong growth in food 
and water demand and intensified competition for water. More than one-third of the 
global population—approximately 2.4 billion people—already live in water-scarce 

regions, or river basins with annual water withdrawals greater than 40 percent of total 
renewable water. Twenty-two percent of the world’s gross domestic product (GDP), US$9.4 
trillion, is produced in these water-short areas, including 39 percent of cereal production. 
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In the absence of focused efforts to develop or increase the supplies of accessible, 
high-quality water, just over half (52 percent) of the global population—or 4.8 billion peo-
ple—and 45 percent of total GDP (US$63 trillion) are projected to be at risk due to water 
stress by 2050. This includes 49 percent of global grain production.12  

Food production and water demand are growing amid increasing 
water scarcity

Global demand for water is generally projected to increase by 30 to 50 percent by 2050.13 
Agricultural demand for water is a significant part of this, driven by growing populations 
and demand for food and agricultural products. The International Food Policy Research 
Institute (IFPRI) projects that global production of cereals will increase by 37 percent 
between 2010 and 2050, meat by 66 percent, and fruits and vegetables by 85 percent.14 
The projected rapid growth in livestock production is contributing to increased agricultur-
al water demand, particularly for growing crops such as maize, other coarse grains, and 
soybeans to feed livestock and fish. 

Accounting for constraints in future water supplies, it is projected that agricultural water 
consumption will grow 21 percent by 2050. A 29 percent increase in total consumptive 
use of water across all sectors is expected between 2005 and 2050.15 Total water with-
drawals are projected to increase by 45 percent from 3,800 km3 in 2000 to 5,500 km3 in 
2050, falling thereafter to 5,000 km3 by 2100.16 

Agricultural and urban claims on water can create competition. A quarter of cities, with 
a total of US$4.2 trillion in economic activity, are classified as water-stressed. In these 
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cities, 150 million people live with perennial water shortages, defined as having less than 
100 liters per person per day of sustainable surface water or groundwater.17 In the coming 
years, population growth and continuing urbanization will bring a 50 to 70 percent rise in 
the demand for water in cities.18 Industrial and domestic consumption of water is projected 
to increase 61 percent between 2005 and 2030, doubling by 2050.19  

Climate change and variability further threaten water 
resources and agricultural production

Historically, most human infrastructure—urban and agricultural alike—is built near reli-
able water resources. Climate change threatens to reduce this reliability and change the 
geography of dependable water resources. According to Intergovernmental Panel on 
Climate Change (IPCC), global average temperatures have risen by roughly 0.13°C per 
decade since 1950, and a faster pace of about 0.2°C per decade over the next two to 
three decades is expected. Substantial changes in mean annual stream flows, the sea-

sonal distribution of flows, melting of snowpack, and the increased probability of extreme 
high- or low-flow conditions are likely. Specifically, climate change impacts on water 
resources include:

 ⊲ changes in the timing of water availability due to changes in rainfall and snowpack and 
diminishing glaciers; 

 ⊲ changes in the timing and intensity of water demands due to increased temperatures, 
evaporation, and changes in surface water availability and groundwater storage; 

 ⊲ an increased number and intensity of extreme climatic events (droughts and floods); 

 ⊲ changes in water quality; and 

 ⊲ sea-level rise, which will lead to inundation and saltwater intrusion in existing irri-
gated areas. 

Increased temperatures will also influence the length of crop-growing seasons. In temper-
ate areas, growing seasons are likely to lengthen with climate change. However, warmer 
weather helps pests survive longer, which can increase damage to crops. Rising tempera-
tures are expected to contribute to a shift in which areas are most agriculturally productive 
and what crops grow there. In tropical areas, rising temperatures will result in reductions in 
suitable plant-growing days, and this will be most pronounced in countries that are among 
the poorest and most highly dependent on plant-related goods and services.20 

While altered patterns of precipitation are certain, the ultimate outcomes of climate 
change and its effect on water availability and variability are not. Unknowns include the 
locations where impacts will be the most significant, the degree of change in amounts 
of precipitation and their intensity, and whether changes will occur within the next five 
years or over multiple decades. Shifting precipitation patterns and warming temperatures 

Climate change is projected to reduce food production 
growth and slow progress on food and nutrition security.
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Figure 3 – Prevalence of hunger and water stress
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could increase water scarcity in some regions, while increased soil moisture could expand 
opportunities for agricultural production in others.21 

Despite improvements in water resources in some areas, climate change will make it 
more challenging to manage the world’s water because it affects the entire water cycle.22 
Warming speeds up the hydrological cycle, increasing precipitation. In some areas, flood-
ing and inundation of croplands could reduce crop yields and increase the need for drain-
age. Increased evaporation will make drought more prevalent in many regions of the world 
by the middle of the 21st century.23 Even with significant projected increases in agricultural 
production growth, dependence on food imports will increase in regions with large pop-
ulations such as parts of Africa, the Middle East, and Central America that are already net 

food importers. These likely increases in imports highlight the importance of a fair and 
open agricultural trade regime capable of providing the needed imports. 

Other areas where average annual runoff is expected to decline sharply include major 
agricultural-producing regions such as much of Europe and parts of South America, North 
America, and Australia. The average number of consecutive dry days could increase by up 
to 20 in many of these regions. Moreover, the intensity of precipitation is expected to rise 
in almost all areas, regardless of whether total precipitation is decreasing or increasing. 
Drainage of excess rainfall quickly from croplands will be critical to prevent reduction of 
crop yields.24 

With its impact on both water and temperature, climate change is projected to reduce 
food production growth and slow progress on food and nutrition security. Modeling shows 
that climate is already affecting production. For instance, global maize and wheat pro-
duction declined by 3.8 and 5.5 percent, respectively, from 1980 to 2008 relative to a 
no–climate change scenario. The estimated difference in crop production excluding and 
including carbon dioxide fertilization translates into average commodity price increases of 
18.9 and 6.4 percent, respectively.25    

Results from a climate model comparison exercise using 10 of the leading global eco-
nomic models suggest that conditions will worsen under climate change. These models 
account for the initial biophysical impacts on crop yields, but they also account for the 
subsequent economic responses that tend to dampen the initial crop-yield impact. While 
there is a great deal of variation across models, the average impact in 2050 on yields 
across models and scenarios compared to a reference scenario that assumes no climate 
change is -13 percent for coarse grains (mainly maize), -9 percent for rice, and -10 percent 
for wheat. Prices are projected to increase on average by 12 percent for maize, 14 percent 
for rice, and 16 percent for wheat.26 An earlier review of economic models showed slightly 
higher increases in food prices, ranging from 10 to 30 percent by 2050, with a median 
estimate of around 20 percent.27 Hunger is expected to rise about 10 to 20 percent by 
2050 due to climate change relative to a no–climate change scenario. Expected shifts in 
available water resources via changing precipitation and runoff are an important cause of 
the yield losses. 

Hunger is expected to rise about 10 to 20 percent by 2050 due 
to climate change relative to a no-climate-change scenario.
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Extreme hydroclimatic events such as floods and droughts—caused by climate change 
and naturally occurring water or hydrologic variability—damage crops, hurt livelihoods, and 
adversely affect economic growth.28 Owing to agriculture’s strong dependence on climate 
and water resources, management of water is a key concern for food production. Extreme 
weather events can lead to cascading food system shocks and are responsible for lower 
long-term production potential. Globally, droughts and extreme heat alone reduced 
national cereal production by 9 to 10 percent between 1964 and 2007.29 Moreover, agri-
cultural production in LMICs is more vulnerable to adverse weather shocks due to the 
region’s lower coping capacity. In recent years, almost one-fourth of weather-related 
damage has been in the agricultural sector in LMICs.30 Existing and growing uncertainties 
regarding precipitation are adversely affecting investments in agricultural productivity.31
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Groundwater is being rapidly depleted

Groundwater, housed naturally in specific rock formations called aquifers, plays a ma-
jor role in irrigation and food production globally. More than one-third of the world’s 301 
million hectares of irrigation-equipped area relies on groundwater, and about 38 percent 
of the 252 million hectares of net irrigated area benefit from groundwater access.32 In 
addition, groundwater accounts for 43 percent of total consumptive irrigation water use.33 
Eleven of the top 15 countries using groundwater are in Asia. India alone uses more than 
250 km3 of groundwater annually—double that of any other country. Of that, 89 percent 
(223 km3) is used for irrigation. The next highest users are China, the United States, and 
Pakistan. Irrigation accounts for 54 and 71 percent of total groundwater use in China and 
the United States, respectively.34

Intensive groundwater pumping for irrigation has caused groundwater depletion in 
many arid and semiarid agricultural regions, leading to declining groundwater tables. 
Many of the depleted aquifers overlap with the world’s most important breadbaskets.35 
Sustained groundwater overdraft puts future irrigated food production at risk and leads to 
undesirable environmental consequences, including land subsidence (sinking of the land) 
and saltwater intrusion, which can often have significant social and environmental impacts 
such as contamination of agricultural and drinking water.  
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Groundwater is typically a common pool resource, accessible to any users with 
appropriate technologies. Overexploitation of groundwater is intrinsically linked to this. 
Moreover, in certain regions of the world, including some parts of India, electricity for 
agricultural use, including the pumping of groundwater, is subsidized or provided without 
charge. Without better governance and other incentives for farmers to conserve water, the 
recent introduction of solar panels for pumping groundwater in South Asia could further 
aggravate water drawdown. 

Water pollution and poor water quality contribute to 
water challenges

Water pollution affects human health, economic development, and the environment. It 
leads to increased competition among water users for the shrinking supplies of unpol-
luted water. Pollutants can be both human-induced (e.g., microbiological contamination, 
eutrophication and excess nutrients, acidification, metal pollutants, toxic wastes, saltwater 
contamination, thermal pollution, and increases in total suspended solids) and natural 
(e.g., salinization, arsenic, and fluoride). Water pollution reduces agricultural production 
and increasingly constrains agricultural and economic development in densely populated 
regions where water is already scarce and wastewater treatment is poor. Water pollution 
also threatens aquatic life. Salinity is one of the largest water-quality problems facing the 
agricultural sector. Freshwater biodiversity and associated fisheries are on the decline in 
almost all LMICs, reducing the availability of protein, healthy fats, and micronutrients that 
are often deficient in specific segments of poor populations.36  

Fertilizers

Inorganic fertilizer has been a driving force of agricultural production growth. Together 
with irrigation expansion and the spread of modern varieties of rice and wheat, increased 
fertilizer use was a foundation of the Green Revolution that led to rapid growth in agri-

cultural production and farm income in Asia and Latin America beginning in the 1960s. 
However, in some regions in the world, fertilizer is now used in excess, resulting in run-
off that can pollute irrigation and drinking water. Fertilizer-contaminated runoff can also 
cause eutrophication, which results in excess algae growth and oxygen depletion in lakes 
and streams. Because polluted water is, in general, less productive than fresh water and 
requires the use of fresh water to leach the pollutants, water pollution also reduces the 
effective water supply.

Water pollution from agricultural crops occurs when fertilizers and other agrochemicals 
are applied more heavily than crops can absorb them, or when they are washed away 
during storms. Fertilizer subsidies, particularly for nitrogen fertilizers, are a key reason for 
overapplication of nitrogen fertilizers. More efficient application of fertilizer and manage-

 Because polluted water is, in general, less productive than fresh 
water and requires the use of fresh water to leach the pollutants, 

water pollution also reduces the effective water supply. 
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Growing populations in water-scarce regions have 
long raised fears of widespread violent conflict 
over water. Research to date on the causes of wa-
ter conflict, however, suggests that chronic scarci-
ty alone does not inevitably lead to conflict. There 
are few, if any, historical examples of war fought 
exclusively over water resources. 

Weather variability, rather than chronic scar-
city, seems to precipitate more conflict. Militant 
activity in East Africa, for instance, rises after pe-
riods of both especially high and low rainfall. In 
general, water conflict is more likely when regions 
with weak governance and institutions experi-
ence sudden shocks to available water supplies. 
In other words, poverty, food insecurity, and oth-
er vulnerabilities make an unreliable water supply 
more dangerous (see map).

If, as predicted, climate change makes rainfall 
more erratic, this could lead to more conflict than 
from increased water scarcity alone. The Pacific 
Institute has recorded hundreds of water conflicts 
globally, and the frequency is steadily growing. 
Most of these are between communities in the 
same nation that share a water source or between 
communities and their own governments. Neigh-
boring communities show greater rates of conflict 
if they perceive unequal access to water. 

In areas with existing instability and conflict, 
water insecurity can make the problems much 
worse. For instance, in October and November of 
2004, four people were killed and over 30 injured 
in the Sri Ganganagar district of India near the Pa-
kistan border during protests over the allotment of 
water from the Indira Gandhi Canal. Conflict over 
this water still continues. 

Between 2004 and 2006 a drought affected 
an estimated 11 million people across East Africa, 
killing large numbers of livestock. This forced the 
governments of Kenya and Ethiopia to send the 
military and police to intercede in scores of skir-
mishes over water in their countries. 

In northeastern Syria, droughts between 2006 
and 2011 caused 75 percent total crop failure and 
85 percent livestock loss. The resulting rural-to-ur-
ban migration of more than a million unemployed 
Syrians added to the domestic instability that un-
derpinned the country’s ongoing civil war.

In all these cases, good governance can make 
the difference between conflict and stability. Seri-
ous shocks to the water supply may be unavoid-
able, but resilience is possible through policy and 
watershed-level planning.  

The importance of cooperation

Proactive governance, an emphasis on cooper-
ation, and mechanisms for adapting to change 
will have to become more common practice. In-
ternational cooperation over water—in the form 
of treaties and transboundary watershed agree-
ments—is fairly common. However, only about 
half of formal agreements include basic monitor-
ing provisions, and many lack clear dispute reso-
lution or authority. Negotiating joint management 
of water resources is almost always deeply con-
tentious. Success requires transparent, adaptive 
transboundary watershed management institu-
tions and clear legal mechanisms for conflict res-
olution. Even long-standing treaties like the Indus 
Waters Treaty between India and Pakistan signed 
in 1960 are still a source of political conflict. 

Box 1 – Good governance is the key to 
managing conflicts over water
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Emerging development patterns further test 
these established agreements. New, large-scale 
hydropower dams, for instance, provide needed 
access to electrification, but they can cause envi-
ronmental damage, population displacement, and 
reduced water access for downstream countries. 
Conflicts over unilateral infrastructure construc-
tion are ongoing between China and India, India 

and Pakistan, and Ethiopia and Egypt. Changing 
weather patterns may also undermine progress 
made on transboundary water cooperation. 

Even though the links between water scar-
city and violence are not linear, it is now well es-
tablished that investments in water security and 
good water governance are investments in peace 
and security.

Figure 6 - Hunger and water-related conflict

Sources for text: Kraemar 2013; Wolf 2003; Salehyan and Hendrix 2014 
Sources for map: FAOSTAT 2018; Pacific Institute 2018
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ment of water can greatly reduce both water and fertilizer loss. The biggest challenges are 
applying adequate amounts of nitrogen and phosphorus to achieve a healthy crop without 
using excessive amounts of fertilizer. In contrast to regions in much of the world, very low 
levels of inorganic fertilizer use in much of Sub-Saharan Africa have contributed to soil 
infertility, as nutrients are lost over the harvest period through leaching, erosion, or other 
means and not replenished with fertilizer. Increased use of inorganic fertilizer, together 
with organic fertilizer applications, would improve nutrient management and generate 
higher crop yields. Promising organic technologies include incorporation of leguminous 
trees and shrubs into improved fallow systems, planting of leguminous cover crops, and 
application of manure and compost. These techniques should be complemented with 
higher inorganic fertilizer use.

Crop protection

The application of pesticides (crop protection tools) is also rapidly growing. Crop pro-
tection technologies (pesticides, fungicides, and herbicides) have also played an im-
portant role in boosting food production and reducing the vulnerability of crops to pests 
and diseases.  

As is the case with fertilizer use, runoff and deep percolation of agricultural chemicals 
into water bodies and aquifers may result from poor irrigation and land management prac-

tices. Improved formulations of pesticides—together with farming practices such as tillage, 
crop rotation, and intercropping; plant genetics (pest resistant or pest-tolerant crop vari-
eties); biological control organisms; and synthetic pesticides—can sustain crop protection 
while reducing negative environmental impacts.37  

Urban and agricultural pollution 

Urban water pollution also adversely affects food and nutrition security. A report by the 
CGIAR Research Program on Water, Land and Ecosystems summarizes much of the recent 
information.38 More than 330 km3 of pathogen-laden municipal wastewater—equivalent to 
four times the Nile River—is being discharged globally into rivers, lakes, and seas every 
year, most of it untreated.39 Currently, severe pathogen pollution affects around one-third 
of all river stretches in Africa, Asia, and Latin America, putting the health of millions of 
people at risk.40 Rapidly growing livestock and aquaculture sectors, especially large-scale 
operations, produce wastes that further damage ecosystems.41 Freshwater fish and marine 
fish are threatened by pollution from wastewater and nutrient runoff from agriculture, 
which can threaten food quality for the significant proportion of people globally who rely 
on fish for protein and essential nutrients. Nearly 17 percent of protein comes from fish 
consumption.42 

When affordable drinking water is not available in LMICs, polluted water is often used 
for food processing and food preparation, which can result in foodborne illnesses.43 A 

Currently, severe pathogen pollution affects around one-
third of all river stretches in Africa, Asia, and Latin America, 

putting the health of millions of people at risk.
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comprehensive review of evidence on the use of untreated wastewater for the irrigation 
of crops shows that this practice has caused high levels of disease incidence in coun-
tries around the world.44 The global burden of foodborne disease was 33 million disabili-
ty-adjusted life years in 2010, and 40 percent of the foodborne disease burden is among 
children under five. Foodborne diarrheal disease agents cause 230,000 deaths per year, 
particularly nontyphoidal Salmonella enterica.45

Credit: Greg Garrett
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PART II

STRATEGIES TO ENHANCE 
WATER, FOOD, AND 
NUTRITION SECURITY

Credit: Marilyn Shapley/Mercycorps/Niger
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As the largest user of global water supplies, agriculture has a critical role to play in 
sustainable water solutions that allow it to meet growing production demands while 
enhancing water security. In general, agriculture can become more water secure 

either through making existing water usage more productive or by finding new sources 
of water. 
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These five strategies offer the potential to reduce water scarcity and improve food and 
nutrition security:  

1. improving overall governance and institutions for effective water management; 

2. incentivizing efficient water use through effective policies such as those for 
water rights, regulations, enforcement, water pricing, water trading, and reform of 
water subsidies; 

3. improving crop and livestock productivity—and value chain efficiency—per 
unit of water and land through agricultural research, development, technology, 
and financing; 

4. shifting diets and diversifying agriculture to reduce the demand for water and 
improve nutrition; and 

5. increasing the supply of managed water for domestic and industrial uses and 
expanding sustainably irrigated area through investment in infrastructure.

In addition, expanding urban and periurban agriculture and focusing on effective interna-
tional agricultural trade policies, including trade in “virtual” water, will further support water 
productivity. Agricultural commodity price policies also have substantial impacts on water 

use decisions across crops. Agricultural trade and price distortions should be removed to 
provide a level playing field. Ensuring that these solutions reach smallholder farmers and 
that women and girls are empowered in the process is not only essential to increasing 
water productivity, but will improve livelihoods and contribute to greater water, food, and 
nutrition security. 

Improving governance and institutions for effective 
water management 

Water is allocated through a variety of mechanisms, including government management, 
community or user-based management, and market-based management. In many cases, 
water allocation is carried out through a combination of these. Water allocation systems 
are fundamentally influenced by the historically prevailing institutional and legal frame-
works and water infrastructure.46 Government-managed water allocation is widely used 
because larger systems are built with public funding, and the government is often the only 
institution that has jurisdiction over water users in all sectors. Community or user-led allo-
cation requires effective collective action, institutions with the authority to make decisions 
on water rights, and strong water rights, whether formal or customary.

 Water allocation through tradable water rights also requires well-defined water rights. 
For such markets to function effectively, the original allocation of water rights needs to be 

Ensuring that solutions reach smallholder farmers and 
that women and girls are empowered in the process is 
essential to greater water, food, and nutrition security.
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well defined. An institutional and context-specific legal framework for trade and the basic 
infrastructure for water transfers also needs to be in place.47 Given growing water scarcity, 
the mix of appropriate mechanisms for water allocation may need to change, requiring a 
flexible, enabling framework for making such shifts. 

Reforming public irrigation agencies can improve water system 
performance

Approaches to improving water use efficiency and productivity include making the public 
sector more efficient, devolving more responsibility to community or user groups, and 
involving the private sector. Institutional reform of public irrigation agencies holds some 
promise for long-term improvements in system performance. Possible reforms include 
shifting from top-down management systems to semi-independent or public utility–type 
systems and applying financial criteria to ensure irrigation agencies are viable. Franchis-
ing the operation of publicly constructed irrigation facilities, discussed in more detail on 
page 51, can strengthen accountability, including providing farmer oversight of operat-
ing agencies.48 

Ultimately, reform requires fundamental change in the function of these agencies that 
manage water. These agencies may need to improve their performance and expand their 
efforts in activities such as river basin planning, watershed management, water resource 

allocation, environmental monitoring and enforcement, groundwater monitoring and con-
trol, and technology transfer and/or advisory services to water user associations (WUAs).49 
Farmers’ participation in irrigation management at the secondary and tertiary levels has 
been widely promoted by governments to improve local management. The level of suc-
cess depends on farmer cooperation and their incentives to take on an expanded role.50 

According to a comprehensive review of case studies on WUAs in Sub-Saharan Africa, 
local socioeconomic and agricultural conditions shape the ability of WUAs to deliver 
expected results, including improved governance, equitable participation, and improved 
cost recovery in an irrigation scheme. National-level laws or regulations or ensuring that 
WUAs create bylaws, by contrast, do not lead to these outcomes because external institu-
tions and actors cannot as easily create the necessary conditions for success. The review 
concluded that development assistance to WUAs should emphasize improved water deliv-
ery services rather than just user-pay mechanisms. The participation of women in WUAs 
needs to be greatly expanded because existing power relations and formal and informal 
norms rules have often excluded women. Getting better service through infrastructure 
and technology would provide users an incentive to pay and participate. User participa-
tion in the design process can help users, irrigation managers, and officials find afford-
able infrastructure and management solutions that include technological innovations and 
mechanization.51 

The participation of women in WUAs needs to be greatly 
expanded because existing power relations and formal and 

informal norms rules have often excluded women.
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Integrated water resources management (IWRM) can be a successful 
approach but should not inhibit pragmatic solutions

Integrated water resources management (IWRM) has been a prominent guiding ideal 
over the past three decades. IWRM supports the principle that “good water governance 
requires clear legal frameworks, comprehensive water policies, enforceable regulations, 
institutions that work, smooth execution and citizen-based mechanisms of accountability 
as well as strong interconnections between these entities.”52 Institutions should be ac-
countable, efficient, responsive, and sustainable.53 Some successes have been achieved 
through formal adoption of IWRM.  

For example, rapid development in the Liao River Basin in China in the 1980s resulted 
in water shortages and severe water pollution. Water-use efficiency was very low in urban 
and industrial areas and for irrigation. Untreated industrial and urban wastewater polluted 
the streams, destroying the river’s ecology. As part of a new IWRM institutional framework, 
the EU-Liaoning Water Resource Planning Project Office was established. This office was 
responsible for developing and implementing an IWRM plan. As a result, pollution loads 
were reduced by 60 percent, and the quality of the water in the river improved consider-
ably. Deforestation declined, drinking water within the basin was safeguarded, and eco-
systems along several river stretches were restored. Groundwater pollution decreased, 
and the public became more aware of the need to manage their water use and pollu-
tion risks.54 

The International Water Management Institute 
(IWMI) is a research center within the Consulta-
tive Group on International Agricultural Research 
(CGIAR), a global research partnership for a 
food-secure future. Founded in 1983 with initial 
support from the Ford and Rockefeller Founda-
tions, IWMI focuses on sustaining and improving 
developing countries’ water and land resourc-
es with the goal of a water-secure world. IWMI 
spearheads the Water, Land, and Ecosystems 
Program (WLE), which combines the resources of 
the FAO, the RUAF Foundation, and many other 
partners to promote new approaches to sustain-
able intensification that have natural resource 

management principles at the core. In 2012 IWMI 
received the Stockholm Water Prize for their ef-
forts to improve “crop per drop” and policies that 
support sustainable water usage for agriculture. 
IWMI also builds bridges for wastewater man-
agement, aquaculture, clean drinking water, and 
overall water resilience, recognizing the need for 
collaboration across sectors. In the wastewater 
recovery area, 24 business models for reusing 
waste products from urban centers have been 
developed. Support for this integrated work is 
key to finding crossdisciplinary solutions and pol-
icies for shared water resources that will support 
farmers’ and consumers’ water and food needs.

Source: IWMI

Box 2 – International Water Management 
Institute (IWMI) takes an interdisciplinary 
approach to water, land, and ecosystems
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These principles and best practices are valuable, but fully integrated and holistic water 
management is often costly and politically difficult or impossible to implement. Adherence 
to formalized IWRM principles and organizational structures can become an end in itself 
and thus drive out more pragmatic solutions. Decision makers should, therefore, focus on 
solutions to specific problems rather than on universal approaches. This involves under-
standing the physical, social, and especially political context of the challenge.55 “Ideal” 
solutions may not be possible, and even if they are, they may not have the desired result 

within the social, economic, and political context. Second-best water governance solu-
tions may go against apparent norms, but they can still push communities and nations 
toward desired results. It is preferable to adopt workable solutions that are cheaper to 
implement and that align incentives between various interest groups, taking into account 
local conditions, than to try for better yet unrealistic solutions that can never be effectively 
implemented.56 

An important example of pragmatic problem solving is the Zhang He River Basin in 
China. The Zhang He reservoir was designed for multiple uses: irrigation, flood control, 
domestic water supply, industrial use, and hydropower generation. As demand for non-
agricultural water use increased, system operators used a top-down approach, allocating 
more water to cities and less to farmers for irrigation. Reduced supplies to farmers forced a 
response, including the construction of small reservoirs within the irrigated area to capture 
runoff and to capture return flows from rice cultivation. The system was among the first in 
China to introduce volumetric pricing at the village level. Cost savings were prorated to the 
individual farmers. Farmers were encouraged to shift from flooded paddy fields to alter-
nate wetting and drying to save water, which was achieved without loss in yield or profit.57 
Crop production remained steady despite much less water being delivered from the main 
reservoir to rice farmers, and systemwide water productivity increased.58 The Zhang He 
example shows how policies, system management, and changes in technologies and farm 
practices can be used together to reallocate and improve the efficiency of water use. 

Incentivizing efficient water use through effective 
water policies

As a scarce resource, water should be treated as a valuable strategic good that has a 
“price,” but the unique aspects of water, described below, have made this difficult. Estab-
lishing a price for water can be done through a range of policy instruments that incen-
tivize efficient water use, recover investment costs from those who benefit, and provide 
a revenue stream for investors. Examples include tariffs for water supply and sanitation, 
abstraction charges, pollution taxes, value-capture mechanisms, and payments for ecosys-
tem services. But improving willingness to pay for water management and water services 
requires a clear explanation of how revenue will be used to benefit users. Robust alloca-

It is preferable to adopt workable solutions that are cheaper 
to implement … than to try for better yet unrealistic 
solutions that can never be effectively implemented.
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Water rights are the moral and legal claims that 
people have to gather the water they need. The 
United Nations has established the right to clean, 
safe water as a human right. While some na-
tions—South Africa and India—have constitution-
al entitlements to water, the general legal force of 
the human right to water is inconsistent globally.

Typically, legal rights to water follow two basic 
doctrines: the riparian doctrine and the appropri-
ation doctrine. The riparian doctrine is common 
in wetter areas and gives users adjacent to a 
water source the right to take water as long as 
they return it in good quality and do not reduce 
access for downstream users. The appropriation 
doctrine, more typical in dry areas with strong le-
gal systems, provides for water rights in the order 
they are claimed, with the oldest claims filled first. 
Often these claims are tied to land ownership.

Water rights are generally managed formal-
ly through legal and bureaucratic systems. But 
there are many places in the world where these 
entitlements are managed informally or by tradi-
tional cultural practice. Clear and secure water 
rights are critically important for farmers and can 
encourage efficiency. 

Market exchanges for the trading of water 
rights between farmers can incentivize water 
efficiency by raising the cost of permits. These 
exchanges need to be transparent, monitored, 
and supported by a fair system of adjudication 
when there are disagreements. Farmers who 
know they have a legal claim to the water they 
need can plan with greater certainty, which can 
encourage them to invest in their farms with more 
confidence. 

Stronger water and land rights are especially 
important for the large portion of female small-
holders around the world. Women account for 60 
percent of agricultural production in Sub-Saharan 
Africa, but they own a far smaller percentage of 
the land (13.1 percent sole ownership and 37.8 
percent joint ownership). For water rights to be 
effective tools, all the users in a system must be 
able to participate. Irrigation, for instance, raises 
land value, but where rights are not equally ac-
cessible to women, the benefits will tend to fa-
vor men. Gender equity in rights and in access 
to productive resources is therefore an important 
element of policies aimed at reducing hunger and 
raising farm productivity. 

Sources: FAO 2011; World Economic Forum 2019; The World Bank 2018

Box 3 – Clear and secure water rights are 
critically important for farmers

Credit: Marilyn Shapley/Mercycorps/Niger
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tion arrangements can help shift water on the margin from cereal crops toward higher-val-
ue uses and provide flexibility to adjust to changing conditions.59  

Long-standing practice and political, cultural, and religious beliefs have treated water 
as a free good. Typically, water is subsidized, and secure water rights have not been 
established. However, insecure water rights, low water charges, and poor cost recovery 
threaten the efficient maintenance of existing water infrastructure and investments in 
future water development projects. These factors also encourage wasteful use of water, 
including excess agricultural irrigation. Agricultural pricing policies can cause overuse and 
misallocation of water as well. Crop-specific price interventions, such as price supports for 
rice in India combined with input subsidies, resulted in excess use of water and environ-
mental degradation.60

Water rights are the foundation of effective water management

Secure water rights are the key to establishing incentives for irrigation management. 
They empower water users—individuals or communities—by requiring user consent to 

any reallocation of water and compensating the user for any water transferred. If well-de-
fined rights are established, water users have the incentive to invest in water-saving or 
income-enhancing technology.61 

Although some system of formal or informal water rights can be found in virtually any 
setting where water is scarce, systems that are not formally recognized or grounded 
in statutory law and enforced are likely to be more vulnerable to expropriation.62 The 
establishment of formal water rights should follow transparent procedures that pro-
tect small- and microscale users and enable them to negotiate the sharing of benefits 
or compensation. In order to effectively prevent and resolve conflicts among the many 
medium-, small-, and microscale users, formal processes should also recognize customary 
arrangements and rights.63 The establishment of formal water rights will not be effective 
if it ignores existing customary arrangements.64 Secure land rights are also essential to 
provide producers the incentives to invest in farm improvement, new crop varieties, better 
crop management, and appropriate inputs to make water management more effective.

Low water use efficiencies are often cited as evidence that very large savings in water 
use are possible. However, an increase in water use efficiency for an individual farmer 
does not necessarily save water in the river basin or irrigation system. Much of the water 
that is “wasted” by inefficient farm-level upstream irrigation is recovered through down-
stream use of drainage water and recharge of groundwater that can be used for irriga-
tion.65 Thus, less potential exists for generating water savings than farm-level water use 
efficiency figures imply. Nevertheless, if secure water rights and incentives for efficient 
agricultural water use can be effectively implemented, there is considerable potential for 
economic gains through reallocation of a greater portion of water to higher-value uses 
such as fruits and vegetables and by improving water quality by reducing the number of 
withdrawals.  

 If well-defined water rights are established, water users have the 
incentive to invest in water-saving or income-enhancing technology.

33CHICAGO COUNCIL ON GLOBAL AFFAIRS



Water pricing is challenging in low- and middle-income countries

Administered water pricing, or set pricing that is not based just on market forces, can 
incentivize more efficient water use. In high-income countries, farmers can respond to 
higher water prices by decreasing the water used on a given crop, adopting water-con-
serving irrigation technology, shifting water applications to more water-efficient crops, 
and changing the crop mix to favor higher valued crops. But in LMICs, farmer demand for 
irrigation water is likely price inelastic because the above options are either unavailable or 
too costly. Prices high enough to induce significant changes in water allocation (or recover 
capital costs) will severely reduce farm income.66 Moreover, in existing irrigation systems, 
the value of prevailing water rights (formal or informal) has already been capitalized into 
the value of irrigated land. Rights holders correctly see the imposition of administered 
pricing as expropriation of those rights, which would lead to capital losses on established 
irrigation farms.67 

Attempts to establish administered efficiency prices are thus met with strong opposition 
from established irrigators, which makes it difficult to institute and maintain an efficien-
cy-oriented system of administered prices.68 In addition, measurement and monitoring to 
support administered efficiency pricing may be prohibitive. Irrigation in many LMICs con-
sists of large systems that serve many small farmers. Efficiency pricing at the farm level 
will be difficult because the measurement of deliveries to large numbers of end users, as 
would be required to charge by volume of water use, is too costly.

Water trading requires improved measurement and monitoring

Water markets that allow farmers to trade water and water rights can overcome the appro-
priation issue, but they share some of the same measurement constraints as direct pricing. 
In addition, entrenched interests benefit from the existing system of subsidies and admin-
istered allocations of water. 

Effective development of well-defined water rights and trading in LMICs would be 
enhanced by improvements in irrigation technology for conveyance, diversion, and meter-
ing. Improved management of irrigation systems would also help, as would development 

of community organizations to manage water allocation. However, development of water 
trading beyond a local level is likely to be a long-term process in most LMICs. An initial 
focus on realistic allocation of water on a seasonal basis, together with registration of 
rights based on shares, would be a major first step.69 

Innovative water pricing offers an attractive solution 

Despite these constraints, innovative water pricing can be implemented to introduce 
incentives for efficient and higher-value water use while protecting farm income, improving 
the economic value of water, and recovering—at a minimum—operations and management 

An initial focus on realistic allocation of water on a 
seasonal basis, together with registration of rights 

based on shares, would be a major first step.
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costs. Instead of imposing direct water prices on farmers, this system would pay farmers 
to use less water based on the charge-subsidy approach for pollution control. Irrigation 
agencies or a river basin authority would establish base water rights at major turnouts and 
broker water transfers at those turnouts. Allocation downstream of the turnouts would 
be handled by WUAs or farmer organizations, which have localized knowledge of water 
allocation. For demand greater than the base water right, an efficiency price based on the 
value of water in alternative uses would need to be charged to the users. For demand be-
low the base right, the same efficiency price would be paid to the water users. The sum of 
the base water rights establishes a cap on total water use in the basin or system, allowing 
basin-wide water use to be maintained or reduced. This system establishes nonpunitive 
incentives for more efficient water use, with farmers paying only for additional water above 
the base water right and having the option to sell water if they reduce water consumption.70 

Generalized subsidies should be reduced 

Government subsidies for water, energy, and fertilizer have been prominent policies in 
LMICs. Subsidies are often justified as the provision of public goods; an incentive to adopt 

new technologies, promote food security, and provide income support to smallholder 
farmers; and a counterbalance to poor infrastructure. 

But in practice, governments often end up providing large subsidies for private goods  
(such as water, energy, fertilizer, and credit), displacing the supply of public goods (invest-
ment in research, roads, and education).71 Free or cheap irrigation water leads to excessive 
use and might trigger increased planting of thirsty crops.72 When subsidies are broad-
based, most of the benefits do not go to poor farmers but to larger farmers who utilize 
more water, fertilizer, and energy.  

Moreover, in addition to reducing the supply of infrastructure and other public goods 
and encouraging overuse of water, energy, and fertilizer, public expenditures on subsidies 
often result in underinvestment in sanitation and environmental protection. Reducing the 
share of subsidies for private goods, therefore, has a large, significant, positive impact on 
rural per capita income, reduces certain undesirable environmental effects associated with 
output growth, and contributes to poverty reduction.73  

Generalized water, energy, and fertilizer subsidies have high fiscal costs that only rarely 
generate commensurate benefits and often encourage degradation of natural resources.74 
Yet they remain politically attractive as a means of support to farmers. Where subsidies 
continue to exist, they should be reduced to a moderate amount of national agriculture 
budgets with a clear exit strategy and should be combined with complementary expen-
ditures.75 Fiscal savings from the reduction of subsidies can be invested in increased 
agricultural R&D and nondistorting income support to small farmers, which can generate 
greater benefits than general subsidies. Concerns about the impact of loss of income for 
smallholder farmers can be addressed by using some of the saved funding to compensate 

Generalized water, energy, and fertilizer subsidies have high 
fiscal costs that only rarely generate commensurate benefits 

and often encourage degradation of natural resources.

35CHICAGO COUNCIL ON GLOBAL AFFAIRS



In southern Senegal, farmers producing rain-de-
pendent crops traditionally lacked the ability to 
withstand shocks brought about by extreme 
weather such as drought or flooding. These 
days however, Senegal’s National Agriculture In-
surance Company (CNAAS) is filling this gap by 
offering rain index insurance products for farm-
ers—thanks to support from the USAID-funded 
Feed the Future Senegal Naatal Mbay project, 
implemented by RTI International and Global Af-
fairs Canada in partnership with Senegal’s Na-
tional Agency for Civil Aviation and Meteorology 
(ANACIM). 

The insurance products address a critical 
challenge: if rainfall is insufficient, erratic, or ex-
cessive, farmers risk losing their investment in 
production inputs or, even worse, they risk de-
faulting on input loans, reducing their ability to 
access credit for future seasons. To reduce this 

risk, the project works with a national insurance 
company and institutional reinsurers to craft and 
sell affordable rain-index insurance plans tailored 
to farmers, distributed by producer networks and 
financial institutions.

In support of the effort, ANACIM has in-
stalled 88 solar-powered, automated rain gauges 
throughout the southern zone, which allow in-
surers like CNAAS to quickly access rainfall data 
and accurately determine farmers’ losses to then 
compute rain-index insurance payouts. 

Equipped with this risk mitigation tool, small-
holder farmers are more likely to invest in quality 
inputs that yield more and produce better-quality 
products demanded by buyers. More than 10,500 
producers subscribed to agricultural rain-index 
insurance in 2018, up from 3,087 in 2015 when 
the Naatal Mbay project began, a 240 per-
cent increase.

Source: RTI International

Box 4 – Feed the Future’s Naatal Mbay project in 
Senegal issues rain-index insurance

A solar-powered, automated rain gauge in Kolda, Senegal. Credit: Xaume Olleros/RTI International
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them for the losses. With rapidly increasing access to ICT, smart cards or phones can be 
used for efficient funds transfer to small farmers. 

“Smart subsidies” can incentivize desired outcomes without causing 
permanent market distortions

Given the potential for negative effects of subsidies, are there appropriate uses for them? 
Carefully selected and implemented, small-scale “smart” subsidies to achieve specific 
goals have a role to play in facilitating the adoption of new technology and promoting 
environmental services. These subsidies could come in the form of loans or targeted 
subsidized prices on equipment for smallholder farmers to invest in improved practices 
such as drip irrigation. Temporary subsidies during the early stage of input and technology 
adoption may be effective in overcoming the fixed costs related to the adoption of new 

technology and in inducing farmer experimentation and learning during periods of rapidly 
changing technological potential. Such smart subsidies should be temporary and phased 
out as adoption and appropriate use become widespread. But the phase-out of subsidies 
becomes difficult once they are in place and develop political support.76 

Examples of potentially effective smart subsidies include payments for environmental 
services (PES) and subsidies for solar-powered irrigation pumps linked to the electric grid. 
These targeted smart subsidies have potential environmental and economic benefits. 
However, they also have potential negative effects such as increased groundwater min-
ing if implemented poorly. PES consist of payments to farmers or landowners who agree 
to manage their land or watersheds for environmental protection (e.g., to protect and 
improve water resources or reduce greenhouse gas emissions). 

PES are most likely to succeed when there is a clear demand for environmental ser-
vices that have financial value to one or more stakeholders; the services needed are 
feasible; there are effective brokers or intermediaries; land and water rights are clear and 
contracts can be enforced; and the outcomes can be independently monitored and eval-
uated. For example, in Quito, Ecuador, and smaller cities in Honduras and Costa Rica, the 
water utility and electric power companies pay local people to conserve the watersheds 
from which water is drawn. In Venezuela the power producer CVG Edelca pays to support 
the preservation of the Rio Caroni watershed. The Water Producer Program of the National 
Water Agency in Brazil compensates farmers for safeguarding critical headwaters for the 
São Paulo metropolitan region.77 

Managing groundwater to prevent aquifer depletion is also essential

Groundwater use in much of the world has increased rapidly in a short period, particularly 
in Asia, following the availability of cheap pumps, often combined with subsidized energy 
and water. While the expansion of groundwater use has been highly beneficial for agricul-
tural productivity, overdrafting is excessive in many instances, causing land subsidence, 

Carefully selected and implemented, small-scale “smart” subsidies to 
achieve specific goals have a role to play in facilitating the adoption 

of new technology and promoting environmental services.
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salinization, and other degradation of land and water quality in the aquifer. The princi-
ples of groundwater management are essentially the same as described in the previous 
section, but they are even more complex to implement than in surface systems due to the 
invisibility of the resource, the lack of data on safe yield or availability, and groundwater 
movement. Elements of successful groundwater management include recognized user 
rights, monitoring processes, means for sanctioning violations, and procedures for adapt-
ing to changing conditions. 

Key elements of effective groundwater governance include local governance that is 
trusted and has the ability and willingness to set and enforce rules. This requires a portfo-
lio of approaches, sufficient budget and time, the ability to collect data, and enough state-
level oversight.78 Again, the institutional capability to establish such systems is the major 
challenge throughout most of the world, including in LMICs, which suffer the most from fail-
ures to address governance. Measuring groundwater and establishing clear rights would 

Targeted subsidies for smallholder farmers to 
purchase solar irrigation pumps in India and Ban-
gladesh are showing promise in pilot studies. 
Bangladesh, the Nepal Terai, and eastern India 
have abundant groundwater, but it is costly for 
smallholder farmers to access the water through 
diesel pumps. The Bangladesh Infrastructure De-
velopment Company Limited piloted a pro-poor 
irrigation service market by offering private com-
panies or investors a 50 percent government 
subsidy and 35 percent loan to purchase solar 
pumps to sell irrigation service to small farmers 
for an affordable fee. Three hundred of pumps 
were in operation in 2016. 

A pilot in Bihar by the International Water Man-
agement Institute (IWMI) also organizes farmers 
to create a pro-poor water market. In both Bihar 
and Bangladesh, there is evidence of a 40 to 60 
percent fall in water prices compared to diesel 
pumps. This has resulted in the rapid expansion 
of solar pumps in pro-poor irrigated agriculture. 
The key motive in both programs is to promote 
affordable groundwater irrigation for the poor 

where there are abundant water resources.  
Another IWMI pilot in Dhundi village in wa-

ter-scarce Gujarat seeks to promote co-usage of 
solar irrigation pumps for irrigation and solar en-
ergy. In this pilot well owners gave up grid power 
connections for subsidized solar irrigation pumps 
of equivalent capacity. The small irrigation pumps 
are formed into a microgrid managed by a coop-
erative of their owners. The utility buys all surplus 
solar power from the cooperative at a single me-
tered point. 

The pilot seeks to promote lower greenhouse 
gas–emitting irrigation, reduce the farm power 
subsidy, reduce technical and commercial loss-
es in serving grid power, give farmers an addi-
tional source of risk-free income, and incentivize 
farmers to economize on energy and groundwa-
ter. Before the sale of solar power began in May 
2016, farmers used all of their solar generation 
to irrigate their own and their neighbors’ fields. 
But since then they have sold as much power as 
possible and used only 35 percent of their solar 
generation for pumping groundwater.

Source: Jayan 2018; Kishore et al. 2004; Kumar and Goel 2018; Rai 2018; Shah et al. 2009; Shah et al. 2018

Box 5 – Targeted subsidies for solar pumps 
are being piloted
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be an important step forward. In order to be successful, these governance structures must 
be agreed upon and managed by the water users, responsive to local conditions, oper-
ated with available data and information, and adaptable to the evolving environment.79

Ending groundwater overdraft has been contemplated for some of the world’s most 
severely depleted aquifers, but this could increase food prices and lead to increases 
in food insecurity, especially in regions where the population is at risk of hunger. 
Complementary policies to prevent this would need to be implemented.80 To address 
groundwater degradation, countries have started to develop legislation to regulate draw-
down. For example, in response to severe drought, California passed the Sustainable 
Groundwater Management Act in 2014 to establish a framework for sustainable local 
groundwater management for the first time in the state’s history.81 

Policies to address pollution and water quality will improve health and 
increase water, food, and nutrition security

Reducing pollution and improving water quality requires both economic and regulatory 
instruments. The regulatory approach to water pollution gives authorities control over what 
environmental goals can be targeted and when. Economic instruments such as taxes on 

pollutants provide incentives to polluters to modify their behavior in support of pollution 
control and provide revenue to finance pollution control activities. Such financial penalties 
are most relevant for pollution in urban areas rather than for nonpoint source pollution 
in agriculture. Effective management of water pollution will often require a combination 
of regulations and incentives that target the specific constraints that govern a particular 
water allocation system.82

Several measures need to be taken to support both regulatory and economic 
approaches. Investing in water quality monitoring should be scaled up, and water quality 
standards for different uses that are both measurable and feasible must be established. 
Additionally, water quality standards should be incorporated into water rights systems and 
enforced by national and district agencies. Enforcement will pose perhaps the greatest 
challenge: those who pollute water must be made to pay regulatory fines, and the use and 
discharge of low-quality water must be discouraged. Enforcement will provide incentives 
for adopting better clean-water technologies as well as wastewater treatment and recy-
cling solutions. Education and outreach on appropriate technologies and management 
systems would have substantial benefits.

Increasing water productivity through invest ment in 
agricultural research, development, and technology 

An important key to better water productivity is not directly part of the water sector: invest-
ment in agricultural R&D to generate productivity gains for irrigated and rainfed agricul-

Key elements of effective groundwater governance 
include local governance that is trusted and has the 

ability and willingness to set and enforce rules.
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The importance of livestock

Livestock are one of the building blocks of ag-
ricultural development. The “livestock ladder” 
is an essential part of the economic trajectory 
that helps lift smallholder farmers out of poverty, 
achieve food and nutrition security, and bridge 
the gap between farming and small- and medi-
um-sized enterprise. Globally, it is estimated that 
1 billion low-income people derive at least part of 
their livelihoods from livestock. 

Livestock, land, and water

Animal agriculture requires significant natural re-
sources. Globally, 26 percent of all land is used for 
livestock grazing, and 33 percent of global crop-
land is used to grow feed crops for livestock. In-
deed, 99.8 percent of the total water used in rais-
ing livestock is green water used to grow animal 
feed. Accounting for the water used to grow feed 
crops, livestock consume approximately 10 per-
cent of global annual rainfall either directly (blue 
water) or indirectly (green water). This accounts for 
approximately 24 to 32 percent of the world’s total 
agricultural water use.   

Improving water efficiencies

Improving water efficiencies in animal agriculture 
is critical to building sustainability in the food and 
agriculture system, where even small improve-
ments can have magnified impacts on water re-
source management. Deliberate management of 
animal movements and land access can improve 
soil health and green water retention. Improve-
ments in animal nutrition, veterinary care, and an-
imal genetics, for example, can allow animals to 
grow larger and faster on less feed. 

It is imperative that animals eat feed grown with 
a lower water cost of production. One way to do 
this is to better incorporate the nongrain portions 
of maize, teff, and sorghum plants grown for human 
consumption into animal feeds. This provides feed 
for animals at no additional water cost. Likewise, 
in water-scarce areas where grain is used to feed 
livestock, importing feedstuffs from areas with less 
water stress can improve water efficiency. 

Integrating sustainable irrigation development 
with animal husbandry is another way to maximize 
water efficiency. Across Africa, the highest live-
stock densities are in areas that also have large-
scale irrigation, which often generates abundant 
crop residues and nutritional supplements that 
can sustain meat and dairy production.

Pastoral livestock systems in Africa 

Pastoral livestock systems play an important role 
in many low-income countries. In Africa, these 
systems occupy an area of 3.66 million square 
kilometers across the Sahel, the Horn of Africa, 
and Southern Africa. The systems contains 37.5 
million cattle, contributing to the livelihoods of 
the 33.4 million people in this region. 

Yet pastoralists are facing ever-growing chal-
lenges, from low pasture productivity to vulnera-
bility to climate change and the fragmentation of 
rangelands, causing conflict between pastoralists 
and other agriculturalists. Pastoral systems over-
all struggle to overcome poverty and improve ed-
ucation and health. 

Water management is a key factor in livestock 
mobility and pasture consumption, and appropri-
ate interventions can contribute to more sustain-
able use of rangeland. For example, early warn-
ing systems and drought predictions could help  
 

Box 6 – Improving water efficiencies in animal 
agriculture is critical to sustainability
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herders better manage the complex interactions 
between herd size, feed availability, and rainfall. 
Interventions should focus not only on develop-
ing water “hardware” facilities, but on promoting 
water governance, management, and technical 
support. Governance structures need to empow-
er pastoralists to effectively conserve water re-
sources. A regional perspective should be taken 
in managing pastoral resource use and conflict 
within and across national borders.

In addition, road building that does not inter-
fere with migration routes can provide market ac-
cess, reduce marketing costs, promote social cap-

ital, and insure against distress sales. Microcredit 
and index-based livestock production insurance 
could provide some protection against risks.  

Diversification of incomes is likely to be es-
sential, given the challenges facing pastoralism 
and limits to expansion of productivity in these 
systems. Providing social services, including ed-
ucation, health, and social protection, will assist 
pastoralists in boosting incomes, reduce their 
income risks, and improve livelihood prospects 
outside herding.  

Sources: Nicol et al. 2015, Haileslassie 2009; Herrero et al. 2015; de Leeuw et al. 2019; Lore 2013; National Research Council 
2009; Nyachieo et al. 2016; Thornton 2010; 

Cows and cattle in the Omo Valley of Ethiopia. Credit: istock/CanY71
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ture as well as livestock.83 While basin efficiency has contributed to the increase in water 
productivity (crop yield per meter of applied water), the major contribution over previous 
decades has come from increases in crop productivity per unit of water and land.84 Im-
portantly, progress on rainfed crop yield per hectare and per unit of water would not only 
improve rainfed water efficiencies, but also reduce irrigation pressure, increasing water 
productivity even further. 

Achieving productivity gains in the livestock sector is also important (see box 6). The 
sustainable expansion of livestock production to meet the growing demand for ani-
mal-source foods must allow poorer consumers to benefit from a nutritional perspective 
while simultaneously addressing the impact on the environment. This means balancing 
trade-offs among food and nutrition security, poverty, equity, environmental sustainability, 
and economic development. Key innovations are needed in breeding and feeding pro-
grams that will focus not only on productivity but also on product quality, animal welfare, 
disease resistance, reduced water and land use, lower greenhouse gas emissions, and 
reduction of other environmental impacts.85 

Areas for R&D include optimizing livestock diets to reduce the environmental impacts 
of production, improving feed digestibility, improving water management, developing 

high-quality grain concentrates, and improving pasture quality. Other areas include 
improved waste management, use of by-products for energy production, and recycling. 
Integrated management of mixed livestock–crop systems could provide substantial water 
savings and livestock productivity. Innovative, intensive grazing practices that lead to soil 
creation and soil health are exciting strategies for enhancing soil moisture retention and 
fighting desertification. 

Adoption of engineering solutions and technology are essential to 
improving water productivity of irrigated agriculture 

General improvements in agricultural productivity and overall water allocation and man-
agement systems will set the stage for improved water productivity in irrigated agriculture. 
Yet significant increases in water productivity will also rely on the adoption of engineering 
solutions and technology in the field. These include water-saving irrigation methods such 
as deficit irrigation and proper deficit sequencing; modernization of irrigation systems, 
including improved irrigation technology such as drip and sprinkler irrigation; real-time 
management of irrigation systems; and advanced crop and water management such as 
enhanced water harvesting and water mapping through the use of satellite technology, 
artificial intelligence, and blockchain tools. 

Precision farming, or farming that is guided and managed through these advanced digi-
tal and other technologies, is an area that is developing rapidly and holds significant prom-
ise for enhanced water productivity and food and nutrition security (see box 7).

The sustainable expansion of livestock production to meet 
the growing demand for animal-source foods must allow 

poorer consumers to benefit from a nutritional perspective 
while simultaneously addressing the impact on the environment.
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Advanced technology offers the potential for 
LMICs to leapfrog older technology and develop 
faster. Mobile phones have begun to transform 
the delivery of market, financial, and weather in-
formation as well as the agricultural, health, and 
educational services that reach the poor.  

Many other valuable mobile applications are 
also being developed. For example, recent pilot 
projects in India of picture-based weather insur-
ance using smartphones show significant poten-
tial for reducing the cost of weather-based index 
insurance for smallholder farmers. 

Precision agriculture, or agriculture guided 
and managed by advanced digital technologies, 
is another area that is developing rapidly. For ex-
ample, remote sensing technologies have the po-
tential to improve farming systems and irrigation 
management for water and food security. Sat-
ellite imagery is often the only option available 
in remote, sometimes insecure areas that are 
persistently experiencing food insecurity. Plus, 
the  technology offers a dependable, ongoing 
source of data globally for understanding chang-
es over time and assessing the efficacy of policy 
interventions. 

Remote sensing applications are in develop-
ment or being used in areas such as the measure-
ment of water quality, water surface mapping, 
monitoring of area under crops and crop health, 

and adoption of good agricultural practices. For 
example, the Africa Regional Data Cube is a new 
tool that harnesses the latest earth observation 
and satellite technology to help Ghana, Kenya, 
Senegal, Sierra Leone, and Tanzania address 
food security and issues relating to agriculture, 
deforestation, and water access.  

Satellite imagery has the potential to be even 
more powerful if combined with information from 
airplanes, drones, and ground-truthing (verifying 
the interpretation of satellite images) through 
surveys and sensors. Aided by remote sensing 
and big data, continued development of preci-
sion agriculture will allow farming management 
based on observing and responding to intrafield 
variations. With satellite imagery and advanced 
sensors, farmers can optimize returns on inputs 
and minimize greenhouse gas emissions while 
preserving resources. Further field-level under-
standing of crop variability, geolocated weather 
data, and precise sensors for soil water availabil-
ity and nutrients should allow improved decision 
making from improved productivity. 

Precision agriculture has mainly been for 
large-scale farming and has the potential to fur-
ther disadvantage smallholder farmers due to 
lack of expertise and financial start-up costs. 
Thus, it is important to develop precision technol-
ogies suited to smallholder farmers.

Source: Aker and Mbiti 2010; Ceballos et al. 2018; Global Partnership for Sustainable Development 2018

Box 7 – Advanced technologies hold 
great promise for improved water, land, 
and crop productivity

43CHICAGO COUNCIL ON GLOBAL AFFAIRS 43



Improving water distribution from flooded irrigation methods by land leveling can sig-
nificantly reduce water waste and improve crop yield. Recent experimental results from 
drip irrigation methods in paddy fields show significant water savings. However, because 
of the interconnected nature of water, runoff from one water user is often available to 
other users through return flows. Thus, the actual savings of water and improvement in 
water user efficiency at the river basin level are frequently small, even when these new 
technologies are put in place. In such circumstances, well-intentioned investments in such 
technologies upstream can result in water transfers from downstream users, as occurred 
in the Indus River Basin in Pakistan.86 The adoption of new technologies can even induce 
increased water use by making irrigation more profitable for individual farmers who 
expand its use rather than save water.87

However, even when there are limited basin-wide and system-wide water savings, 
there are many reasons for farmers to adopt advanced irrigation technology. These 
include increased income from higher-value crops, higher yields from more precise irri-

The health of the world’s soils is critical to food and 
nutrition security and sustainability. Water stored 
in the soils—called green water—supports 90 per-
cent of global agricultural production. Soils’ ability 
to absorb rainwater and hold moisture in the form 
of green water, is directly related to the overall 
health of those soils. Healthy soils are more fertile, 
act as a “sponge” when it rains, and hold more nu-
trients. Poor soils, conversely, hold fewer nutrients 
and less water, supporting less agricultural activi-
ty and increasing the risk of flooding and erosion. 

Soils also act as a global carbon sink. The 
topmost meter of the world’s soils contains three 
times as much carbon as the world’s vegetation 
and almost twice as much as the atmosphere. 
The healthier the soil, the more vegetation it can 
support and the more atmospheric carbon it can 
sequester. Even small declines in soil health can 
have measurable impacts on carbon dioxide lev-
els in the atmosphere. 

Today, one-third of our global soils are mod-
erately or highly degraded. Agricultural soil man-
agement practices can help reverse this trend. 

Groundswell International, a nonprofit orga-
nization focused on agroecological innovations, 
for example, is using farmer-to-farmer training 
in Burkina Faso to expand the use of zai pits, a 
traditional planting method in which pits are dug 
during the preseason to catch water and concen-
trate compost. The pits create a microenviron-
ment that improves soil’s ability to absorb green 
water and hence rehabilitate abandoned land. 

In Ethiopia, researchers are using enset, a 
deep-roots plant native to that country, in conser-
vation efforts to not only conserve green water 
in soils by reducing runoff, but to provide water 
to plants that are grown around them. Organiza-
tions such as Self Help Africa and the American 
Association for the Advancement of Science are 
working to increase awareness about the import-
ant role of enset and to directly educate Ethiopi-
an farmers. Ultimately, these efforts are aimed at 
bolstering soil health to strengthen soils’ capacity 
to hold green water, helping increase crop yields, 
protect against drought, and promote the health 
and well-being of farms and local ecology. 

Sources: Rockström et al. 2009, Groundswell International, FoodTank

Box 8 – Healthy soil improves water 
productivity and provides a carbon sink
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Figure 7 – Productivity gap: irrigated vs  nonirrigated agriculture 

Source: ODNI 2015

gation during critical growth periods, farmer convenience and labor savings, and lower 
pumping costs. A water allocation system that recognizes these hydrological realities can 
promote the potential benefits of new technologies and farming systems. Well-specified 
water rights and allocations have the potential to significantly improve water, food, and 
nutrition security and to tap the potential gains of these technologies. Physical controls on 
water usage, which can include rationing or quotas through enforcement of water rights, 
are needed to maintain or reduce basin-wide water use after the introduction of new 
technologies.

Rainfed agriculture can benefit from improved technologies across the  
value chain

Rainfed agriculture accounts for around 60 percent of total crop production. It accounts for 
more than 95 percent of farmed land in Sub-Saharan Africa; 90 percent in Latin America; 
75 percent in the Near East and North Africa; 65 percent in East Asia; and 60 percent in 
South Asia. In many regions, productivity remains significantly lower than in irrigated areas 
due to less access to water and often poorer soil and agroclimatic conditions as well as 
inferior access to roads and markets. As in irrigated areas, improved technologies and 
farming systems, together with logistics, including roads, cold chains, and storage solu-
tions, can boost the production of food from rainfed areas. 

There are two broad strategies for increasing yields in rainfed agriculture when 
water is scarce: 

1. capturing more water 

2. using the available water more efficiently by increasing the plant water uptake 
capacity and/or reducing nonproductive soil evaporation 
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There are a range of integrated land and water management options for achieving these 
aims. Most techniques such as water harvesting systems focus on capturing more water. 
Others focus on increasing water productivity (e.g., drip irrigation and mulching). Manage-
ment approaches aimed at capturing more water often lead to higher water productivity, 
as denser crop canopies shadow the soil and thus reduce soil evaporation.88

Water harvesting

Water harvesting involves concentrating and collecting rainwater or runoff for productive 
purposes. Runoff can either be diverted directly and spread on the fields or collected and 
stored locally to be used later. Local water harvesting techniques include external catch-
ment systems, microcatchments, and rooftop runoff collection. The last of these is used 
almost exclusively for nonagricultural purposes. External catchment water harvesting in-
volves the collection of water from a larger area that can be a substantial distance from the 

area where crops are being grown. Water harvesting can increase the rainwater available 
for transpiration from 20 to 50 percent.89 Supplemental irrigation (adding a little irrigation 
from water harvesting or other sources in critical stages to supplement rainfall) can also 
increase the productivity of water.90  

While many water harvesting case studies and experiments have shown increases in 
yield and water use efficiency, constraints remain for the widespread use of these tech-
nologies. Construction and maintenance costs of water harvesting systems, particularly 
the labor costs, are very important in determining if a technique will be widely adopted by 
farmers. The initial high labor costs of building the water harvesting structure often provide 
disincentives for adoption.

Green water management

Managing green water, or rainwater stored in the soils’ root zone, is critical for controlling 
water lost through evaporation and reduces the demand for new water sources. Options 
include dry planting, direct seeding, conservation agriculture, and mulching.91 Integrated 
nutrient management (INM), which combines application of chemical fertilizer and organic 
matter and use of other organic soil fertility practices (such as intercropping with agro-
forestry, soil erosion control, and tillage methods) can also improve soils’ water-holding 
capacity and the productivity of water and land.  

Integrated nutrient or soil water management requires new expertise, and the benefits 
often come years after the initial adoption as soil quality gradually improves, making it less 
attractive to farmers. Broader adoption of these techniques will require better extension, 
credit, and incentives such as payment for soil conservation services.

While expansion of rainfed areas can lead to a decrease in desertification, it can also 
take water from other uses such as forests, grasslands, and rivers. Expanding agriculture 
upstream through better rainfall and runoff harvesting and artificial storage systems can, 

Water harvesting can increase the rainwater available 
for transpiration from 20 to 50 percent.
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Problems with water have been identified as one 
of the most pressing global issues by global insti-
tutions like the United Nations and the World Eco-
nomic Forum. However, scholarship and policy on 
this critical issue have been stymied due to an in-
ability to sufficiently quantify water problems. 

To understand the issue, household-level 
metrics are necessary. National-level data mask 
heterogeneity in water availability within regions 
and subpopulations and fail to capture wheth-
er available water is accessible or sufficient for 
household use. 

To provide the needed data on household 
water use, the Household Water Insecurity Expe-
riences (HWISE) scale was developed. Informed 
by survey data from 8,231 households in 28 sites 
around the world, the HWISE scale provides a 
simple, 12-item scale for measuring household 
water insecurity in any low- or middle-income set-
ting. The HWISE scale is comprised of straight-
forward questions about water in the past month, 
from worrying about having enough water to 
going to sleep thirsty. With the HWISE scale, it 
is now possible to quantify the prevalence and 
determinants of household water insecurity and 

understand how household water insecurity im-
pacts well-being across cultures. 

The value of the data generated by this scale 
is manifold. The data will address the type and 
severity of problems with water, when they occur, 
and who is affected by them. This data is action-
able and can be used to identify appropriate in-
terventions. Solutions to poor water quality such 
as filters and chlorination, for example, are far dif-
ferent than solutions for water shortage such as 
storage containers and drip irrigation. 

The data are also useful for targeting water in-
terventions at times of scarcity, like dry seasons, 
or to populations at heightened risk, like preg-
nant women or the elderly. If water insecurity is 
not solvable, some of the consequences of wa-
ter insecurity, like nutritional insecurity, may be 
mitigated. 

The data will also make it possible to know if 
water interventions have a demonstrable impact 
on water security and are useful for politicians, 
journalists, program planners, and community 
leaders to demonstrate the burden of water inse-
curity, show the value of water interventions, and 
advocate for change.

Source: Young et al. 2019

Box 9 – The Household  Water Insecurity 
Experiences (HWISE) scale is a valuable tool

as with irrigation technologies described above, also reduce downstream flows supporting 
other uses downstream.92

Additional solutions will further contribute to efficient water use

Plant breeding 

Plant breeding can increase water productivity and improve crop resilience by yielding 
plants that require less water and that have improved salt and flood tolerance. Although 
it is a challenging breeding goal, improvement in crop yield per unit of water continues to 
show progress and has further potential.93  
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Agronomic and soil management

Seed priming, seedling age manipulation, direct- or wet-seeded rice, proper crop choice, 
integrating agriculture and aquaculture, increasing soil fertility, addition of organic matter, 
conservation tillage, and soil mulching can also contribute to improved water productivity.94 

Reducing agricultural water pollution

A combination of technologies, management, and policy can also reduce the growth 
of agricultural water pollution. A wide range of options is at farmers’ and policymakers’ 
disposal to address the challenge, but few measures are being effectively implemented. In 
many regions, fertilizer subsidies should be modified to reduce the excessive use of cheap 
fertilizer. In addition to rationalizing fertilizer subsidies, a range of agricultural technologies 
exist or are being developed to help reduce agricultural water pollution. These include 
crop breeding for increased nutrient efficiency as well as enhanced fertilizer application 
methods. An example of this is fertigation, the application of fertilizer with irrigation water, 
used for a growing number of crops and irrigation methods. It is also possible to increase 
the use of precision agriculture methods such as slow-release fertilizer and yield monitors 
to apply fertilizers (and pesticides) where they are needed most or where they generate 
the highest yields. 

Further, enhanced extension and information systems focused on balanced fertilizer 
applications and judicious application of pesticides can be provided. No-till or reduced 
tillage and other conservation measures such as terraces, soil or stone bunds, or buffer 
strips along water bodies have been shown to dramatically reduce erosion and thus pro-

tect water bodies from the adverse effects of runoff. Crop rotations with nitrogen-fixing 
(cover) crops are a further measure that can be applied in both large- and small-scale 
irrigation systems.95 The effectiveness of any of these tools depends on increased farmer 
training and access to information about proper use.

Improving extension services

The rapid dissemination of appropriate water-related technologies and information on 
their proper use is critical to realizing water productivity gains. Given that many of the new 
technologies are knowledge-intensive, extension services, education, and training will be 
crucial. Education can focus on strengthening human resource capacity, especially within 
local government agencies, to improve the delivery of rural services and extension. In 
addition, for agricultural extension programs to be effective and efficient, local government 
agencies should be given active roles in increasing the adaptive capacity of vulnerable 
farmers through training and other capacity-building activities. Innovative forms of exten-
sion—through radio, mobile phones, and other advanced information and communication 
technologies (ICT), for example—should be implemented. Public, private, and NGO exten-
sion efforts should be better coordinated.96  

The rapid dissemination of appropriate water-related 
technologies and information on their proper use is 

critical to realizing water productivity gains.
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Improving value chains and reducing postharvest losses 

Value chains from farm to table have important implications for water, food, and nutrition 
security. Millions of low-income people participate in agricultural value chains as produc-
ers, small-scale traders, processors, retailers, and consumers. The high costs to farmers 
and other actors of poor infrastructure, lack of information, insufficient credit, and policy 
distortions reduce the efficiency of value chains and impede producers’ ability to connect 
to markets.97 These costs and inefficiencies lead to postharvest losses that also waste the 
water used to produce and process food; to poor food quality; and to unsafe food. Improv-
ing the performance of value chains, therefore, can potentially benefit large numbers of 
people and help save water. 

Food losses can occur at any point in the value chain—from production (crop dam-
age, spillage) and postharvest processing (attacks from insect or microorganisms during 
storage) to distribution (poor infrastructure, cold storage), retail sale, and consumption 

(e.g., spoilage, table waste). In LMICs losses are mainly the result of inefficient harvesting 
methods and techniques, lack of storage and/or cooling facilities, and poor marketing and 
transport systems. In middle- to high-income countries, the biggest losses occur mainly 
after food reaches retail outlets, restaurants, and consumers where food is often thrown 
away due to spoilage and sell-by date expiration.98 

But the elongation of supply chains, as well as the increase in consumption of per-
ishables, has raised concerns internationally that waste and loss in LMIC countries’ food 
supply chains are even more substantial. For example, it is hypothesized that waste is as 
much as 20 to 30 percent for cereals, pulses, meat, milk, and fish; 40 percent for roots and 
tubers; and 50 percent for fruits and vegetables.99 A recent review of empirical studies 
showed lower rates: 16 percent for cereals, 19 percent for oilseeds, 24 percent for roots 
and tubers, and 27 percent for fruits and vegetables.100 

The amount by which postharvest food losses can be reduced remains uncertain. But 
even loss rates of about 5 to 10 percent for grains, 10 to 15 percent for roots, tubers, and 
pulses, and 20 to 25 for fruits and vegetables indicate that there is potential for reducing 
food losses, which can also save the water used to produce that food.

Innovative financing and investments can propel water productivity 
initiatives forward

Innovative and sustainable funding mechanisms are needed to finance actions aimed at al-
leviating water scarcity in agriculture. For example, options such as green and blue bonds 
are emerging as a source of funding worth considering. Cooperatives have experience in 
facilitating access to financing for their members. Payment models for ecosystem services 
can be adapted for water interventions. Financing through new sources such as the Green 
Climate Fund can also be explored. Funding through Grand Challenges, the Global Water 
Fund, or Development Innovation Funds should also be tapped, since these sources have 

It is hypothesized that waste is as much as 20 to 30 percent 
for cereals, pulses, meat, milk, and fish; 40 percent for roots 

and tubers; and 50 percent for fruits and vegetables.
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Corporate actors have a significant vested interest 
in water sustainability since lack of access to af-
fordable, clean water can disrupt the bottom line. 
In each of the World Economic Forum’s last five 
Global Risk Reports, which survey companies on 
their risk perceptions, water crises have been list-
ed as a top risk in terms of likelihood and impact. 
As a likely result of this, corporate actors are work-
ing alongside civil society and with each other to 
drive corporate stewardship of water resources.  

One example is the CEO Water Mandate, a 
special initiative of the UN Global Compact, im-
plemented in partnership with the Pacific Insti-
tute, an independent think tank focused on wa-
ter. Over 140 companies, ranging from food and 
beverage companies to agricultural and mining 
companies, have all agreed to improving water 
availability and quality and ensuring access to 
water, sanitation, and hygiene. The mandate asks 
for action and accountability at the CEO level 
across six core areas: direct operations, supply 

chain and watershed management, collective ac-
tion, community engagement, public policy, and 
transparency and disclosure. 

The mandate allows companies to share best 
practices and work together to reduce water risks 
in specific geographies and sectors. The Water 
Action Hub, which is also associated with the 
CEO Water Mandate, widens the net of opportu-
nity for collaboration to government, civil society, 
and research actors, each of which can map their 
water-related activities. Currently, over 600 orga-
nizations have catalogued water projects in over 
2,700 locations, enabling greater transparency 
and partnership to improve sustainability. 

The CEO Water Mandate is also facilitating 
an exchange of tools for taking action, including 
short online courses on specialized areas relating 
to water sustainability, open data sets, case stud-
ies, and guidelines for improving any number of 
indicators affecting water quality or quantity.

Source: Congress.gov; USAID 2018

Box 10 – Collective corporate action for water 
management is required for sustainability

Credit: A plantation worker walks pasts water sprinklers over rows of seedlings at nursery in Indonesia. Credit: REUTERS/Vivek Prakash

5050 FROM SCARCITY TO SECURITY



quicker funding cycles designed to account for rapid technology advances and the ability 
to iterate and scale. 

Another funding option is a mix of grants, loans guaranteed by governments, and con-
tributions by beneficiaries. Blended finance, which strategically uses development finance 
or public funding to mobilize additional resources toward sustainable development in 
LMICs, is a promising approach for scaling up private-sector financing for water.101 These 
alternative financing mechanisms need to be assessed for their relevance to water scarcity 
in agriculture and for how they can be accessed for this purpose.

Private-sector financing or investment in the irrigation sector of LMICs, however, has 
been limited mainly to groundwater development and, to a lesser extent, smaller commer-
cial surface water systems growing high-valued crops. Experts highlight five reasons why 
the private sector hesitates to allocate significant budget to irrigation development. These 
include: (1) relatively low rates of return, (2) high financial risks, (3) political interference 
during project management that leads to water fees below sustainable levels for private 
investors or banking sectors, (4) government’s concern that the private sector might sell 
water to industries rather than to agricultural users or domestic water suppliers in order to 

reap higher rates of return, and (5) failure to consider the irrigation sector as a commercial 
venture.102 For these reasons, it is likely that financing of larger-scale water systems will 
continue to be mainly the domain of the public sector for the foreseeable future. 

There is, however, strong interest in finding ways to better mobilize private investment 
in smaller-scale, farmer-led irrigation systems. One option is the franchise model in which a 
private company is granted a concession to develop water and associated land resources 
and then can earn a profit from the provision of water-related services to users.103 There 
are a number of potential advantages to this approach. First, the mobilization of pri-
vate capital relieves pressure on public development budgets. Second, the same entity 
designs, constructs, and operates the scheme, so there are incentives for efficient and 
cost-effective solutions. Finally, there are also incentives to recover both capital and oper-
ational costs.104 

Yet there are also challenges in using this scheme. Potential rates of return on invest-
ment must be attractive, cultivators must be able to pay the costs needed for the private 
investor to recover costs, and government must regulate without seeking excessive rent or 
strangling the effort through bureaucratic challenges.105 Morocco and Tunisia have imple-
mented with some success the franchise approach to attract private concessions for the 
development and sale of irrigation water for high-value crops. In such cases the ability to 
charge an economically viable price is crucial. Where there are good prospects of profit-
ability, there may be scope for using risk-sharing instruments (e.g., guarantees by public 
agencies) to stimulate private lending and investment.106

Blended finance, which uses development finance or 
public funding to mobilize additional resources toward 

sustainable development in LMICs, is a promising approach 
for scaling up private-sector financing for water.
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Shifting diets and diversifying agriculture to reduce 
demand for water and improve nutrition

Dietary shifts, supported by agricultural diversification, are another strategy that can poten-
tially reduce water use and improve food and nutrition security. A strategy around shift-
ing diets, however, must be based on what constitutes sustainability in a particular local 
context. Changes can impact livelihoods, and there may be unforeseen opportunity costs 
associated with shifting diets that should be heavily weighed before policies are imple-
mented. Accounting for water use throughout the value chain, meat and cereals in general 
use more water per capita than higher-value crops such as fruits and vegetables. They 
also have lower use on the farm per kilogram of food produced, although this can vary by 
region and production and processing methods.107 Meat uses large amounts of water due 
mainly to the cereals, soybean, and pasture that are used to feed livestock. Data show that 
most fruits and vegetables are more productive per unit of water in crop yield and far more 
productive in value per unit of water.108 

In high meat-consuming countries, diets that shift consumption away from meats and 
cereals toward higher-value foods therefore have the potential for reducing water use 
over time. But for many LMICs in Africa and Asia, increased meat and dairy consumption 
has strong nutritional benefits. Cereals and other staple foods also remain essential. In 
LMICs, cereal crops—and the agribusiness and nonfarm rural economy that supports 
them—provide a large part of rural income that supports food consumption. In much of 
Africa, hunger driven by deficits in calories remains a major problem, and growth in con-
sumption of cereals is needed.109

At a global level, and especially for high-income countries, the evidence on the 
impacts on water use—and greenhouse gas (GHG) emissions and land use—from shifting 
current dietary intakes to more environmentally sustainable dietary patterns has been 
systematically reviewed. The review included 210 diet scenarios from 63 studies, includ-
ing 14 common sustainable dietary patterns, including vegetarian, vegan, pescatarian, 
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Figure 8 – Aquaculture production must continue to grow to meet 
world fish demand

Source: Historical data, 1950–2016; FAO (2017b) and FAO (2018), Projections to 2050; Calculated 
at WRI; assumes 10 percent reduction in wild fish catch from 2010 levels by 2050, linear growth 
of aquaculture production of 2 Mt per year between 2010 and 2050. 
wri.org/sustfoodfuture | World Resources Report: Creating a Sustainable Food Future

52 FROM SCARCITY TO SECURITY



Aquaculture is growing rapidly as demand for fish 
increases around the world and supplies of wild 
fish are being depleted. The output of the world’s 
wild fisheries peaked in 1995, with all growth in 
seafood production since that time coming from 
aquaculture. As of 2016, aquaculture accounted 
for 47 percent of total seafood production. 

Global per capita consumption of fish doubled 
between 1961 and 2015 to 20.2 kg per capita, ac-
counting for 17 percent of consumption of animal 
protein. In the least-developed countries, fish ac-
counted for about 26 percent of animal protein 
consumption, and it accounts for 19 percent of 
animal protein consumption in other develop-
ing countries. Many fish varieties are low in sat-
urated fats, carbohydrates, and cholesterol and 
provide a wide range of essential micronutrients, 
including various vitamins, minerals, and polyun-
saturated omega-3 fatty acids. Fish can also be 
an essential part of a nutritious diet for pregnant 
women and very young children, contributing to 
neurodevelopment during the most crucial stag-
es of unborn and young child growth. 

Aquaculture is projected to provide all the 
growth in fish production through 2030, with 
capture fishery production remaining near cur-
rent levels. However, fish production faces sus-
tainability challenges. Even without growth in 
capture fish production, the percentage of over-
fished fish stocks has continued to increase. As of 
2015, 33 percent of fish stocks globally are clas-
sified as overfished. Poorly managed aquaculture 
causes many environmental problems, including 
destruction of mangrove forests; harm for marine 
organisms and human health due to excessive 
use of chemicals; transfer of viruses and para-

sites between farmed and wild fish; competition 
and interbreeding among farmed and wild fish, 
altering the overall pool of genetic diversity; in-
creased levels of nutrients in the water from food 
and fish waste, leading to oxygen-deprived wa-
ters; and dependency upon fish meal and fish oil 
as feed puts pressure on capture fisheries. 

But progress is being made in the implemen-
tation of more sustainable aquaculture. Produc-
tion efficiency has improved, with a large de-
cline in the use of fish meal and fish oil per unit 
of farmed fish. A 62 percent increase in glob-
al aquaculture production was achieved from 
2000 to 2008 even though the global supply 
of fish meal declined by 12 percent. Integrated 
management of land, water, and other resourc-
es—together with upscaling of support to small-
scale fisheries through education, extension of 
appropriate technologies, strengthening of fish-
eries organizations, and policy reform—can have 
high payoffs. Targeted incentives to encourage 
sustainable practices together with elimination 
of subsides that contribute to overcapacity and 
overfishing would also be beneficial. 

Improving aquaculture will also require other 
investments. Like other agricultural sectors, fish-
eries suffer from high postharvest losses, as high 
as 27 percent between landing and consumption 
and 35 percent including losses prior to landing. 
To reduce these losses and improve quality and 
safety, investments are required in infrastructure 
and services, such as hygienic landing centers, 
electric power supply, potable water, roads, ice, 
ice plants, cold storage, refrigerated transport, 
and appropriate processing and storage facilities.

Source: FAO 2012; FAO 2018; Gustavsson et al. 2011; World Bank 2013; WWF 2018

Box 11 – Growth in aquaculture must be 
sustainable
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Evidence shows that as incomes rise, diets diver-
sify, and, to some extent, people shift away from 
staple-food rich diets to eat more fruits and veg-
etables. In Taiwan, for example, rice consumption 
has fallen more than two-thirds in 50 years, and 
similar trends are visible in other parts of Asia 
with higher incomes. But other trends are also 
visible in wealthy economies, including overcon-
sumption of food on the one hand and preference 
for “healthy” and sustainable foods on the other.

As populations grow and diets change, so do 
the water requirements to produce our food. But 
the water requirements of plants are also chang-
ing as plant genetics and farmers’ practices im-
prove. Optimizing the positive health, environ-
mental, economic, and social impact of diets is no 
easy policy exercise. And shifting diets to align 
them to optimal production and consumption pat-
terns is no easy behavioral task. Shifting produc-
tion and livelihoods is yet another challenge, es-
pecially for smallholder farmers who live on less 
than $2 a day, requiring strong policy support, 

farmer education, and attention to constraints 
along the value chain. 

So what impact will shifting diets have on cur-
rent and future water use and how can we work 
collectively to ensure the best outcomes across 
crops and production zones? It starts with focus-
ing on the needs for particular people and agro-
ecologies and planning for the best ways to ad-
dress the possibilities for that community. In the 
example of rice, that may mean promoting culti-
vation of water-efficient pulses in the fallow rice 
paddies after a rice harvest to boost household 
nutrition security, improve soil fertility, and in-
crease income. In the medium term, it may mean 
supporting a conversion to the cultivation of veg-
etables or dairy as demand decreases. In every 
case there will be trade-offs across nutrition, nat-
ural resources, and livelihoods. Only monitoring, 
data collection, pilot testing, and R&D can help 
inform better policy both on the production side 
and on the consumer education side.

Source: Chandran 2018; FAO 2018; CGIAR 2018

Box 12 – Shifting diets will alter water and 
production needs

Credit: Greg Garrett
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Food Fish Dairy Vegetables

Nutritional 
contribution

Fish currently supply 
roughly 17 percent of 
global protein and pro-
vide essential fatty acids.

Milk can provide 
affordable, essential 
micronutrients such as 
calcium, magnesium, 
and B vitamins in addi-
tion to protein to help 
combat child stunting.

Vegetables are an import-
ant source of dietary fiber 
and micronutrients, partic-
ularly calcium; iron; magne-
sium; A, B, and C vitamins; 
and phytochemicals such as 
antioxidants.

Livelihoods Fishing, aquaculture, and 
fishery operations em-
ploy roughly 120 million 
people full time and pro-
vide income directly and 
indirectly for up to 820 
million people through 
the production and sale 
of inputs, farming and 
harvesting, processing, 
and distribution.

There are an estimat-
ed 150 million dairy 
farms across the world, 
directly and indirectly 
providing income for 
roughly 1 billion people.

Out of the world’s estimated 
570 million farms, rough-
ly 90 percent are family 
owned, often cultivating 
vegetables for their own 
consumption or for sale to 
markets or both.

Threats & 
opportunities

Wild fisheries face 
unprecedented threats 
from overfishing: more 
than 30 percent of the 
world’s existing fisheries 
are close to exhaustion. 
Aquaculture continues 
to grow with increased 
demand, but existing 
systems are endangered 
by climatic shocks, rising 
temperatures, and un-
sustainable water use.

In smallholder systems, 
productivity often aver-
ages less than 2 liters a 
day compared to 15 in 
high-income countries, 
using the same amount 
of water and feed. Ge-
netic improvement of 
dairy animals is need-
ed, along with feed 
sourcing with attention 
to water to improve 
water intensiveness.

Demand will continue to 
grow for animal proteins, 
fruits, and vegetables. 
Cultivation of higher-val-
ue vegetable crops will 
become more promising 
for smallholders. However, 
many of the more profitable 
vegetables require access 
to irrigation, are highly 
perishable, and difficult 
to transport.
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Mediterranean, “recommended” diets, and various levels of reduction in meat consump-
tion. It found reductions as high as 70 to 80 percent in GHG emissions and land use and 
50 percent in water use, with medians of about 20 to 30 percent for each of these indica-
tors across all studies, from adopting sustainable dietary patterns. The review also showed 
that health benefits are possible by shifting current Western diets to more sustainable 
dietary patterns.110 

Looking specifically at reduced meat consumption, another assessment examined four 
scenarios in which the amount of protein from animal products was successively limited to 
50, 25, 12.5, and finally 0 percent of total protein intake.111 It was found that reducing the 
consumption of animal products in the diet would decrease global green water consump-
tion by 6, 11, 15, and 21 percent in the four applied scenarios. For blue water, the reductions 

would be 4, 6, 9, and 14 percent. The results vary widely across regions, depending on 
the initial diets and production methods in each region. However, even in India, which has 
low meat consumption, a modeling analysis showed that optimized diets that meet nutri-
tional guidelines while minimizing changes from existing diets had up to 30 percent lower 
blue water use and generally contained lower amounts of wheat, dairy, and poultry and 
increased amounts of legumes.112

Governments in many parts of the world are already experimenting with policy instru-
ments designed to shift or “nudge” diets due to different motivations. The effectiveness 
of policies to induce dietary shift, however, is uncertain. School feeding programs can 
emphasize healthier food and an awareness of the resources required to produce it. 
Pressure can be put on corporations to improve the nutritional content of convenience 
foods or to make healthy foods more affordable or accessible to marginalized communi-
ties. Economic policies can also be used, through direct carbon taxes that fall more heavily 
on meat than on crops, causing meat prices to rise relative to fruits and vegetables and 
other crops.113 Whether these policies can become politically, economically, and ethically 
feasible—and be sustainably implemented—must be determined. Application of broad-
based policies such as taxes would need to be carefully designed based on local circum-
stances, including how the tax revenues are distributed, and should also take into account 
the impacts of these taxes on livelihoods of consumers and livestock producers.  

If significant dietary changes occur over time due to behavioral change and policy 
interventions, it is important to examine whether agricultural production systems can 
diversify to meet new demands. Water availability per se is not a primary constraint to 
diversification above and beyond the constraint on overall agricultural production. Fruits 
and vegetables are often considered to be more “water intensive” than cereals and other 
field crops because they are more dependent on well-controlled irrigation and do not do 
as well under rainfed or intermittent water conditions. Data on field-level water use by 
crop vary hugely depending on agroclimatic conditions, farming systems, and manage-
ment. However, while these crops may be more irrigation dependent, they normally use 

Changing dietary patterns could result in reductions as high 
as 70 to 80 percent in GHG emissions and land use and 

50 percent in water use, according to some studies.
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less water per kilogram of output—and less irrigation water—than cereals and other food 
crops.114 In specific regions, growing conditions, and farming systems, fruits and vegetables 

may require more water per kilogram of water. In either situation, high-quality, dependable 
irrigation is a key to diversification to fruits and vegetables and other higher-value crops 
that support dietary change.115 

Increasing managed water supply and expanding 
irrigated area 

Given the growing demand for food and agricultural production to support the world’s 
booming population, increased water productivity will have to be combined with expand-
ed supplies of fresh, clean water for use in irrigation. This can be done to some extent 
through artificial groundwater recharge, desalination, and wastewater reuse and recycling.

The potential for increased irrigation area is substantial in  
some regions

Because new investments in irrigation and water supply are increasingly expensive and 
politically sensitive, hard infrastructure investment has a reduced role globally compared 
with past decades when dam building and expansion of irrigated area drove rapid increas-

Women work in a cauliflower field in Kolkata, India. Credit: REUTERS/Rupak De Chowdhuri 

While fruits and vegetables may be more irrigation dependent, 
they normally use less water per kilogram of output—and 
less irrigation water—than cereals and other food crops.
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Irrigation will become an increasingly important 
strategy for farmers in rainfed agricultural areas 
in Africa because of the improved productivity 
and increased resilience it enables. The potential 
is great: only 6 percent of arable land is irrigated 
in Africa, compared to 14 and 37 percent in Lat-
in America and Asia, respectively. As outlined in 
a recent report by the Malabo Montpellier Pan-
el, 38 million hectares of farmland across Africa 
could be introduced to irrigation.

Governments and multinational lenders have 
had a historical preference for funding state-led 
irrigation schemes, such as centrally managed 
canal and dam infrastructure. But these projects 
have shown mixed results, and there is a growing 
shift in emphasis toward smaller-scale, distribut-
ed projects inspired by farmers’ needs.

Farmer-led irrigation, according to the World 
Bank, is when “farmers drive the establishment, 
improvement, and/or expansion of irrigated agri-
culture.” Since the 1970s, farmer-managed pump 
and pipe irrigation has become the leading irriga-
tion option in South Asia and has resulted in more 
irrigation there in the past 50 years than in the last 
250. Adoption has been significantly slower in 
Sub-Saharan Africa, but is happening. Farmer-irri-
gated area is, for instance, three times larger than 
state-irrigated area in Tanzania’s Lower Moshi. 

Supporting farmer-led irrigation means finding 
new ways to invest in sustainable irrigation sys-
tems and collectively manage resources in decen-
tralized ways. This includes creating opportunities 
for private investment in small-scale irrigation 
systems and making irrigation technology afford-
able. But it also requires focused investments in 
markets, transportation infrastructure, cold-chain 
storage, legal support, and education.     

During a side event to the 2018 African Green 
Revolution Forum convened by the World Bank, 
African Development Bank, and the Alliance for a 
Green Revolution in Africa, the Kigali Joint State-
ment on farmer-led irrigation was adopted by an 
assembly of African government officials, financial 
institutions, nonprofits, academics, agribusiness 
representatives, and members of farmer organiza-
tions. The World Bank believes that implementa-
tion of the Kigali Statement will lead to farmer resil-
ience in the face of climate change and variability 
as well as making significant improvement toward 
achieving SDGs 1, 2, and 3. 

Feed the Future, the United States’ hunger 
and food security program, also supports Innova-
tion Labs for small-scale irrigation. And influential 
groups like the Malabo Montpellier Panel and the 
Daugherty Water for Food Global Institute have 
produced reports detailing smart smallholder irri-
gation expansion strategies.

The Malabo Montpellier Panel

The Malabo Montpellier Panel report, Water-Wise: 
Smart Irrigation Strategies for Africa, summarizes 
what six African countries—Ethiopia, Kenya, Mali, 
Morocco, Niger, and South Africa—have done 
right as they implement cutting-edge irrigation 
schemes. The policies and practices identified 
in the report could spur agricultural growth and 
transformation in Africa while increasing resil-
ience and improving livelihoods in rural commu-
nities. By adapting the practices to local contexts 
across the continent, African governments can 
significantly increase the chances of meeting 
their national and international commitments to 
agricultural growth and transformation.

Sources: World Bank 2018; AGRA 2019; Mutiro 2015; Woodhouse 2017; Malabo Montpellier Panel 2018

Box 13 – Farmer-led irrigation offers a new 
approach to resilience and profitability
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es in crop yields, particularly in LMICs.116 However, with climate change creating water 
shortages in some regions, and greater variability in water for other regions, there may 
be renewed demand for increased investment in both large and small dams for storage 
to accommodate future changes in rainfall and runoff. Potential increases in demand for 
hydropower can also generate increased investment in multipurpose dams for energy 
and agriculture. Substantial potential for expanded irrigation still exists in some regions of 
the world. Harvested irrigated area is projected to increase by 16 million hectares in East 
Asia and the Pacific from 2010 levels of 142 million hectares; by 7 million hectares from 22 
million in Latin America; by 6 million hectares from 28 million in the Middle East and North 
Africa; by 37 million hectares from 113 million in South Asia; and by 10 million hectares 
from 8 million in Sub-Saharan Africa.117 These increases include both expanded area under 
irrigation and improvement in cropping intensities.  

The potential is even higher if appropriate policies are put in place. The World Bank’s 
Africa Infrastructure Country Diagnostic study concluded that Africa has the hydrological 

and economic potential to add at least 16 million hectares of profitable, large-scale irriga-
tion and 7 million hectares for farmer-led irrigation. However, the internal rate of return was 
substantially larger for individual and farm-community managed systems.118 An even larger 
potential was shown for profitable smallholder irrigation expansion in Sub-Saharan Africa, 
up to 30 million hectares for motor pumps.119 The amount of this potential depends on poli-
cies, incentives, and local enabling conditions.

The supply of managed water can be increased in multiple ways 

Recharging groundwater 

Investment in artificial groundwater recharge, or increasing the amount of water in aquifers 
by diverting it from sources that would not normally reach it, can also increase water sup-
plies. Both large- and small-scale artificial groundwater recharge has potential. SAB Miller 
India partnered with local stakeholders in Rajasthan, India, to implement a basin-wide 
groundwater management initiative to improve the sustainability of the local deep aquifer. 
This aquifer is the only reliable source of water for the agricultural, industrial, and munici-
pal sectors in the semiarid region, together with the seasonal monsoon rainfall. The con-
struction of six recharge structures resulted in 345,000 cubic meters per year of enhanced 
aquifer recharge and a 5.2-meter rise in the water table locally. Training programs for local 
farmers on water efficiency practices were also implemented to reduce withdrawal for 
agricultural purposes. 

SamSamWater Foundation, in collaboration with the NGO Chamavita and the commu-
nity in Kwemakame in Tanzania, successfully implemented a small-scale aquifer recharge 
scheme capturing rainwater runoff from the steep rocky slopes of the local Usambara 
mountain range. The area suffers from a reduced rate of water infiltration due to deforesta-
tion, resulting in higher runoff from exposed bedrock and an increase in water abstraction 

Sub-Saharan Africa has the hydrological and economic 
potential to add up to 30 million hectares of profitable 

smallholder irrigation via motor pumps.
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Human activities are becoming increasingly 
groundwater intensive. Groundwater has the 
highest rate of extraction of any raw material on 
the planet, and rates of withdrawal are increasing 
at nearly twice the rate of population growth. 

Groundwater is technically a renewable re-
source, but it can take a very long time for water 
to infiltrate and “recharge” the aquifer, making it 
an effectively limited resource. The best strate-
gy for managing groundwater is a two-pronged 
approach that measures water usage carefully 
and uses policies that encourage diversification 
of water sources to conserve limited resources. 

With technology, however, aquifer recharge 
can be deliberately sped up. Managed aquifer 
recharge (MAR) is the process of intentionally 
supporting recharge and involves putting water 
collected from the surface back into aquifers for 
later use. MAR is less expensive than desalination 
and can contribute to improved water quality and 
quantity. There are several methods of recharge 
currently used, including surface spreading, in-
filtration pits and basins, and injection wells that 
are deep underground. 

Shallow infiltration acceleration methods like 
the Bhungroo used in India may be quite effec-
tive for farmers who live in seasonally wet places. 
Managing surface soil moisture may be a solu-
tion for farmers living in areas that would require 
much deeper wells, which are more costly.

Water recharge in action:  
Bhungroo 

Bhungroo technology in India, invented by Biplab 
Ketan Paul, enables farmers to store of excess 
surface water underground and then extract it 
during the dry season for use in agriculture. Bhu-
ngroo combines technology and business mod-
el innovations that are now serving over 20,000 
farmers, with substantial impact on water man-
agement, nutrition, basic food security, and biodi-
versity. In addition to direct farming benefits, the 
approach helps build environmental, economic, 
and social resilience. 

During rainy season monsoons, water can be 
“banked” quickly and safely (also helping miti-
gate flood risks in some areas) and can then be 
extracted more slowly when the farmers need it. 
This extends the growing season each year and 
helps mitigate negative impacts of dry spells and 
weather fluctuations.

The technology has been used to trigger local 
planning and regenerative economic develop-
ment in communities, with particular benefits for 
poor people and local ecology. This “localizing” 
process increases successful adoption of the 
technology and adaption across different geog-
raphies. As a result, Bhungroo now grants the 
technology rights primarily to poor women in new 
communities and then works with them and oth-
ers to understand and adapt the technology to 
local conditions. Bhungroo now operates in India, 
Bangladesh, and Vietnam and has partnerships 
in 10 additional countries in Asia and Africa.

Source: Bhungroo, The National Groundwater Association 2018; Siebert et al. 2018; Sprenger et al. 2017; FEMA 2015

Box 14 – Groundwater recharge can 
expand water supplies
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due to rapid population growth. It is estimated that this scheme saves 1,200 cubic meters 
per year at an initial capital cost of $29,300.120

Desalination

Freshwater supplies can also be increased by desalinating seawater or brackish water. 
Desalination provides around 1 percent of the world’s drinking water, but this percentage 
is growing rapidly. An expected US$10 billion investment in the next five years would add 
5.7 million cubic meters per day of new production capacity. This capacity is expected to 
double by 2030. At the end of 2015, there were approximately 18,000 desalination plants 
worldwide, with a total installed production capacity of 86.55 million cubic meters per day. 
Around 44 percent of this capacity is located in the Middle East and North Africa. While 
desalination in that region is projected to grow at a rate of 7 to 9 percent per year, the “hot 
spots” for accelerated desalination development over the next decade are expected to be 
Asia, the United States, and Latin America.121

Growth will be helped by technical developments, including energy-efficient filter-
ing membranes, that are causing desalination prices to fall. Pilot schemes are powering 
desalination plants with renewable energy. Depending on the scale of the plant and the 

technology—as well as the availability of the source water—fresh water can be produced 
for as little as US$0.50 per cubic meter.122 However, typical costs in 2016 remained at 
US$0.80–$1.20 per cubic meter.123 Even at US$0.50, water from desalination remains 
more expensive than conventional sources, so desalinated water will likely be confined to 
the highest-value uses such as urban water supply or tourism.124 It also tends to be limited 
to coastal areas since the distribution of desalinated water inland would add to the costs. It 
is estimated that while the relative contribution of desalinated water is small, the volume of 
desalinated water will grow significantly due to technological change and reach approxi-
mately 250 cubic kilometers annually by 2100, which would be 5 percent of projected total 
water demand.125

While desalination has significant potential in coastal regions, it is energy and capital 
intensive and creates waste disposal problems. R&D and technological change to reduce 
the costs and handle the negative by-products such as brine that damages ocean ecosys-
tems will be essential for realizing the potential.  

Wastewater reuse and recycling

Reusing wastewater is another source of fresh water for agriculture. Municipal wastewa-
ter accounts for the majority of wastewater directly used in agriculture. Municipal water 
demand corresponds to 11 percent of global water withdrawal.126 Out of this only 3 percent 
is consumed, with the remaining 8 percent discharged as wastewater. This is 330 cubic 
kilometers per year, much of which could potentially be used for agricultural irrigation.127 
However, there is no comprehensive inventory of how much treated or untreated waste-
water is used in agriculture apart from the incipient efforts by institutions like AQUASTAT, 
an FAO initiative.

While desalination has significant potential in coastal regions, it is 
energy and capital intensive and creates waste disposal problems.
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Inadequate wastewater treatment and the resulting large-scale water pollution suggest 
that the area irrigated with unsafe wastewater is probably 10 times larger than the area 
using treated wastewater, causing fecal contamination and accumulation of microbio-
logical and chemical pollutants in crops, livestock products, soil or water resources and 
leading to severe health impacts for consumers and farm workers.128 If wastewater can be 
tapped through appropriate treatment, it can make an important contribution to safe food 

production. In the most optimistic projection, if all of the approximately 330 cubic kilome-
ters of municipal wastewater generated every year could be effectively treated, it could 
potentially irrigate 40 million hectares (with approximately 8,000 cubic meters per hect-
are), or 15 percent of currently irrigated lands.129 

Nevertheless, the evidence suggests that even in best-case scenarios of sanitation 
system investments, the majority of wastewater generated in LMICs will continue to be 
untreated. Given the projected growth in demand for food, this means that the risks to 
public health remain. In such cases, measures to avoid contamination of crops, prevent 
exposure of workers, and protect consumer health are necessary.130 A more realistic 
goal would be providing clean, treated wastewater to areas that are currently being 
irrigated with raw and diluted wastewater, which is in the range of 5 to 20 million hect-
ares globally.131

The use of treated wastewater for irrigation has the most potential in urban and peri-
urban areas, where wastewater is more easily available and reliable and where there is a 
market for agricultural produce. In the absence of elevation-assisted gravitational flow, the 
transport of treated municipal wastewater to more remote agricultural areas for irrigation 
is uneconomical, likely greatly reducing the potential area claimed above. If wastewater is 
used in agriculture without the necessary safety precautions, the effects can be detrimen-
tal. However, if adequately treated and safely applied, wastewater is a valuable source of 
both water and nutrients, contributing to food and nutrition security and the improvement 
of livelihoods.132 

The use of wastewater can encounter strong public resistance due to a lack of aware-
ness and trust with regard to human health risks. Other factors include different cul-
tural and religious perceptions about water in general and/or using treated wastewater. 
Whereas public health and safety concerns have traditionally been the main reason for 
public resistance to wastewater use, cultural aspects and consumer behavior seem to 
be the overriding factors in most cases today, even if the reclaimed water resulting from 
advanced treatment processes is entirely safe.133 Increased efforts by large corporations to 
enhance wastewater reuse in high water risk areas may alleviate some of these concerns. 
For example, in several of PepsiCo’s manufacturing facilities in Mexico, the company has 
installed membrane bioreactors coupled with reverse osmosis wastewater treatment tech-
nology, which enables water reuse and helps to deliver greater water-use efficiency.134  

Water recycling also can provide opportunities for water supply expansion and water 
resource recovery, both on a large scale, for example in industrial parks where synergies 

The use of wastewater can encounter strong public resistance due 
to a lack of awareness and trust with regard to human health risks.
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in water recovery and recycling can be achieved, and on a small scale. Large-scale recy-
cling plants tend to be energy intensive and produce sludge that is difficult to dispose.135 
Newer technologies may be able to alleviate these problems by developing new sludge 
by-products and moving toward recycling at net zero energy cost by capturing biogas.136 

Smaller-scale recycling is exemplified by wastewater collection and recycling in the 
greenhouses of Sher Ethiopia, which produces roses for export and employs around 
10,000 local people. Prior to recycling, wastewater was discharged directly into a nearby 
lake. With implementation of the recycling project, Sher Ethiopia has collected wastewater 
and treated it in constructed wetlands. The effluent is then stored in reservoirs and even-
tually added to the irrigation water of the greenhouses, dramatically reducing the environ-
mental impact of the company.137

An alternative to recycling is to enhance the natural environment to improve water 
quality at the source, and to store more water, enhance water quality, reduce flooding, and 
provide other critical benefits.138 Payments for environmental services, as discussed above, 
can help realize these gains.

Increasing urban and periurban agriculture

With rapid urbanization and changing population and dietary patterns, the role of urban 
and periurban agriculture is of increasing potential importance. Urban agriculture and 
periurban farming offer many attractive benefits as populations boom in these regions, 
including the use of hidden or underutilized urban natural resources; maintaining green 
spaces that also generate income; reducing the heat island effect in cities; and having 
direct access to relatively inexpensive treated wastewater.139 Urban agriculture at a com-
mercial level can provide competitive advantages for low-income people. For producing 
vegetables, for example, some of the advantages include easy access to inputs; highly 
segmented, accessible markets; openness of market information; and availability of multi-
ple marketing channels depending on the scale of operations.140

Plastic containers are used to carry water from a well near the slum of Petare in Caracas, Venezuela. Credit: REUTERS/Carlos Garcia Rawlin
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A global assessment of urban and periurban agriculture shows that these areas are an 
important resource.141 The global area of urban irrigated croplands (within cities of at least 
50,000 population) was estimated at about 11 percent of all irrigated croplands, or 24 mil-
lion hectares. The global area of urban rainfed croplands was approximately 4.7 percent 
of all rainfed croplands or 44 million hectares. The distribution of urban and nonurban irri-
gated and rainfed croplands varies greatly across regions. South and East Asia comprise 
49 percent of urban irrigated croplands and 56 percent of the nonurban irrigated area 
globally. These same two regions account for 26 percent of urban rainfed croplands and 
22 percent of nonurban rainfed croplands. Developed countries account for 20 percent of 
irrigated urban croplands but 44 percent of urban rainfed croplands. Sub-Saharan Africa 
comprises less than 1 percent of urban irrigated and 3 percent of urban rainfed croplands 
but 14 percent of nonurban rainfed croplands.142 

Such patterns contrast with much of Asia, where more croplands are located within 
urban boundaries.143 However, even in Sub-Saharan Africa, urban agriculture is locally 
important. A survey of 11 cities and towns in Southern Africa showed that 22 percent of 
households are engaged in small to microscale urban agriculture, including crops and 
livestock. In 21 cities and towns in West Africa, this ranged from 20 to 50 percent of 
households.144    

The total area of irrigated croplands within 10 and 20 kilometers of urban boundaries is 
40 and 60 percent of total irrigated cropland, respectively, or 87 and 130 of 214.5 million 

hectares. Such an expansive definition of periurban agriculture subsumes a substantial 
area of what would normally be considered rural agriculture, subject to the same recom-
mended policies, technologies, and investments.

Significant constraints to urban and periurban agriculture also exist. Lead and heavy 
metals in the soil, air, and water are major contaminants that can collect in the leaves of 
certain green leafy vegetables and cause health issues. Regular testing of all foods is nec-
essary to ensure a safe food supply, and any foods unfit for human consumption should be 
destroyed.145 

Efforts should be made to convince health agencies to include urban agriculture in 
existing programs. In many cities, especially in LMICs, farmers use drainage runoff and raw 
sewage to irrigate. While public health laws exist to prevent this practice, implementation 
is varied.146 As a complement to large-scale systems, sewage can be treated through pond 
systems that are relatively inexpensive and low in maintenance.147 Ensuring the safety of 
these systems, however, can be a substantial challenge. Successfully meeting this chal-
lenge can bridge agricultural production and sanitation management.

Poorly managed animal production in urban and periurban areas can also cause risks 
to public health. Accumulation of fecal materials can provide breeding grounds for harm-
ful pathogens as well as the insect vectors that carry them. Credit and extension services 
are often limited or nonexistent, exacerbated by the lack of land rights and changing 
zoning and construction that constantly change the availability of land for urban farming. 

The total area of irrigated croplands within 10 and 20 kilometers 
of urban boundaries is 40 and 60 percent of total irrigated 

cropland, respectively, or 87 and 130 of 214.5 million hectares.
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Water insecurity can trigger social tensions, but 
with the investment of resources, R&D can also 
lead to impressive innovations. Israel, for exam-
ple, is 60 percent desert, yet the population has 
grown tenfold since 1948, requiring considerable 
attention to water management. 

Early constraints on water, a rapidly grow-
ing population, and overexploitation of aquifers 
meant that Israel needed to engage in a massive 
R&D program for reusing treated wastewater. Ad-
ditionally, certain policies gave farmers strong in-
centives to use treated, reclaimed wastewater for 
irrigation instead of fresh water. Reused waste-
water now accounts for over 40 percent of the 
country’s irrigation needs. This innovative system 
has almost entirely closed the urban water cycle, 
with 87 percent of wastewater reused. 

Israel also led early development of efficient, 
low-volume irrigation technologies such as drip 
irrigation and miniature sprinklers. Considerable 

support has been provided to regional irrigation 
companies by the Agricultural Extension Ser-
vice. Israel has made a special effort to promote 
innovations in the water sector, with the estab-
lishment of a unique ecosystem combining busi-
ness and industry, water utilities, and research 
universities to support the development of inno-
vative water technologies. Widespread develop-
ment of efficient irrigation technologies, together 
with growing access to treated wastewater, has 
made it possible for the agricultural sector to 
continue to irrigate despite a sharp reduction in 
the amount of available fresh water. In addition, 
limited groundwater resources sparked the de-
velopment of large-scale desalination systems, 
many of which were developed through pub-
lic-private partnerships. Desalinated water now 
accounts for 85 percent of domestic urban water 
consumption.

Source: FAO AQUASTAT 2016; Juanico and Friedler 1999

Box 15 – Israel is a leader in water innovations for 
arid environments  

Irrigation system in Isreal. Credit: istock/avian75
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Urban farmers in most cities continue to struggle against existing regulations, agencies, 
and financial disincentives. Local government recognition of the role of urban agriculture, 
together with relatively small investments in personnel, capital, and legislative and regula-
tory change, could significantly improve the prospects for urban farming.148  

Leveraging international agricultural trade 
policies and the virtual water trade for improved 
water resource management
International trade, including trade in “virtual water,” has been shown to impact the water 
sector and can be used to improve water and food and nutrition security.149 Virtual water 
is the volume of water used to produce a good or service, including agricultural commodi-
ties. It is measured in crop water depletion or in irrigation water depletion.150 

By substituting cereal and other food imports for irrigated agricultural production (pro-
viding virtual import of the water embodied in the food), countries can effectively reduce 
their agricultural water use, saving water for other uses. Moreover, when agricultural 
exporters are more water efficient in production than importers, global water savings take 
place.151 With much of world cereal exports coming from highly productive irrigated and 
rainfed systems in the United States, Canada, and Brazil, substantial water savings are 
generated.152 

International trade is driven by economic and political forces rather than by water scar-
city. Trade protection and domestic support for agricultural production (e.g., tariffs, duties, 
agricultural commodity price support, and subsidies) influence the movement of virtual 
water.153 OECD countries generally have the highest agricultural trade barriers (although 
Australia, for example, has open trade policies). Yet many LMICs have also maintained bar-

riers to agricultural trade to protect domestic agriculture from international competition.154 
Trade liberalization can potentially have large, positive impacts on the economies of 

many countries, especially in LMICs, although the increases in international commod-
ity prices due to liberalization can also increase pressure on LMICs’ water resources. 
However, available evidence shows small to substantial increases in virtual water flows 
due to trade liberalization.155 Trade liberalization also tends to reduce water use in water-
scarce regions and to increase water use in relatively water abundant regions such as 
the United States and Latin America.156 An analysis of the virtual water trade in Africa finds 
that undernourishment tends to decline with increased virtual water trade openness. The 
potential for implicit “infrastructure sharing” is shown by countries with small dam storage 
capacity obtaining a higher fraction of their agricultural water requirements from virtual 
water imports.157

There is a need to integrate water and development issues, including their environmen-
tal effects, in trade and development policy. The import of food and its embodied virtual 
water can be important in water-scarce areas to improve food and nutrition security.

Available evidence shows small to substantial increases 
in virtual water flows due to trade liberalization.
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Several pieces of bipartisan legislation and poli-
cymaking have underpinned the US approach to 
global development policy on water. First among 
these is the Senator Paul Simon Water for the 
Poor Act of 2005 (WfP), which designated water 
access, sanitation, and hygiene (WASH) as im-
portant foreign policy priorities for US national 
security interests. The legislation created con-
ditions for the US administration to help millions 
of people gain better access to water resources 
by increasing the US government’s capacity to 
implement WASH programs, target resources to 
communities in need, and develop a comprehen-
sive strategy for addressing a critical challenge for 
the most vulnerable. It is estimated that 31 million 
gained access to water and 12 million gained im-
proved sanitation under WfP from 2005 to 2014.

Building upon the success of the 2005 act, the 
2014 Senator Paul Simon Water for the World Act 
specified criteria for high-priority countries for 
assistance; required reports to Congress no later 
than every five years; and authorized the estab-

lishment of water coordinators at USAID and the 
State Department with overlapping, coordinat-
ing, but independent roles. This legislation en-
sures that all US government agencies focusing 
on WASH issues are working closely together to 
maximize impact.

The USAID water coordinator implements wa-
ter programs, focuses on economies of scale and 
efficiency, identifies country “capacity, capability, 
and commitment” to determine countries likely 
to make significant sustainable improvements, 
and is required to develop and utilize appropri-
ate metrics and evaluation. Water management 
is included as a component of the role, which is 
more applicable to agriculture than other aspects 
of WASH.  

The State Department water coordinator man-
ages resources related to “intra- and transbound-
ary conflicts over water resources consistent with 
national interests” and represents the United 
States in key international fora.

Source: Report to Congress, Senator Paul Simon Water for the Poor Act

Box 16 – US leadership for global water 
and food security

Water for the World Act high-priority countries 

 �  Afghanistan

 � Democratic 
Republic of 
Congo

 � Ethiopia

 � Haiti

 � Indonesia

 � Jordan

 � Kenya 

 � Lebanon 

 � Liberia

 � Nigeria

 � South Sudan

 � Uganda
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PART III

ENSURING THAT WATER 
SOLUTIONS REACH 
SMALLHOLDER FARMERS

Credit: Marilyn Shapley/Mercycorps/Niger
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T o ensure that farmer-led irrigation can thrive in Sub-Saharan Africa and other regions 
requires a conducive policy environment, affordable technologies, infrastructure, 
institutions to support irrigation management, and investment in research and exten-
sion services. 
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Conducive policy environment 

A conducive policy environment includes secure and equitable water and land rights, 
economic incentives to use water more efficiently, and improved governance for more sus-
tainable (ground)water use. Improvements in agricultural policies are also needed such as 
trade and agricultural input and output support policies, plant breeding programs, revived 
extension systems, and enhanced microfinance and credit policies. Agricultural trade pol-
icies can harm local food systems, including farmer-led irrigation, if they favor crops from 
large-scale production over those from small-scale systems. The attractiveness of invest-
ing in irrigation technologies and services is related to import policies, currency exchange 
rates, the competitiveness of input and output markets, and regional trade policies.158 Nu-
merous studies have identified these policy areas as major impediments to investment and 
therefore major opportunities to encourage investment.159  

Many governments in Sub-Saharan Africa and Asia have been using agricultural input 
subsidies to support agriculture. As noted above, generalized subsidies should be mod-
ified, and the funds saved should be reallocated to targeted subsidies for smallholder 
farmers that would encourage the uptake of advanced irrigation and other technologies. 
Investing in more research on crops adapted to irrigated microenvironments and in out-
dated extension systems would also be beneficial.  

Affordable technologies 

Affordable technologies for irrigation management such as low-cost precision agricul-
tural technologies are rapidly increasing in availability and declining in cost. However, 
while available in international markets, such technologies have yet to reach farmers in 
more remote, rural areas. Thus, it is essential to develop precision technologies suited to 

smallholder farmers as well as credit and contracting services for precision equipment. 
Establishment of clear land rights would also facilitate the consolidation of farms into larger 
operations, if necessary, without depriving smallholder farmers of ownership.  

Solar-powered irrigation pumps are one technology that is rapidly increasing in Sub-
Saharan Africa and will likely provide further rapid boosts to farmer-led irrigation. This tech-
nology must be combined with sound groundwater (and surface water) governance as well 
as farmer training programs with adequate incentives to ensure success and avoid rapid 
water depletion and degradation that would be likely in many parts of Africa’s drylands.

Precision agriculture for the smallholder 

One example is Hello Tractor, which features small-scale tractors designed to be econom-
ical, yet still meet the needs of the typical farmer in Nigeria and similar countries. These 
three-wheel “smart tractors” are equipped with GPS technology and the ability to monitor 

 It is essential to develop precision technologies 
suited to smallholder farmers as well as credit and 

contracting services for precision equipment.
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maintenance application intervals for inputs like fertilizer, making crop management easier 
for owners. Nearby farmers who have a need for a tractor can send a text message to 
Hello Tractor describing the service they need and sending an electronic payment. The 
company identifies a tractor owner nearby, and the owner provides the tractor.  

With lower costs for the use of farm machinery through Hello Tractor, more farmers can 
access the tractors to increase their productivity and meet ideal timelines for each stage of 
the crop cycle, thus improving their yields. This system also allows tractor owners to offset 
the initial cost of their equipment, making it more feasible for small-scale farmers in Africa 
to own their own tractors.160 

A similar approach has been used for irrigation. The need for upfront irrigation invest-
ment has led to the emergence of a rental market in Sub-Saharan Africa, where entrepre-

neurs either rent pumps to farmers by the day or season or provide an irrigation service 
themselves. By monitoring such developments, donors and NGOs can help create an 
enabling environment in ways other than simply providing pumps.161  

Aerial images from satellites or drones, weather forecasts, and soil sensors are mak-
ing it possible to manage crop growth in real time. Zenvus, a Nigerian precision farming 
start-up, measures and analyzes soil data like temperature, nutrients, and vegetative 
health to help farmers apply the right fertilizer and optimally irrigate their farms. The sys-
tem can improve farm productivity and reduce input waste by using analytics to facilitate 

Aerial images from satellites or drones, weather forecasts, and soil 
sensors are making it possible to manage crop growth in real time.

Satellite imagery: India wheat. Credit: © DigitalGlobe 2019
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data-driven farming practices for small-scale farmers. UjuziKilimo, a Kenyan start-up, seeks 
to use big data and analytic capabilities to transform farmers into a knowledge-based com-
munity with the goal of improving productivity by adjusting irrigation. 

SunCulture, which sells drip irrigation kits that use solar energy to pump water from any 
source, can make irrigation affordable.162 Two examples of precision agriculture for irriga-
tion in Africa are FruitLook, which is used by farmers in the Western Cape in South Africa 
as a state-of-the-art information technology that helps deciduous fruit and grape farmers 
become water efficient and climate smart. The Chameleon and Wetting Front Detector 
Sensors have enabled small-scale farmers in Mozambique, Tanzania, and Zimbabwe to 
dramatically cut irrigation frequency and double productivity.163

Financial solutions

Beyond precision farming, financial solutions designed for farmers are blossoming. 
FarmDrive, a Kenyan enterprise, connects unbanked and underserved smallholder farm-
ers to credit, while helping financial institutions cost effectively increase their agricultural 
loan portfolios. Kenyan start-up M-Farm and Cameroon’s AgroSpaces provide pricing data 
to remove price asymmetry between farmers and buyers, making it possible for farm-
ers to earn more.164 Scaling up these innovations will be a critical next step for achieving 
large benefits.

Value chain improvements

In addition to pricing services, advanced technologies can help value chains better serve 
smallholder farmers in other ways. Sensors linked to digital information systems have the 
potential to improve links between farmers and processors, reduce postharvest losses 
(reducing water used in producing the food) with digitally enabled harvest loans and dig-
itally warehoused receipts, inform on-farm harvest practices, monitor storage conditions 

along the value chain, track provenance for supply chain optimization and grading, reduce 
the cost of transport, increase transport options for farmers, and increase access to timely 
information so that farmers know if and when transport is arriving.165 

Progress is, therefore, being made to turn the potential of sensors and digital informa-
tion systems into reality for agriculture and water management. Yet major efforts are still 
required to achieve large-scale adoption in developing countries. The prices of sensor 
technologies remain high for most developing country applications. Both the market and 
donors have a role to play in speeding up cost reductions for sensors and related technol-
ogies and in supporting local development partners in testing and refining technologies 
for context-specific applications. Innovation is especially important to integrate sensor 
technology and data applications into locally appropriate products and services that 
address problems affecting smallholder farmers. Donors, entrepreneurs, and development 

Innovation is especially important to integrate sensor technology 
and data applications into locally appropriate products and 

services that address problems affecting smallholder farmers. 
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and private-sector actors all have a role to play in promoting adoption by creating and dis-
seminating actionable information to smallholder farmers and others along the agricultural 
value chains.166

Infrastructure

Access to rural roads and proximity to markets are essential for farmer-led irrigation. 
Sub-Saharan Africa has made substantial investments in road infrastructure over the last 
two decades. Access to a source of energy for irrigation is also essential. Energy is often 

needed to pump water from the ground and sometimes surface sources. Energy is in-
creasingly needed to distribute water in the field, for heat removal and cold storage, for 
the packing or processing of vegetables and fruits, and for transporting surplus irrigated 
products to markets.

While investments in rural infrastructure such as roads and electricity are critical, invest-
ments in emerging ICTs are also paramount to ensure market and credit access. Import 
tariffs on motor pump technologies have been identified as a factor slowing farmer-led 
irrigation, as have poorly developed supply chains for the pumps. Problems include highly 
centralized supply chains, highly variable prices across locations, poor training, and few 
support and repair facilities for pumps.167 It is difficult for smallholder farmers to afford the 
few hundred dollars required to purchase a pump, and small, local agribusinesses also 
struggle to obtain operating capital to stock equipment and spare parts and develop and 
implement new services for irrigators. Innovative, public-private financial instruments to 
support the entire irrigated agriculture value chain should be scaled up in collaboration 
with local banks, cooperatives, and farmers’ organizations.168

Institutions to support irrigation management 

Monitoring irrigation users through registries, which should also record water rights, is es-
sential. This would ensure that small-scale irrigation is acknowledged in a way that can be 
properly supported with policy and that overall agricultural water is appropriately managed 
on a larger scale. It would also prevent adverse impacts such as water depletion, pollu-
tion, and degradation. Such systems are currently underdeveloped in much of the world. 
Generally speaking, governments do not monitor farmer-led irrigation development. While 
African irrigation agencies do not have technologies in place to reliably monitor very small 
irrigated plots through remote sensing, rapid advances in satellite data and applications 
make this a possibility in the near future and should be further explored. 

To ensure that crops from farmer-led irrigation can be exported, aggregating mecha-
nisms need to be put in place, for example, through cooperatives that can help ensure that 
economies of scale for inspection, packaging, food safety regimes, and quality manage-

Innovative, public-private financial instruments to support the entire 
irrigated agriculture value chain should be scaled up in collaboration 

with local banks, cooperatives, and farmers’ organizations.
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ment are achieved competitively. Such cooperatives can also lower costs for agricultural 
inputs such as seeds and chemicals and can also support microfinance services.

Investment in research and extension services 

The level of investment in agricultural R&D in Africa is extremely low and to date has 
had very little impact on crop productivity compared to R&D in other regions.169 Applied 
research is especially lagging in agricultural water management, including irrigation. Afri-
can governments and the private sector should increase funding for applied agricultural 
research, especially water management, and create an institutional support system that 
will encourage evidence-based innovation. External funders could contribute to this by 
offering attractive, long-term cofunding.170 

Extension services need to rely not only on government agencies but on NGOs and 
the private sector. A promising private-sector initiative in Africa is Farm Business Advisors 
(FBAs), a network of commission-based entrepreneurs who provide four basic services 
to farmers: (1) inputs and equipment such as drip irrigation kits, (2) agricultural advice and 
installation and servicing of equipment, (3) advice on output markets, and (4) advice and 

assistance in obtaining loans. International Development Enterprises, a nonprofit interna-
tional social enterprise, has pilot-tested this model in Zambia. Over time, the cost of field-
ing FBAs has declined as the number of clients increased, and both the FBAs and farmers 
have profited financially. Factors contributing to this success include a built-in data feed-
back loop, sales training for FBAs, and adaptive, flexible management.171

Use of affordable smartphones is expanding rapidly in rural areas of Africa, further 
improving access to market and crop information. Smartphones can also allow for the 
transfer of funds, and they can provide access to weather forecasts and online software to 
make irrigation more precise and cost effective. Farmerline, a social enterprise that uses 
mobile technology to connect farmers to information and services, provides daily weather 
updates, assistance on getting seeds and fertilizer on credit, and access to market prices 
in local languages in 11 African countries.172 

Access to assets for women 

Women’s access to the same rights and resources as men is critical to improving agricul-
tural productivity along with food and nutrition security. The same is true for water security. 
Improvements to farm water infrastructure may reduce women’s disproportionate expo-
sure to time-consuming and often dangerous water collection tasks. But access to legal 
water and land rights, support services, and education are also essential to achieve these 
physical security goals. The establishment of cooperatives and collective action can also 
be beneficial.

 African governments and the private sector should increase 
funding for applied agricultural research, especially water 
management, and create an institutional support system 

that will encourage evidence-based innovation.
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Improvements to WASH and drinking water infrastructure continue to be of critical 
importance. Water collection in LMICs is gendered and often hazardous. More than 263 
million people, almost entirely women and girls, travel at least 30 minutes from home sim-
ply to get water for drinking, bathing, cooking, and other household needs.173 In a study of 
25 countries in Sub-Saharan Africa, UNICEF estimated that women there spent 16 million 
hours collecting water each day. Women in a recent study in Kenya reported spending 
an average of 4.5 hours fetching water per week, causing 77 percent to worry about their 
safety while fetching and preventing 24 percent from caring for their children.174 The time 
lost to collection represents a loss of productive capacity for women who already face the 
“time poverty” of uncompensated labor necessary for managing a household and caring 
for dependents. Closer safe water sources would reduce these risks and free up women’s 
time for more productive activities.

African woman from Maasai tribe collecting water, Kenya, East Africa. Credit: istock/hadynyah
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Women also have key roles in labor-intensive, manual irrigation methods, including the 
use of buckets, bowls, and their hands to distribute water to fields. Even within the same 
household, husbands and wives may be using different small-scale irrigation technologies 
on different plots that they manage separately. With heavy domestic work obligations, 
women struggle to fit in irrigation duties as well.175 Affordable, non-human-powered irriga-
tion technology would benefit these women, make their farms more productive, and allow 
them to grow more crops per year.

Part of making this technology affordable for women, however, lies in strengthening 
female farmers’ access to legal rights, financial assets, and education, far beyond the 
domain of water management. The gender gap in access to assets has wide-ranging 
consequences. For example, adaptation to climate change also appears to be happening 
more slowly among female farmers. A study in the Rakai District of Uganda found that 

farmers have begun to notice a range of climate effects, including declining soil quality, 
more frequent flooding, and new pests, but that rates of adaptation are noticeably gen-
dered.176 Some of this is attributable to male farmers’ wealth advantage. However, it is 
also likely related to women’s sometimes formal exclusion from land ownership —which 
would allow them to get loans for improvements and to be eligible for NGO and govern-
ment initiatives aimed at landholding farmers—and to women’s education and access to 
information. Studies in Bangladesh indicate that husbands in male-headed households 
tend to own and control more assets, especially in the form of land, but that extreme cli-
matic events negatively affected these assets. Assets owned by wives or held jointly by 
husbands and wives in such households were not found to be affected in the same way.177 
Overall, assets controlled by women were found to benefit the well-being of other mem-
bers of households, especially children, in terms of health, education, and nutrition.178 This 
lends support for policies and programs aimed at protecting—and increasing—women’s 
ownership and control of assets.

Land tenure reforms are a persistent theme in improving the economic prospects for 
women in LMICs. Control of land is, however, profoundly connected to control of water for 
rural populations. Even though women are responsible for a large share of smallholder 
agricultural productivity, their ability to gain legal control of the land they farm is not 
equivalent.179 This has a negative impact on their ability to utilize support services (e.g., 
extension services, financing, and technology education) offered to landholders but dis-
proportionately excluding women.180

While efforts to increase women’s empowerment and resilience need to be tailored 
to specific local and institutional conditions, some generally effective approaches have 
emerged.181 Improving women’s access to financial training and services such as savings, 
insurance, credit, and emergency loans will help them adapt to changing water avail-
ability. This includes, in some cases, basic legal rights to own these assets. Additional 
investment in education and extension should be targeted to women to support their 

Women’s access to the same rights and resources as 
men is critical to improving agricultural productivity 

along with food and nutrition security. 
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adoption of better technology and agricultural practice and to inform them about climate 
change, business management, and available financial tools. Gender relations need to 
be addressed all the way from the household to state- and national-level agricultural and 
water resource agencies.

Improvement in off-farm adaptive capacity is also essential. Assistance should be 
focused on helping women move into stable, well-paid livelihoods (e.g., fair wage employ-
ment, nonfarm entrepreneurship), ensuring safe working conditions, helping them over-
come mobility constraints, and providing literacy and numeracy training. Reducing the 
water security gap and gendered exposure to water collection hazards have direct ben-
efits for women’s health and security. Moreover, many of the solutions to this problem for 
female smallholder farmers will make them more productive with a greater capacity to 
grow nutritious food, sell it profitably, and become resilient to climate change.

Pushkar Street Scene, India. Credit: istock/ferrantraite

77CHICAGO COUNCIL ON GLOBAL AFFAIRS 77



CONCLUSION: THE PATH 
TO WATER SECURITY

A man waters a plant in Kenya. Credit: Katie G Nelson RTI International
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Water is a vital resource that is becoming increasingly scarce and threatens to un-
dermine the progress that has been made on global food and nutrition security. 
With the potential for severe economic, political, and humanitarian consequenc-

es across low- and high-income countries, water scarcity is a critical global issue that 
demands immediate action to improve water productivity and management. 

Given that agriculture is by far the largest user of water, efforts to improve agricul-
tural productivity and development for global food security in the coming decades must 
be combined with leadership and initiatives on effective water usage and management. 
Smallholder farmers, who represent the vast majority of farmers in LMICs, must be 
included in these efforts.

Agricultural diversification into higher-value crops such as fruits and vegetables is 
already seen as a successful strategy to help smallholder farmers increase their incomes 
and pull themselves and their communities out of poverty while helping meet growing 

demand for such foods. With the right policies, incentives, and support, smallholder farm-
ers can play an important role in simultaneously increasing water productivity and moving 
the world toward greater water, food, and nutrition security. 

In addition to the strides that have been in agricultural productivity and diversification, 
there is an ongoing revolution in the processing, wholesale, and retail segments of the 
value chain that facilitates such diversification and has other far-reaching consequenc-
es.182 This process has been moving quickly in LMICs during the past three decades and 
includes consolidation of value chain operations, rapid institutional and organizational 
change, and modernization of the procurement system. These changes have mainly been 
driven by the private sector through both domestic and foreign direct investment, but 
public-sector investment in infrastructure has been essential in providing the underly-
ing conditions.

Both the public and private sectors as well as NGOs must be engaged to create the 
conditions for improved water productivity as part of these developments, which will be 
necessary to achieve water, food, and nutrition security. Policies and services needed 
for smallholder farmers in LMICs to successfully participate in this transformation are 
similar for water and crop productivity: access to inputs, credit, extension services, and 
technology.183 General policy recommendations focused on water security specifically 
are summarized here. Effective implementation of these policies in countries will require 
understanding of specific institutional, agricultural, and economic contexts.   

Improve water resource governance at basin, system, 
and subsystem levels 

Improved water management in river basins can be achieved by strengthening the capac-
ity of public institutions; coordinating across water, agriculture, and energy ministries; and 

With the potential for severe economic, political, and humanitarian 
consequences across low- and high-income countries, water 

scarcity is a critical global issue that demands immediate 
action to improve water productivity and management.
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improving tools for planning and monitoring. Devolution of important subbasin water man-
agement functions to community-based water user associations (WUAs), farmer groups, 
or other private-sector actors can also be beneficial. But institutional approaches need to 
be pragmatic in seeking solutions that are effective within the physical, social, and govern-
ance context of specific locations. Top-down implementation of integrated water resource 
management and WUAs has not generally worked well. Integrated management is often 
costly and politically difficult or impossible to implement, and second-best solutions that 
are less costly and take account of local conditions may be more effective. Similarly, WUAs 
are more likely to be effective when the design and implementation of the WUA involve 
prospective members and when the provision of improved water delivery services is em-
phasized, not just farmer obligations such as fee payments. 

Implement more effective incentives for 
water management 

An important reason for the slow uptake of management innovations and new technolo-
gies is the lack of incentives to conserve water and other inputs due to perverse subsidies 
and policies for water, energy, and fertilizer. Better incentives would improve the perfor-

mance of water allocation and management. The establishment of secure water rights, 
recognizing and building upon existing customary rights, with a strong effort to ensure 
gender equity is an important first step in empowering farmers and providing a frame-
work for more effective and efficient water management. When smallholder farmers have 
secure water rights, they know that they can retain their water even if the pattern of water 
use changes when they invest in farm improvement, new crop varieties, improved crop 
management, and appropriate levels of inputs.

Innovative systems to introduce more effective incentives for efficient use of water 
should be developed and pilot tested (e.g., water brokering to WUAs; paying farmers for 
reduced water use; payment for environmental services from improved soil quality to 
integrated soil and water management or upper watershed management that improves 
downstream water quality). In regions with more advanced institutions, water markets can 
improve water allocation and the value of water use.   

More focus needs to be put on water quality improvement, likely beginning with urban 
areas where pollution sources are easier to identify than in agriculture. Pollution charges 
and improved enforcement of existing water quality regulations would be productive. 

Incentives for water management would be improved by rationalization of water, 
energy, and fertilizer subsidies, beginning with a reduction of costly generalized subsidies. 
The government budgetary funds saved from reducing general subsidies can be invested 
in increased agricultural R&D and infrastructure investment that will generate medium- and 
long-term benefits for farmers. In the short term, fiscal savings should also be used to pro-

Incentives for water management would be improved by 
rationalization of water, energy, and fertilizer subsidies, 

beginning with a reduction of costly generalized subsidies. 
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vide nondistorting income support to smallholder farmers to compensate them for income 
losses due to reduction of subsidies. With the rapidly increasing access to ICTs, smart 
cards or phones can be used for efficient funds transfer to smallholder farmers. Carefully 
selected and implemented smart subsidies to achieve specific goals—such as adoption of 
solar irrigation pumps linked to the electric grid—have a role to play in initiating the adop-
tion of new technology and the promotion of environmental services. 

Boost crop and livestock productivity per unit of water 
and land through intensified investment in agricultural 
R&D, extension, and education

Expenditures on agricultural R&D, especially crop and livestock breeding, should be in-
creased significantly. Additional funding should be targeted to more yield per unit of water 
and land, abiotic stresses such as heat and drought, and biotic stresses such as pest and 
diseases that will likely increase under climate change. Funding should be increased for 
R&D in both irrigated and rainfed conditions. Increased R&D funding should also be pro-
vided for management of water and waste in intensive livestock systems and for improved 
pasture varieties and management for grazing systems.   

Support should also be increased for extension systems to increase gender-sensitive, 
farmer knowledge capacity, disseminate information, and improve adoption of new and 
existing technologies through radio, TV, social media, mobile phones, and other advanced 
ICTs. Increased participation by the private sector and NGOs in extension is important to 

better reach farmers. A movement to more decentralized, demand-driven, and participa-
tory extension services would be more successful in many cases. Involving WUAs and 
producer organizations in extension activities helps to engage producers in programs that 
coincide with their own goals. However, decentralization across providers can also lead to 
a lack of prioritization, coordination, and coverage, so the public sector should continue 
to be a major player both in funding (or cofunding) public-private-NGO partnerships and in 
coordinating operations. Extension policies and strategies need to have an effective divi-
sion of labor between public extension and other providers and identify overall objectives 
for public-sector involvement in extension.184  

Significant investments in agricultural education and training are also needed, includ-
ing special programs to target women and girls to reduce the gender gap in education. In 
addition to targeting farmers, education should focus on strengthening human resource 
capacity more broadly, especially within local government agencies, to make the delivery 
of rural services and other extension support more efficient. In addition, for agricultural 
extension programs to be effective and efficient, local government agencies should be 
involved in increasing the capacity of smallholder farmers through training.

Funding should be targeted to more yield per unit of 
water and land, abiotic stresses such as heat and drought, 

and biotic stresses such as pest and diseases.
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Enhance the effectiveness of water use in existing 
systems through water and crop management reform 
and new technologies  

Adoption of appropriate existing and new irrigation technologies through provision of 
credit, information services, and advanced ICT applications to improve the uptake and 
efficient use of these technologies by smallholder farmers could have significant benefits. 
These benefits include increased income from higher-value crops; more precise irrigation 
applications at critical crop growth periods, resulting in higher yields; farmer convenience 
and labor savings; and lower pumping costs. Major reductions in basin-wide consumptive 
water use due to new technologies should not be expected given the interconnectedness 
of water within the basin. However, physical controls on water usage based on consump-
tion, which could include rationing or quotas through enforcement of water rights, can 
maintain or reduce basin-wide water use after the introduction of new technologies. In 
addition, it is important that when such interventions are introduced there be a commensu-
rate investment in the governance and institutional systems to ensure that overall con-
sumptive use does not increase, as has been the case in a number of locations.185

Irrigation system at a farm in Eikenhof, south of Johannesburg, South Africa. Credit: REUTERS/Siphiwe Sibeko
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Existing irrigation technologies with potential for smallholder farmers include small-
scale pumps, solar irrigation pumps, above-ground drip irrigation, and microsprinklers. 
Advanced technologies are emerging that are suitable for smallholder farmers. Satellite-
based groundwater mapping, remote sensing of water productivity (consumptive use), 
on-the-ground measuring devices and sensors, integrated information processing and dis-
semination (including block chain and other relevant data storage and management tools) 
that facilitate real-time management and governance of water and cropping decisions can 
have major benefits in coming years, although more development of these technologies 
is required. 

However, enabling conditions need to be in place for effective adoption of both existing 
technologies and the advanced technologies that are coming. Initial costs of new technol-
ogies are often too expensive for smallholder farmers. A reorientation of general subsidies 
to limited subsidies targeted to encouraging the purchase and sustainable operation of 
new technologies would be helpful. Other enabling conditions that need improvement for 
smallholder farmers are the availability of credit, low-cost weather insurance, and market 
accessibility. 

The importance of urban and periurban agriculture should be recognized, and access 
to credit and legislative and regulatory changes should be implemented to promote 
efficient water use and reuse while ensuring safe and healthy crop production in this 
environment.

Promote dietary shifts and agricultural diversification 
to reduce the demand for water

In high-income countries like the United States, the consumption of meat is significantly 
higher than other parts of the world. In 2018 it was projected that Americans would con-
sume on average 10 ounces of meat per day—almost double the amount recommended 

by US Department of Agriculture (USDA) nutritionists.186 Evidence indicates that reduction 
in meat consumption would result in lower overall water consumption—primarily because it 
reduces the water demand for animal feed, including cereals, soybean, and pasture. How-
ever, variations in efficiencies across different geographies and meat production systems 
make it difficult to predict the overall magnitude of impacts on water, and it is important to 
consider the local context of these changes. 

There are many ways in which dietary preferences are influenced, ranging from com-
munity and cultural attitudes to public health education and private-sector marketing cam-
paigns. As the food and nutrition community looks for ways to support balanced diets that 
promote both health and sustainability, collective action across government and business 
could have an important impact on dietary shifts. Educational institutions can be a platform 
for early nutrition education, setting healthy-eating behaviors in school meals; private-sec-
tor actors can convey health messages and promote healthier products; civil society can 
work with communities to address barriers to healthier diets. Additionally, policy changes 

Collective action across government and business could 
have an important impact on dietary shifts.
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can support the modification of corporate practices that undermine nutrition. Although 
behavioral change is difficult to achieve, recent evidence has shown that health commu-
nications and mass media campaigns can positively affect diets and nutrition. A review 
of health communication campaigns shows that many have positive impacts. Nutrition 
campaigns for increased fruit and vegetable consumption, reduced fat intake, and breast-
feeding have been slightly more successful on average than those for other health topics. 

Nutrition campaigns that pay attention to the specific behavioral goals of the intervention 
and carefully target populations, communication activities and channels, message content 
and presentation, and techniques for feedback and evaluation should be able to change 
nutrition behaviors.187

 More controversially, the use of carbon taxes—which will have a greater effect on live-
stock production—can be considered. As noted above, such taxes would need to be care-
fully designed, including accounting for the impacts on consumers and producers.   

Increase the supply of water and expand the 
irrigated area 

Selective investment in expansion of irrigation areas remains viable in some regions, nota-
bly Sub-Saharan Africa. Irrigated area potential comes from existing rainfed areas and pas-
ture and fallow areas. Some large-scale systems are viable, but given the uncertain future 
of hydrology due to climate change and the need for flexible adaptation, smaller-scale, 
farmer-focused systems, including movable pumps, have higher potential. Potential also 
exists to expand research on and use of cost-effective desalination (in specific coastal en-
vironments for urban consumption), water recycling, and wastewater treatment to produce 
reusable water.  

Greater investment in drainage and water table management can improve soil quality, 
crop production, water quality, and effective water availability. In order to improve the sus-
tainability of groundwater aquifers, the potential and cost effectiveness of expanded artifi-
cial and naturally assisted groundwater recharge, both small-scale and large-scale, should 
also be explored and expanded as appropriate.

Improve macro, trade, and sectoral policies

Infrastructure investments, including rural roads, cell phone towers, markets, cold chains, 
and processing facilities should be expanded in partnership with the private sector. These 
investments are needed, in conjunction with the technologies described above, to reduce 
postharvest losses of food and water and improve the efficiency of value chains so that 
smallholder farmers receive higher prices for their outputs and pay less for inputs. Pri-
vate-sector investments in the value chain will be critical, and governments should ex-
plore loan guarantees and blended finance to reduce the investment risks and incentivize 
private investments. 

Recent evidence has shown that health communications and mass 
media campaigns can positively affect diets and nutrition.
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It is important to maintain open and fair agricultural trade, reducing trade and mac-
roeconomic distortions. Open trade will become even more important because climate 
change will increase the reliance of many developing countries on food imports. As water 
scarcity worsens, imports of virtual water may be crucial in water-scarce areas to ensure 
food security. Finally, the increased variability in production over time due to climate 
change can increase the benefits from removal of agricultural trade and macroeconomic 
distortions because open trade will facilitate short-term imports to address food shortages 
caused by weather-induced production shortfalls.   

Overcoming challenges to reform

Many of the policy reforms described here, such as trade liberalization and reduction in 
subsidies, will be difficult to implement and take time, political commitment, and money.  
Prevailing policies have strong constituencies that can be resistant to change. Even poli-
cies that will have substantial benefits for water management, food security, nutrition, and 
income will often reduce the well-being of some people (at least in the short term). Some 
of those who lose in the short term may be smallholder farmers and the poor. To facilitate 
reform by achieving broad political buy-in and to protect those who lose in the short term, 
policy reform should be accompanied by policies to strengthen social protection for those 
negatively affected in the short term and to enhance the ability of smallholder farmers and 
poorer households to take advantage of the opportunities created by policy reform.188

Examples of complementary reform packages described in this report include provision 
of income transfers to farmers who initially lose benefits due to a reduction in subsidies, 

upgrading of water delivery services as a condition for water pricing reform, or requiring 
water users to contribute more to operations and maintenance of systems.  

Other broader policies for overcoming barriers to reform include innovations within and 
across bureaucratic silos that can prevent policy change and educating the public about 
water challenges. Effective policymaking needs to take account of the local context and 
human interactions in reform and pay attention to the targeting, packaging, and sequenc-
ing of policy change.189

The challenges are daunting and will only become more difficult if not addressed. The 
time to act on fundamental reform of water policies for food and nutrition security is now.

Policy reform should be accompanied by policies to strengthen social 
protection for those negatively affected in the short term and to 

enhance the ability of smallholder farmers and poorer households 
to take advantage of the opportunities created by the reform.
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A man washes carrots in a ranch near the historic city of Thula located in Amran governorate, 45 km northwest of Sanaa. REUTERS/Mohamed al-Sayaghi

PART IV

RECOMMENDATIONS FOR  
US GOVERNMENT ACTION
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Leadership by the United States is essential to catalyze the innovations necessary—as 
outlined in this report—to achieve global water, food, and nutrition security. Water 
challenges will only get worse if left unaddressed, and the incredible development 

gains of the past 50 years could be lost. As a global leader in both food security and water 
access efforts, the US has the expertise, knowledge, and capability to ramp up solutions. 

8787



Leading a response to global water challenges  

At home, the United States has been at the forefront of addressing agricultural water 
management by empowering entrepreneurial farmers through technological advance-
ments, research, and innovative implementation models. In recent decades, Congress has 
recognized the importance of access to clean water globally and taken action through 
legislation like the Senator Paul Simon Water for the Poor Act of 2005 and the Senator 
Paul Simon Water for the World Act of 2014. Bipartisan leaders like Congressman Earl 
Blumenauer, former Congressman Ted Poe, former Senator Bob Corker, and Senator Dick 
Durbin, among others, led the way on passage of this important legislation and should be 
commended. These bills created a framework for the administration to draw upon cen-
turies of US expertise and develop a global water strategy to address the threat of water 
scarcity through water resource management, including creating opportunities for the next 
generation of sustainable farmers. 

The most recent Global Water Strategy of 2017 continues to emphasize the economic, 
social, and national security implications of water scarcity. The Department of Defense 
addendum to the 2017 administration strategy on international water specifically states, 
“The Department views water security as an issue of national security.”190 In addition, the 
report states that some regions might see economic growth declines from 6 to 15 percent 
as a result of dwindling water supplies in the near future. This would have massive implica-
tions for global food security efforts and could negatively affect regional stability, the future 
of American exports to those areas, and farmers already struggling with resource con-
straints. This, in turn, would not just stifle economic growth, but it would have lasting conse-
quences for political stability, conflict and migration, and the health of the global population. 

While current efforts are commendable, there is more the United States can and must 
do to significantly improve water management within agriculture, particularly for small-
scale farmers in LMICs. Critical to this goal is enhanced efforts by the US government to 
stimulate research on technological innovations. These advancements can often help 
drive better policy environments and governance by LMICs as they successfully solve pre-
viously entrenched issues. 

Solutions to water scarcity and water access cannot be considered outside of the con-
text of food production and the increasing food and nutritional needs of growing popula-
tions. Importantly, the 2017 administration strategy on international water states, “Water is 
an entry point to advance core democratic values around equality, transparency, account-
ability, women’s empowerment, and community organization.” It also succinctly addresses 
the importance of regional water cooperation to regional stability by stating that “countries 
that cooperate on water are less likely to go to war.”191 As a global leader in food security 
and water access efforts, the United States has the expertise, knowledge, and capability 
to ramp up solutions. It will take bold action and a commitment from all actors to work 
together toward the common goal of a water-secure and food-secure future. 

The recommendations presented in this section build on the conclusions of this report 
and highlight opportunities for the United States to uniquely respond and contribute to 
issues of critical importance to water, food, and nutrition security. While not all-encom-
passing, they reflect an opportunity for US leadership in areas such as support for water 
governance policies, expanding the supply of managed water and irrigated area, investing 
in R&D to improve productivity and reduce water use, and supporting diversification of 
agriculture to support diverse diets.
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The Global Food Security Act (GFSA) was reau-
thorized by Congress with overwhelming bipar-
tisan support and signed into law by President 
Donald Trump in October 2018. It built on previ-
ous versions of the bill, but extended the autho-
rization of funding from two to five years through 
FY2023. The legislation secured support for the 
continuation of a “whole-of-government” ap-
proach to global food and nutrition security pro-
grams and the continued implementation of the 
Global Food Security Strategy, which was creat-
ed under the 2016 GFSA. 

The Global Food Security Strategy laid the 
groundwork for how the United States can draw 
on the strengths and know-how across the gov-
ernment and work in close partnership with the 
private sector, universities, and civil society. The 
strategy also established a framework for transpar-
ency and accountability through 2021. Additional 
reports on the progress of the five-year strategy 
must be submitted to Congress yearly. GFSA re-
quires specific selection criteria for target coun-
tries and beneficiaries of assistance based on the 
level of need, country commitment to food secu-
rity investment and policy reform, opportunity for 
partnership, the potential for agricultural growth, 
opportunity for regional integration, and US gov-
ernment resource availability. The US government 
selected 12 countries for targeted investments un-
der the new strategy: Bangladesh, Ethiopia, Gha-

na, Guatemala, Honduras, Kenya, Mali, Nepal, Ni-
geria, Niger, Senegal, and Uganda.

GFSA and the Global Food Security Strategy 
underpin the United States’ flagship food securi-
ty program, Feed the Future. Feed the Future is 
led by USAID but draws on the agricultural, invest-
ment, and policy expertise of 11 agencies—includ-
ing the US Department of Agriculture, the Millenni-
um Challenge Corporation, and the Department of 
State. This approach effectively leverages the best 
and brightest of the US government and helps co-
ordinate activities on agricultural development 
and food security across multiple agencies.

USAID reorganization

In April 2018 the USAID administrator announced 
his intention to reorganize the structure of the 
agency. The plans call for the Bureau for Food Se-
curity, which previously led the execution of the 
Global Food Security Strategy and the majority of 
Feed the Future activities, to be renamed the Bu-
reau for Resilience and Food Security (RFS). Activ-
ities on global water security, climate adaptation, 
and food assistance would be combined under the 
new RFS, including some functions from the Bu-
reau of Economic Growth, Education, and Environ-
ment (E3). In addition, four “Centers of Excellence” 
would be established in the new bureau focusing 
on resilience, agriculture, water, and nutrition. 

Source: Congress.gov; USAID 2018

Box 17 – The Global Food Security Act 
and the flagship food security program, 
Feed the Future
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RECOMMENDATIONS 1 & 2

A man waters beet plants in a garden in Gao, Mali. Credit: REUTERS/Joe Penney
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Recommendation 1: Strengthen the environment 
for cooperation and communication between water 
development and food and nutrition security

Action 1A: Create a formal, integrated, and multilayered process for 
communication and collaboration between implementers of the Global 
Water Strategy and the Global Food Security Strategy to improve 
whole-of-government efforts to expand sustainable agricultural 
development and water resource management simultaneously 

In the United States and internationally there is often a division, intentional or accidental, 
between programs and policies aimed at water for agriculture—which is part of the Global 
Food Security Strategy—and access to water for drinking, sanitation, and health—which 
is part of the Global Water Strategy. This division can lead to program and policy incoher-
ence and missed opportunities for solutions that support both sets of goals. 

Collaboration across issue areas is critical to meeting rising global demand for water 
and nutritious food. The US government has great technical capacity and expertise across 
the agencies in both agriculture and water. Fully integrating the expertise of these inde-
pendent federal agencies in the Global Food Security Strategy and Global Water Strategy 
can simultaneously enhance holistic approaches. Currently, eight of the agencies in the 
Global Food Security Strategy are also included in the Global Water Strategy.192 However, 
these five-year strategies are created independently and can, therefore, miss the opportu-
nity to better coordinate across all US development efforts. They do not include areas of 
coordination between the two aligned goals of water and food security, nor do they reflect 
any overlap in the priority countries of those goals.    

Congress should rectify this by legislatively strengthening coordination and communi-
cation between agriculture development policy and water policy both within Washington, 
DC, but also between Washington and our embassies and consulates globally. This is 
especially important in countries that have been designated jointly as “Feed the Future 
countries” and “priority water development countries” under the Global Water Strategy 
and the Global Food Security Act. Congress should consider specifically strengthening 
the coordination and communication between the USAID and water offices, including 
those at the Environmental Protection Agency, the Department of Agriculture, the State 
Department, and others. 

Subaction: The Department of State and USAID should convene annually a joint working 
group made up of agencies mandated to work on both the Global Food Security Strategy 
and the Global Water Strategy in order to increase communication across and within agen-
cies working on these two critical issues.    

Action 1B: Congress should permanently authorize the Global Food 
Security Act, in alignment with the authorization for the Water for the 
World Act, to give projects, grants, and research adequate time to 
come to fruition  

On numerous occasions, the Chicago Council on Global Affairs has commended the 
bipartisan passage by Congress of the five-year authorization of the Global Food Security 
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Act. As a result, the Feed the Future program will continue into the next decade and will 
not need reauthorization until 2023. While a five-year authorization is a significant step to 
demonstrate leadership and commitment, a permanent authorization for global food and 
nutrition efforts remains the most important action the US government can take to move 
the United States and the world toward a more food-secure future. The 2014 Water for the 
World Act, the enabling legislation for the US response to water development, has already 
been permanently authorized. Congress should consider creating one unifying piece of 
legislation signifying the long-term priority and importance of water development and 
agricultural development in tandem with one another conceptually and structurally. At a 
minimum, Congress should request an evaluation of water management issues and efforts 
within the yearly global food security report and an evaluation of international agricultural 
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development efforts within the yearly international water strategy. This permanent authori-
zation should provide for significant oversight via reporting and metric evaluation.  

Action 1C: Congress should request a comprehensive report from the 
administration on the impact of food and water insecurity on regional 
stability  

The national security implications of shocks to agriculture from water misuse, overuse, and 
scarcity in the coming decades are significant. The globe faces a fundamental risk to sta-
bility through the misuse of water in agriculture. Competition for increasingly scarce water 
resources have already triggered local conflicts and will magnify tensions in countries and 
regions of strategic importance to the United States in the future. As populations in these 
regions increase and resource availability becomes erratic, so too will pressure for agricul-
tural productivity and competition for water resources.193 

In 2015 the Office of the Director of National Intelligence said that food shortages due 
to drought and mass migrations will become more pervasive and will “almost certainly 
contribute to social disruptions and political instability.”194 The current US National Security 
Strategy recognizes the impact food insecurity has on regional stability. These reports in 
the future should contain a section that focuses on the nexus between US global water 
and food security efforts in an effort to counter extremism, instability, civil unrest, and 
migration in areas of strategic significance. For instance, it could take into account how 
current international engagement could, if leveraged correctly, decrease food and nutrition 
insecurity or inadvertently deepen already food-insecure regions if deployed without stra-
tegic forethought. 

Action 1D: Bolster the new Bureau for Resiliency and Food Security 
by increasing interdisciplinary efforts and requiring increased 
accountability and engagement 

The administration has announced its intent to merge the Bureau for Global Food Secu-
rity and the water office in the Bureau for Economic Growth, Education, and Environment 
within USAID into one overall Bureau for Resiliency and Food Security. While the goal of 
closer coordination between water, food security, and nutrition is laudable and praisewor-
thy, reorganization alone does not ensure success. Congress should use regular oversight 
and appropriations to ensure that both water development and food security remain fully 
supported equally and without drop off in either area.  

It is vital that Congress and the administration endeavor to make sure that the missions 
of all three key global development strategies—nutrition, water, and food—remain intact 
and that no single area dominates the priorities of the bureau. It is essential that this reor-
ganization take advantage of the synergies and enhance the response to all three of these 
crucial development areas rather than detract from any. Specifically, the water office at 
USAID should expand to include an emphasis on agricultural water management and land 
tenure for small-scale farming without sacrificing capacity or emphasis on WASH issues.

By combining the development priorities under one bureau, USAID will be able to 
foster innovative responses to complex problems. Inclusive, private-sector engagement 
should also be enabled and unleashed. For example, in order to develop public infra-
structure that safely harnesses the wastewater outputs for agriculture such as vegetables 
in periurban settings, expertise will be needed on sanitary and phytosanitary standards, 
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appropriate water quality standards, brown and gray water, urban infrastructure, farming 
techniques, and most importantly, private-sector collaboration to ensure the infrastructure 
is sustainable. USAID can facilitate these innovative responses in close collaboration with 
private-sector expertise.    

Subaction: Congress should request an annual report on the status of the administra-
tion’s efforts to incorporate water, food, and nutrition security—with an emphasis on water 
management within agriculture—into one strategic, outcome-driven effort. It will take time 
to determine the best areas of innovation and collaboration between food, nutrition, water, 
and resiliency efforts. For example, pairing water quality activities with activities that gen-
erate demand for fruits and vegetables—such as funding for a nutrition-focused agenda, 
efforts to support smallholder farmers, and land tenure issues—presents clear opportu-
nities. Requesting an annual report on progress and priorities will ultimately promote the 
efficient use of resources and the achievement of shared outcomes as the work of the 
bureau progresses.

Subaction: The new bureau should continue to report directly to the USAID administrator.

Laborers collect rice saplings for planting in Karjat, India. Credit: REUTERS/Danish Siddiqui
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Recommendation 2: Ease the challenges that 
hinder greater private-sector investment to expand 
sustainable water development for food and 
nutrition security 

Action 2A: Assess the use of artificial intelligence and expansion of 
the National Agriculture Imagery Program (NAIP) at USDA for solving 
major development issues such as water resource scarcity 

The administration should commission a working group coordinating the Departments of 
Defense, State, and Agriculture; USAID; and the National Security Council to better under-
stand the landscape of artificial intelligence and big data for water security and food secu-
rity. The Department of Defense’s Defense Advanced Research Projects Agency (DARPA) 
has already begun to explore the opportunities in this area. The United States should re-
main on the forefront of innovation and discovery, taking the lead now rather than reacting 
to private-sector pursuits. The commission could develop a protocol for incentivizing R&D 
to close innovation gaps, especially for data-poor countries and areas.

Action 2B: As a part of the restructuring of the bureau, USAID should 
establish an interagency policy working group to formalize and 
coordinate a holistic approach that will make development finance 
tools available to local private-sector investors, from small businesses 
and farmers to multinational corporations  

The reorganization should also provide a “single window” in the US government to assist 
agribusiness with smart investment opportunities and unleash market forces in coordina-
tion with agricultural and water development. The effort could be similar to that under the 
National Export Initiative of the last administration and would eliminate redundancy, cutting 
red tape. The effort should have the ability to work with US trade, development, foreign 
policy, and export promotion organizations to seize opportunities and find shared inter-
ests. USAID would be able to provide guidance to the private sector to encourage them 
to be inclusive to local businesses and smallholder farmers while emphasizing business 
predictability and demand-driven markets.   

Action 2C: Congress should ensure the new US International 
Development Finance Corporation includes opportunities for short- 
and long-term investment in agriculture and water  

The passage of the BUILD Act of 2018 and the creation of the new US International De-
velopment Finance Corporation is a great step forward. This corporation is an opportunity 
for the United States to diversify and innovate the way it fosters development financing. 
Congress should support financing mechanisms that blend short- and long-term invest-
ments. It should also ensure that the new mechanisms fund both large-scale infrastructure 
and create financing tools for small-scale farmers to build local and regional irrigation 
infrastructure in coordination with the private sector. The corporation must also identify 
opportunities to create and enhance existing markets. This new entity should provide both 
key goals and evaluation of those goals with appropriate metrics. If the goals are met, a 
significant scaling up should be considered.  
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Subaction: Innovative financing tools should be used to improve affordability and access 
to small-scale irrigation. 

Often, agricultural water technology is not adopted by farmers because the high initial 
costs of doing so are not returned quickly enough in farm profits.195 Where appropriate, 
technology can be subsidized, but only if it will actually generate a sustained economic 
return for the farmer and be sustainable over time in practice. It may be better to fund a 
larger portion of the technology value chain than just the technology purchase itself, for 
example simultaneously setting up training and replacement supply sources for mainte-
nance technicians. The highest water efficiency gains for smallholder farmers lie in obtain-
ing higher value from existing consumption rates, not in marginal reductions in inefficiency 
by individual users.196 Effort should be put into technology that produces high-value out-
puts (more nutritious food, livestock, and better economic returns for farmers) rather than 
into getting the same lower-value outputs (in terms of nutrition and yield) with less water.  

Action 2D: The administration should support the development of 
an enabling environment for business through a standardization of 
regulations and support for rule of law  

The private sector, including international companies as well as small- and medium-sized 
enterprises (SMEs) within developing countries, must play a role in supporting the devel-
opment of water management infrastructure, innovation, and modeling. However, there 
are often significant barriers for larger multinational companies and SMEs to entering mar-
kets in emerging economies. The Department of Commerce’s foreign commercial service 
officers are charged with paving the way for US business to enter into new markets. Their 
policy expertise, working in conjunction with the agricultural know-how of USDA’s Foreign 
Agriculture Service, should coordinate support for emerging economies that need guid-
ance on best practices. This includes a focus on opening new markets for US businesses 
and SMEs working on water scarcity, water management, and global food security to spur 
market-based solutions from the private sector. The Department of Commerce could en-
sure US businesses are inclusive of smallholder farmers and any agreements are mutually 
beneficial. 

Action 2E: The administration should pilot collaborations with the 
private sector and civil society to design programs or innovations that 
build demand for nutritious diets 

As incomes rise, diets tend to diversify. However, the quality of new foods is not always 
high. Greater consumption of pulses, fruits and vegetables can improve nutrition and 
health status, and they can also lead to a reduction of water given the water requirements 
of major staple grains. But accessibility does not automatically translate to greater con-
sumption. Alongside these healthy foods, availability of high-calorie, sugary, highly pro-
cessed foods are also increasing, which can contribute to increases in obesity. Embedding 
nutrition messages in traditional agricultural extension or public health programs is import-
ant. However, actions must incorporate the private sector’s capabilities and acknowledge 
incentives to advance nutritious, healthy diets. The administration should scan existing 
investments and pilot innovative partnerships across government, civil society, and the 
private sector to make progress in this area. Innovation among like-minded collaborators 
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is needed to ensure knowledge of healthy diets is met with access to affordable, nutritious 
foods, including convenience foods. 

Action 2F: NOAA should continue to maintain current investments 
in digital mapping of water resources, and incentives should be 
introduced to increase sharing of critical data by commercial entities 
on this common platform  

It is commendable that the US National Oceanic and Atmospheric Administration (NOAA) 
has continued to deregulate access to VHR short-wave infrared (SWIR) imagery, which is 
incredibly useful for water mapping. SWIR can even measure the level of soil moisture. 
Initially, regulations only allowed SWIR to be disseminated at 7.5m resolution, but now its 
native resolution of 3.75m can be disseminated.197 NOAA is currently using high-resolution 
satellite data to track and measure water resources around the globe. Satellite imagery, 
in particular, is often the only option agencies have to gather data on remote, sometimes 
insecure areas that are persistently experiencing food and water insecurity. This resource 
offers a dependable, ongoing source of data globally so decision makers can understand 
changes over time and assess the efficacy of policy decisions and interventions. 

This monitoring and evaluation is critical for domestic and international researchers 
to gain access to freely available and accurate data on the current state of global water 
resources. NOAA, in coordination with NASA and USAID’s SERVIR, should facilitate the 
development of viable water accounting systems and practices in order to consolidate and 
confirm international policies on water management. SERVIR currently provides state-of-
the-art, satellite-based Earth monitoring, imaging and mapping data, geospatial informa-
tion, predictive models, and science applications to help improve environmental decision 
making among developing nations in eastern and southern Africa, the Hindu-Kush region 
of the Himalayas, and the lower Mekong River Basin in Southeast Asia. The administra-
tion can incentivize commercial providers to host their data in a central hub or push for 
sponsored open data, particularly in areas prone to food insecurity, flooding, and natu-
ral disasters.

Satellite imagery: rice paddy fields in China. Credit: © DigitalGlobe 2019
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RECOMMENDATIONS 3 & 4

A girl carries a basket with mangoes in Al-Giza, on the outskirts of Cairo, Egypt. Credit: REUTERS/Mohamed Abd El Ghany
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Recommendation 3: Leverage US expertise and 
influence to improve water resource governance and 
sustainability 

As other global powers continue to scale up their development efforts in Africa and Asia in 
particular, it is critical that the United States continues to make smart, strategic investments 
while providing greater clarity in cooperation and competition of donor countries. Coun-
tries like China have engaged in large-scale water projects across the continent, which 
are important for development and can appear attractive as a short-term solution for host 
governments. However, those projects generally do not incorporate a focus on long-term 
sustainability, resiliency, and the path to self-sufficiency promoted by the United States and 
other traditional bilateral donors.198 

Action 3A: In the face of rising investment from countries like China, 
the administration should employ all foreign policy tools available, 
with emphasis on technical assistance for water sustainability, to 
maintain US global leadership in strategically important regions 

Given the competition for leadership globally as well as the need for more cooperation 
on development financing from donor countries, Congress should continue to promote 
deeper leadership with partners abroad, especially when it enhances trade ties and eco-
nomic opportunities for US farmers, agribusiness, and water management experts in new 
markets. This would maximize impact, mitigate redundancy, and increase efficient use of 
US tax dollars. The administration’s “Prosper Africa” and USAID’s Journey to Self-Reliance 
initiatives might be an opportunity to leverage US expertise, environmental standards, and 
technical skills to support sustainable development. Specifically, agricultural development 
and mitigating food insecurity supports the three main tenets of the Prosper Africa strate-
gy: economic development, countering terror threats and violent conflict, and efficient use 
of US aid funding. 

Subaction: Where support is desired, the United States should use expertise to build ca-
pacity and strengthen institutions to support cross-border water treaty development, with 
land grant universities playing a critical role. The United States has successfully negotiated 
cross-border water-sharing treaties and could continue to take the lead on encouraging 
more national agreements on shared water resources and capacity building for those 
agreements, including both groundwater and subsurface water resources. On the state 
level, the United States has a comprehensive and diverse set of best practices for manag-
ing local conflicts over water resources. These best practices could be useful to local and 
regional governments abroad. These include alternative regulatory regimens for ground-
water extraction, water accounting practices, community water rights negotiations, and the 
best use of agricultural extension workers for water sustainability. 

The United States is uniquely positioned to assist in ensuring that responsible natural 
resource management is incorporated into agreements and policy development processes 
at the national and subnational level. Additionally, the United States has a strong ability to 
fully assess the consequences of any agreement on smallholder farmers and communities 
upstream and downstream from the water resource.
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Action 3B: The administration should include education on water 
resource management at the state and national level as part of 
fellowships and academic exchanges  

Fellowships and exchanges have been a foundational aspect of US foreign policy, espe-
cially for those engaged in agricultural development. The Cochran and Borlaug Fellow-
ships have allowed countless international agriculture specialists to be trained and encour-
aged at US land-grant universities. A significant number of agricultural ministers around 
the globe have been educated in the United States. This has garnered the US unmea-
surable goodwill and influence. However, there has not been a focus on teaching visiting 
fellows about the successful and innovative models of water management that exist in 
places like Nebraska, Texas, and Arizona, among others. The United States should include 
water development experts and practitioners, including those specializing in wastewater, 
into more international exchange programs like the Cochran and Borlaug Fellowships. In 
addition, just as with those who come to the United States, the same must be true for US 
citizens who work in LMICs. 

Subaction: The Peace Corps Response and other relevant programs such as USDA’s 
Farmer-to-Farmer program should better leverage experts on hydrology, irrigation, and 
water management in its programming. Peace Corps Response sends experienced 
professionals to undertake short-term, high-impact service assignments in communities 
around the world and would be an excellent resource for small-scale farmers. The Farm-
er-to-Farmer program could provide practical expertise by targeting volunteers from pro-
ducer networks and land-grant universities with expertise on water and natural resource 
management. 

Subaction: USDA should expand the Food Safety Network (FSN) program of the Foreign 
Agricultural Service, which recently examined the sanitary and phytosanitary capaci-
ty-building needs of five Feed the Future countries. The resulting action plans should be 
supported, in collaboration with industry partners, and assessments should be extended to 
all Feed the Future countries.

Subaction: The Commodity Future Trading Commission (CFTC) should expand techni-
cal exchanges to improve knowledge of commodity-hedging mechanisms as food price 
volatility increases in the face of changing rainfall patterns. A changing climate will create 
changing rainfall that could contribute to price shocks as global crop production becomes 
more unpredictable and demand for food continues to rise significantly. In 2007 and 2008 
the world saw how these shocks can contribute to the instability of entire regions.199 The 
CFTC can support greater technical knowledge transfer in the area of commodity price 
hedging for relevant government agencies and private-sector actors that may benefit from 
greater knowledge of US systems.

Action 3C: The administration should support active engagement with 
traditional multinational development institutions engaged in water 
management and development  

The relevant committees in Congress should give policy direction to the administration to 
exercise their influence with the multinational development institutions to support water 
development capacity for agricultural water management, including the prioritization of 

100 FROM SCARCITY TO SECURITY



existing water security agreements. These institutions include the International Fund for 
Agricultural Development, the World Bank, Inter-American Development Bank, African 
Development Bank, Asian Development Bank, and other appropriate entities. The Unit-
ed States can exert influence on these entities to better coordinate between agricultural 
water, WASH, and nutrition groups, which can improve policy and programmatic coher-
ence. In addition, these groups act as an important and distinctive counterbalance to other 
infrastructure development approaches like those promoted bilaterally by China or via the 
Asian Infrastructure Investment Bank. These multigovernmental entities play an important 
role in holding up environmental standards and examining social consequences around in-
frastructure development, which have not always been a core tenet of Chinese activities.200

Subaction: The US government should increase support for capacity building of national 
and subnational policymakers and implementers in LMICs to create and maintain land 
rights for smallholder farmers. This work should also support the security of water rights. 
Secure access to water is critical to helping farmers have the power to reallocate, transfer, 
and sell water. This is necessary to establish a dynamic, full cost recovery of service and 
valuing of water that supports sustainable water usage by creating water markets and 
incentivizing water management services. 

A Chinese farmer works in a rice field. Credit: istock/Nikada
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Recommendation 4: Strengthen support for agricultural 
R&D and interdisciplinary research at the nexus of 
water, food, and nutrition 

Changes in temperature and rainfall are projected to increase global food prices by as 
much as 84 percent by 2050.201 Fisheries are anticipated to see a decline of 3 million met-
ric tons per degree of global warming.202 Given the most recent Intergovernmental Panel 
on Climate Change report on the impact of climate change on agricultural productivity and 
water scarcity in the very near future, now is the time for the United States to call upon 
and harness its unparalleled R&D capacity to address significant technological hurdles to 
bolster resiliency to water scarcity in the global food system.203 

This would require significant US leadership and investment in R&D and extension in 
a number of areas. The renewal of the Foundation for Food and Agriculture Research, 
with the goal of unlocking US$200 million in private-sector research, is a positive step. 
Support for Water for Agriculture Challenge Area within the Agriculture Food Research 
Initiative (AFRI) is another good example of research that can support innovation for 
ensuring a water-secure future.204 But there needs to be a specific emphasis on water 
management for agriculture that incorporates interdisciplinary approaches. For example, 
there is innovative work on using artificial intelligence to better model the consequences 
of water and food insecurity at research organizations like the Department of Defense’s 
Advanced Research Projects Agency (DARPA). The administration should facilitate collab-
oration between research agencies working on water and food security. DARPA should 
better coordinate and share findings with critical agricultural research agencies like 
the Agricultural Research Service, Animal and Plant Health Inspection Service, National 
Institute of Food and Agriculture, and others.

Action 4A: The administration should coordinate and Congress 
should fund a significant challenge fund for water scarcity issues that 
encourages private-sector innovation  

Alongside an increased emphasis on water- and agriculture-related research topics in 
traditional agriculture research agencies, there is also a need for a dedicated fund to look 
into water scarcity issues for smallholder farmers and already food-insecure populations. 
The challenge fund should be coordinated with agencies involved in both the Global 
Food Security Strategy and the Global Water Strategy as well as the new US International 
Development Finance Corporation. It should be commenced to bolster technology and 
resiliency in agriculture. Such a challenge fund could build off or expand the 2012 program 
Securing Water for Food, which has generated important lessons in this area. It could 
also model a collaboration between the US government and Google’s AI for Social Good 
program. In order to help improve awareness of impending floods, Google is using artificial 
intelligence to create better forecasting models that predict when and where floods will 
occur and incorporating that information into Google Public Alerts. A variety of elements—
from historical events, to river level readings, to the terrain and elevation of a specific 
area—feed into their models. If coordinated with USG data and distribution, this could be a 
powerful partnership.205 Priority areas for collaboration are mentioned in the conclusion of 
this report and span innovations in water-harvesting technologies in smallholder dominat-
ed regions to the transferability of precision agriculture practices to low-income settings 
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to weather and water-monitoring technology that can ensure water is applied at the right 
time and not overused. 

Action 4B: Support the creation of a USAID innovation lab at a land-
grant university or expand existing innovation lab efforts to advance 
uptake and improvement of wastewater management and reuse for 
agriculture 

Innovations in wastewater reuse for agriculture is a critical need, especially in LMICs.206 
The creation of an innovation lab for small-scale irrigation is making critical contributions. 
However, an innovation lab exploring the large- and small-scale innovations that manage, 
treat, and use brown and gray water could make important progress. This will be ever 
more urgent as periurban areas and agricultural cultivation continue to surge with the 
growth of cities. 

Action 4C: Advance innovative agricultural approaches to combat the 
impacts of a changing climate through targeted research  

USDA, in coordination with the Foundation for Food and Agriculture Research, should 
pledge research funding to drive forward innovative and cost-effective advancements in 
the field of desalination technology. Congress should ensure progress and exercise over-
sight through relevant committees in order to ensure effective use of funding. 

Action 4D: The administration should affirm and support greater R&D 
opportunities that are interdisciplinary and target the nexus of food, 
water, and nutrition 

Illustrative examples of the range of R&D that can support nutritious, sustainable food sys-
tems that ensure our water resources are enough can be found in the Appendix.

A vegetable farmer works in Kenya. Credit: istock/boezie
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Opportunity Rationale Contribution

Crop agriculture

Crop breeding for 
water efficiency, 
with increasing 
emphasis on a wider 
range of crops

As food system approaches begin 
to look at regional crop mixes for 
optimal agroecology, including 
water availability and healthy diets, 
new crops can take hold, but only 
with seed varieties that are cli-
mate resilient.

In order to support demand-genera-
tion activities for nutritious food and 
respond to demand in cities, farmers 
will need access to seed for a wider 
range of crops.

Animal agriculture

Animal genetics 
improvement, 
particularly 
for dairy cows

Improvement of animal genetics can 
improve low productivity, increas-
ing milk production while reducing 
water and feed use. Smallholder 
cows produce as little as three liters 
per day in East Africa in contrast to 
cows in high-income countries that 
produce 20 to 30 liters per day.207  

As demand for diverse foods grows, 
dairy can provide an affordable 
source of essential micronutri-
ents and support the nutrition of 
smallholder families, particularly 
young children.

Address core 
drivers of animal 
mortality for animals 
important for 
smallholder incomes 
and nutrition

Diseases like Newcastle can kill up 
to 90 percent of a chicken flock, 
wasting the resources invested. Dis-
eases that particularly affect dairy 
cows, like brucellosis or contagious 
bovine pleuropneumonia, could 
particularly improve efficiency of 
natural resources and micronutrient 
availability.

Increasing availability and afford-
ability of eggs will improve incomes 
and micronutrient intake for the 
most vulnerable.

Innovations for 
limiting animal 
waste impacts on 
human health

Nutrient-dense animal diets and 
confined production spaces have 
led to an increase in the scale and 
density of manure output from 
poultry, pigs, and livestock. While 
manure can be recycled as fertilizer, 
imbalances in its nutrient composi-
tion can also lead to harmful run-
offs into local water tables and the 
possible contamination of important 
sources of drinking water.

Reducing the quantity and environ-
mental footprint of animal waste 
has important implications not 
just for human health but for GHG 
emissions in agriculture and the 
quality of local water tables. A more 
balanced supply and use of animal 
manure will improve the quality and 
consistency of local water tables in 
the face of climate change.208

Appendix 

Research opportunities in the food-water-nutrition nexus 
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Opportunity Rationale Contribution

Crop-animal systems innovation

Soil fertility for 
water management 
and nutrition

Soil fertility depends on complex 
interactions between physical, 
chemical, and biological factors. 
Modernizing agricultural systems 
have tended toward the overap-
plication of inorganic fertilizers as 
a short-term measure to increase 
soil fertility, with adverse effects 
on water tables and soil quality in 
the long term.209

Reducing fertilizer use in lieu of 
better management practices and 
planting patterns will significantly 
reduce GHG emissions from their 
production, transport, and applica-
tion while improving the resilience 
of soil systems toward the effects of 
climate change.

Rainwater 
harvesting

Rainfed agricultural systems com-
prise 95% of cultivated land in 
Sub-Saharan Africa, 75% in the Near 
East and North Africa, and 60% to 
65% in Asia.210 Much of this farmland 
exists in semiarid regions that will 
face increasing rainfall variability in 
the coming years.

Rainwater harvesting plays a dual 
role in conserving water for later 
use and preventing erosion and 
runoff during periods of heavy rain. 
These effects may increase the po-
tential for rainfed farmers to benefit 
from the expansion of new irrigation 
technologies.211

Improvement  
of aquaculture  
integration

Aquaculture now accounts for over 
55% of global fish consumption, 
and this share is growing steadily 
by a rate of 4.5% annually.212 A large 
share of aquaculture production 
and consumption occurs across 
densely inhabited parts of East and 
Southeast Asia, where the scarce 
availability of land makes integrat-
ed agri- and aquacultural systems 
economically viable.213

Pond aquaculture and irrigated 
farming practices share important 
complementarities, as by-products 
from one system can serve as direct 
inputs into the other. The viability of 
aquaculture schemes at both small 
and large scales also mean that 
they serve as an important source of 
nutritional self-sufficiency for small-
holder farmers.

Improving 
appropriate  
irrigation  
technology

The global demand for irrigation 
water has tripled over the past 50 
years, and irrigation now accounts 
for 70% of total water withdrawals. 
Competition from other sectors, in-
creasing water table variability, and 
increasing demands for production 
improvements through irrigation ne-
cessitate more efficient and resilient 
irrigation systems.214

Efficiency improvements in irrigation 
lessen the environmental burden 
of agriculture and strengthen the 
economic viability of water-inten-
sive crop varieties for smallholder 
farmers. The rollout of new irriga-
tion technologies in semiarid areas 
could allow farmers to leapfrog 
more expensive and environmen-
tally risky methods of improving 
their production.
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Opportunity Rationale Contribution

Increasing water quality and availability 

Desalination  
innovations

Agriculture currently accounts for 
70% of total freshwater withdrawals, 
and increasing rainfall variability 
threatens the stability of agricultural 
production in many semiarid coastal 
regions throughout the world.215

Newer, cost-effective desalination 
plants also contribute to water 
supplies for urban and industrial 
use. In this way, the expansion of 
desalination plants could lessen the 
pressure and competition that tradi-
tional sources of agricultural water 
now face from expanding urban and 
industrial areas.

Atmospheric  
water harvesting

The global importance of rainfed 
agricultural production, a global 
increase in rainfall variability, and 
the imperfect capture of rainwa-
ter through drainage and storage 
systems highlights the need for a 
more consistent source of irrigation 
water. In arid areas, up to 90% of 
rainfall evaporates back into the 
atmosphere.216

Pilot programs for atmospheric 
water harvesting in mountainous 
areas have shown that while this 
technology is in its infancy, it can 
be economically viable in the right 
settings. When successfully imple-
mented, it could raise smallholder 
self-sufficiency, reduce the labor 
burden of water collection, and 
hedge smallholder farms against 
climatic shocks.217

Wastewater 
treatment and 
reuse innovation 
for agriculture, 
especially in 
periurban areas

Rising urban and industrial demands 
for water are placing additional 
stresses on traditional, agricultural 
water supplies. Simultaneously, 
global demands for high-value, 
water-intensive crops and livestock 
are coinciding with the relatively 
heavy application of fertilizers in 
modernizing farming systems, with 
significant environmental conse-
quences in runoff.

Recycling urban and industrial water 
for agricultural use lessens the bur-
den that groundwater sources face 
from agricultural water withdraw-
als.218 Recycling agricultural water 
in periurban areas with proximity to 
oceans may be critical to reducing 
nutrient runoff into oceans, which 
ultimately threatens ocean health 
and fish health.
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Opportunity Rationale Contribution

Improve data 
science and 
water monitoring 
capabilities for 
water, food, 
and nutrition 
sustainability

Increasingly, advances in artificial 
intelligence are allowing multiple 
models, with dozens of variables, to 
be integrated for better predictive 
analytics. These could be increas-
ingly useful for modeling changing 
diets and changes in rainfall pat-
terns and soil quality in response to 
climate change.

The World Modelers program, fund-
ed by DARPA, integrates multiple 
climate and food security models 
into one to allow for better workflow 
and quicker assessment. Programs 
like this will ultimately improve poli-
cy and investment outcomes.

Understand the 
threat and solutions 
for nutrient trapping 
in oceans and 
the impact on 
fish protein

Nutrient trapping is a phenomenon 
whereby phosphorus and nitrogen 
become trapped in deep ocean 
waters rather than circulating to 
the surface to feed phytoplankton. 
Warming ocean waters are increas-
ing this risk and appear to present a 
significant threat to fish stocks and 
ocean health by midcentury.219

Interdisciplinary research collab-
orations are increasingly needed 
to reveal the complex interactions 
between biological changes and 
likely consequences on humanity. 
Recent nutrient-trapping research 
was conducted across five research 
institutions and multiple disciplines.
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About the Chicago Council on 
Global Affairs
The Chicago Council on Global Affairs is an independent, nonpartisan membership organi-
zation that provides insight—and influences the public discourse—on critical global issues. 
We convene leading global voices, conduct independent research, and engage the public 
to explore ideas that will shape our global future. The Council is committed to bringing 
clarity and offering solutions to issues that transcend borders and transform how people, 
business, and government engage the world. Learn more at thechicagocouncil.org and 
follow @ChicagoCouncil.

For nearly 10 years the Chicago Council on Global Affairs has highlighted opportunities 
for US leadership and global bodies like the G7 and G20 to advance food and nutrition 
security and the alleviation of poverty through agricultural development. Its 2009 report 
provided a blueprint for the Obama administration’s USAID global food security initiative, 
Feed the Future. Since then the Council has convened business, policy, scientific, and civil 
society leaders for task forces to examine the factors contributing to food and nutrition 
insecurity in the 20th century. The task forces have looked at urbanization and grow-
ing youth populations as forces changing the demands on the food system, the impact 
of climate change on food production, the opportunity to improve nutrition and health 
through food, and the links between food security and global peace and security. The 
resulting reports have influenced policy on global food security and have consistently pro-
vided guidance for how stakeholders from the public, private, and NGO sectors can work 
together to implement innovative solutions to global food security challenges. For further 
information, please visit thechicagocouncil.org/globalagdevelopment.
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International Food Policy Research Institute (IFPRI). Prior to joining the DGO, he was direc-
tor of IFPRI’s Environment and Production Technology Division. With a PhD in public policy 
from the University of Michigan, he has extensive experience in research and policy anal-
ysis in agriculture and economic development and the future of world food security, with 
an emphasis on water resources and other critical natural resource and agricultural policy 
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is the author or editor of 12 books and over 100 refereed papers in agricultural economics, 
water resources, and food policy analysis. Rosegrant has won numerous awards and is a 
fellow of the American Association for the Advancement of Science and of the Agricultural 
and Applied Economics Association. 
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Task force member biographies

Cochairs

Ertharin Cousin 

Distinguished Fellow of Global Food and Agriculture, Chicago Council on Global Affairs; 
Payne Distinguished Lecturer, Freeman Spogli Institute for International Studies,  
Stanford University; Former Executive Director of the World Food Programme

Ertharin Cousin is a distinguished fellow of global food and agriculture at the Chicago 
Council on Global Affairs. She previously served as executive director of the World Food 
Programme (2012–2017). In 2009 Cousin was nominated by the president and confirmed 
by the Senate as the US ambassador to the UN Agencies for Food and Agriculture in 
Rome. In this role she served as the US representative for all food, agriculture, and nu-
trition-related issues. Cousin helped identify and catalyze US government investment in 
food security and nutrition activities supported by the USAID Feed the Future program. A 
Chicago native, Cousin is a graduate of the University of Illinois at Chicago, the University 
of Georgia Law School, and the University of Chicago Executive Management Finance for 
Nonfinancial Executives program. Cousin has received honorary doctorate degrees from 
universities around the globe. She has been listed numerous times on the Forbes “100 
Most Powerful Women” list, as the Fortune “Most Powerful Woman in Food and Drink,” on 
TIME’s “100 Most Influential People” list, and as one of the “500 Most Powerful People on 
the Planet” by Foreign Policy.

A.G. Kawamura

Panel of Advisors Member, Global Food and Agriculture Program, Chicago Council on 
Global Affairs; Founding Cochair, Solutions from the Land; Former Secretary of the Califor-
nia Department of Food and Agriculture

A.G. Kawamura is a third-generation grower and shipper from Orange County, California. 
He is the former secretary of the California Department of Food and Agriculture (2003–
2010). He serves on several boards and committees, including founding chair of Solutions 
from the Land; Global Food and Agriculture Program Panel of Advisors, Chicago Council 
for Global Affairs; American Farmland Trust board member; Farm Foundation board mem-
ber; and Western Growers Association board member and former chair. For over 30 years 
Kawamura has worked locally, nationally, and internationally to look for agricultural solu-
tions to the toughest challenges of our time via the nexus of water, energy, food, technol-
ogy, and trade. He remains active in policy discussions on food security and agricultural re-
silience. As a progressive urban farmer, he has a lifetime of experience working within the 
shrinking rural and urban boundaries of southern California. Through his company, Orange 
County Produce, LLC, he is building a collaborative and interactive 21st-century, 70-acre 
agricultural showcase at the Orange County Great Park in Irvine, California. Kawamura 
graduated with a bachelor’s from UC Berkeley.
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Members

Sanjeev Asthana

Nonresident Fellow, Global Food and Agriculture Program, Chicago Council on Global 
Affairs; Founder and Managing Partner, I-Farm Venture Advisors

Sanjeev Asthana is a recognized thought leader in food, agriculture, retail, nutrition and 
food security, livelihoods, etc. He has worked in some of the largest global corporations. 
He is the chairman of National Skills Foundation of India (NSFI); chairs the governing 
council at Agriculture Skill Council of India (ASCI); is director of the ActImpact Foundation, 
Canada; and serves on boards of leading public institutions and private-sector corpora-
tions. He has served as a task force member and been on several policy forming commit-
tees of government of India. He is on the national councils of leading industry and trade 
chambers, namely the Confederation of Indian Industry (CII) and the Federation of Indian 
Chambers of Commerce and Industry (FICCI). He has also chaired various committees at 
trade chambers and government. He was on an India task force on water of Earth Institute 
at Columbia University. Asthana has a distinguished corporate career at senior positions 
across countries. He was the president and chief executive at Reliance Retail and served 
on the boards of Reliance Group companies. He was director of Cargill India and Asia 
Pacific trading head in Singapore. He was country head of ITC Global Holdings based in 
Indonesia and East European head based at Romania. He works closely at the policy level 
with government and international institutions like GAIN, UNICEF, World Bank, IFC, ADB, 
and leading companies on agriculture, food security, nutrition, livelihoods, and sustainabili-
ty. He is a regular speaker at international conferences and universities.

David Bennell

Manager, Food, Land, and Water, World Business Council for Sustainable Development

David Bennell is the North American manager of food, land, and water for the World Busi-
ness Council for Sustainable Development, where he focuses on climate-smart agriculture 
and global food systems reform (FReSH). Previously, he was director of food and capital 
markets for the investor-led organization Ceres. Additionally, he has worked for Microsoft, 
REI, and L.L. Bean in leadership development, product development, and sourcing posi-
tions. His career has also included working as a funder with a focus on sustainable forest-
ry, cocreating the for-profit social enterprise company CottonConnect, cocreating a US$10 
million impact investing fund focused on food and agriculture investments, and leading the 
apparel industry NGO Textile Exchange with a focus on standards development for respon-
sible sourcing.

Douglas Bereuter

Distinguished Fellow, Global Food and Agriculture Program, Chicago Council on Global 
Affairs; President Emeritus, Asia Foundation

Douglas Bereuter is president emeritus of the Asia Foundation, a nongovernmental 
development organization he led for more than six years following his 26-year service as 
a member of the US House of Representatives. During his congressional career, he was 
a leading member of the House International Relations Committee, where he served as 
vice chairman for six years, and chairman of the Asia-Pacific Subcommittee and later the 
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Europe Subcommittee. He also had long tenures on the subcommittees on Economic 
Policy and Trade and Human Rights and was president of the NATO Parliamentary Assem-
bly. He also served on the House Financial Services Committee for 23 years and on the 
House Permanent Select Committee on Intelligence, retiring as its vice chairman. Bereuter 
graduated Phi Beta Kappa from the University of Nebraska and has master’s degrees from 
Harvard University in both city planning and public administration. He served as an infantry 
and intelligence officer in the US Army, practiced and taught graduate courses in urban 
and regional planning, led various agencies and programs in the Nebraska state govern-
ment, and served one four-year term as a Nebraska state senator. He is a member of the 
Council on Foreign Relations and the World Affairs Council of Northern California and 
served six years on the State Department’s International Security Advisory Board. 

Jessica Fanzo

Bloomberg Distinguished Professor of Global Food and Agriculture Policy and Ethics, 
Johns Hopkins University

Jessica Fanzo, PhD, is the Bloomberg distinguished associate professor of global food and 
agriculture policy and ethics at the Berman Institute of Bioethics, the Bloomberg School 
of Public Health, and the Nitze School of Advanced International Studies (SAIS) at Johns 
Hopkins University. She also serves as the director of the Global Food Ethics and Policy 
Program at Johns Hopkins. She is the cochair of the Global Nutrition Report and was the 
team leader for the UN High Level Panel of Experts report on food systems and nutrition. 
In 2018 she was on a one-year leave of absence to serve as the senior nutrition and food 
systems officer in the Nutrition and Food Systems division of the Food and Agriculture 
Organization of the United Nations. Prior to joining Johns Hopkins, Fanzo held positions at 
Columbia University in the College of Physicians and Surgeons and the Earth Institute, the 
World Food Programme, Bioversity International, and the Millennium Development Goal 
Centre at the World Agroforestry Center in Kenya. Her area of expertise is the linkages 
between agriculture, nutrition, health, and the environment in the context of sustainable 
and equitable diets and livelihoods. She was the first laureate of the Carasso Foundation’s 
Sustainable Diets Prize in 2012 for her work on sustainable food and diets for long-term 
human health. Fanzo has a PhD in nutrition from University of Arizona.

Pierre Ferrari

President and CEO, Heifer International

Pierre Ferrari was born in the Belgian Congo (today the Democratic Republic of Congo). 
Ferrari received a master’s degree in economics from the University of Cambridge and a 
master’s of business administration from Harvard Business School. He joined Heifer Inter-
national in 2010 with more than 40 years of business experience. Ferrari is leading Heifer 
to scale its programs and accelerate rural market growth to help 4 million families achieve 
living incomes by 2020. Heifer is using its proven community development approach and 
livestock expertise to help farmers create market demand to help lift them out of poverty. 
Ferrari worked for many years at Coca-Cola USA before deciding in 1995 to focus his en-
ergies and business acumen on social issues. He is using his skills and aptitude to invest 
in and partner with people living in poverty to help them achieve self-sufficiency, indepen-
dence, and health—goals that directly align with Heifer’s empowerment-oriented mission. 
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Ferrari is a current board member of the Small Enterprise Assistance Fund and is also a 
former chair and current board member of Ben and Jerry’s Ice Cream.

Dan Glickman

Distinguished Fellow, Global Food and Agriculture Program, Chicago Council on Global 
Affairs; Vice President, The Aspen Institute; Executive Director, The Aspen Institute Con-
gressional Program

Dan Glickman is vice president of the Aspen Institute and executive director of the Aspen 
Institute Congressional Program. Glickman serves as a senior fellow at the Bipartisan Pol-
icy Center, where he is cochair of its Democracy Project. He also serves as cochair of the 
US Global Leadership Coalition and is on the board of the World Food Program USA. He is 
a board member and founding chair of the Foundation for Food and Agriculture Research, 
created in the 2014 Farm Bill to fund new and innovative research projects in the areas of 
food and agriculture. Prior to joining the Aspen Institute, Glickman served as US Secretary 
of Agriculture in the Clinton administration. He also represented the fourth congressional 
district of Kansas for 18 years in the US House of Representatives, where he was very 
involved in federal farm policy on the House Agriculture Committee. He also served on 
the House Judiciary Committee as chairman of the House Permanent Select Committee 
on Intelligence. In addition, he is the former chairman of the Motion Picture Association of 
America, Inc. and former director of the Institute of Politics at Harvard University’s John F. 
Kennedy School of Government. Glickman has served as president of the Wichita, Kansas, 
school board; was a partner in the law firm of Sargent, Klenda, and Glickman; and worked 
as a trial attorney at the US Securities and Exchange Commission. He received his bach-
elor’s in history from the University of Michigan and his doctorate of law from the George 
Washington University. He is a member of the Kansas and District of Columbia bars. 

Cedric Habiyaremye

PhD Candidate in Agronomy and Crop Science, Washington State University

Cedric Habiyaremye is a PhD candidate in agronomy and crop science at Washington 
State University. He is an accomplished agricultural consultant and researcher with a his-
tory of working in higher education and international agricultural development. Habiyare-
mye’s areas of community development expertise include women and youth empower-
ment in agriculture, health, entrepreneurship and SME development, and career advisory 
and youth employment. In 2018 Habiyaremye won the World Hunger Leadership Award 
for his contributions in agricultural development and the fight against hunger. He was a 
2018 Next Generation Delegate at the Chicago Council’s Global Food Security Sympo-
sium; a 2017 World Food Prize Borlaug LEAP Delegate; a WSU Department of Crop and 
Soil Sciences Mug Awards recipient (2017 and 2018); and a WSU College of Agricultural 
Human and Natural Resource Sciences Interdisciplinary Research Team Award recipient. 
He served as a fellow for the US Borlaug Fellowship on Global Food Security, the Norman 
E. Borlaug Leadership Enhancement in Agriculture Program, and the Association for Inter-
national Agriculture and Rural Development Future Leaders Forum. He holds an master’s 
in crop science from Washington State University, a bachelor’s in agricultural science with 
honors in irrigation and drainage, and an advanced diploma in soil and water management 
from University of Rwanda College of Agriculture and Veterinary Medicine.
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Melissa D. Ho

Senior Vice President, Freshwater & Food, World Wildlife Fund-United States

As senior vice president for freshwater and food at WWF-US, Melissa D. Ho drives land-
scape and transformational initiatives that ensure sustainable agricultural production of 
protein systems and the conservation of water for the environment and ecosystem ser-
vices. She also supports the integration of food and water issues in all of WWF’s other 
workstreams. Ho has over 25 years of experience as a scientist, policy advisor, and 
development professional. Throughout her career, Ho has leveraged a keen focus on the 
intersection of water and agriculture and its connections to energy and health. She has 
worked at the landscape level, engaging in large-scale public irrigation systems, agricultur-
al value chains, community-based water resource planning and management systems, and 
household water technology delivery through the private sector. Ho came to WWF from 
the Millennium Challenge Corporation, where she oversaw a US$1.5 billion portfolio of in-
frastructure investments in West Africa. She also served at USAID overseeing the technical 
team responsible for the strategy development and implementation of Feed the Future. 
Previously, she developed and implemented the agricultural water management strategy 
and grant portfolio at the Bill & Melinda Gates Foundation. She has also served in various 
capacities in the US Congress. She has a PhD in plant physiology from the Pennsylvania 
State University, a master’s in soil science (plant-water relations) from the University of 
California, Davis, and a bachelor’s in environmental systems from Cornell University. 

Nnaemeka Ikegwuonu

Executive Director, the Smallholders Foundation

Nnaemeka Ikegwuonu is a farmer, innovator, and social entrepreneur; executive director of 
Smallholders Foundation Ltd./Gte.; and CEO of ColdHubs, Ltd. He founded the Smallhold-
ers Foundation, which uses radio programs and field practical demonstrations to inform, 
educate, and improve the livelihood of rural small farmers. Additionally, the foundation 
distributes planting materials to farmers and gives out microloans to female farmers. He 
recently launched the for-profit company ColdHubs, Ltd., which assembles and installs 
solar-powered walk-in cold rooms that provides 24/7 off-grid storage and preservation of 
perishable foods in off-grid markets and farms. Ikegwuonu is a social entrepreneur who 
has been recognized worldwide with more than 27 local and international awards for his 
innovations that improve the yields and incomes of smallholder farmers. He is a 2008 
Ashoka Fellow, laureate of the Rolex Awards for Enterprise 2010, laureate of the WISE 
Awards 2010, Future Awards Nigeria’s Young Person of the Year 2011, Fast Company USA 
100 “Most Creative People in Business” 2012, laureate of the Niigata International Food 
Prize Japan 2012, and 2013 laureate of the Yara Prize for Green Revolution in Africa (now 
Africa Food Prize). He sits on the board of many organizations such as the Food, Agricul-
ture, and Natural Resources Policy Research Network (FANRPAN) and Einstein Rising USA.
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Prasanta Kalita

Professor and Presidential Fellow, University of Illinois at Urbana-Champaign

Prasanta Kalita is a professor of agricultural and biological engineering and the associ-
ate dean for academic programs in the College of Agricultural, Consumer, and Environ-
mental Sciences (ACES) at the University of Illinois at Urbana-Champaign. A fellow of the 
American Society of Agricultural and Biological Engineers (ASABE) and Indian Society for 
Agricultural Engineering (ISAE), Kalita’s areas of research include water resources man-
agement and environmental sustainability, food security, food loss and waste reduction, 
and water quality. He is widely recognized for his excellence in teaching, research, and 
international engagement. He has worked extensively in educational development and 
capacity building, water resources, food production, and food security issues around the 
world. He has published more than 150 articles in journals and conferences and served as 
editor-in-chief and associate editor for three international journals. Kalita has served on nu-
merous university, national, and international committees, including serving as the director 
of the ADM Institute for the Prevention of Postharvest Losses at the University of Illinois for 
more than three years. As of August 2018 he is serving as the presidential fellow for the 
University of Illinois System. His career is marked by over 40 honors and awards recogniz-
ing educational excellence, research excellence, and outstanding service and leadership.

Peter G. McCornick

Executive Director, Daugherty Water for Food Global Institute, University of Nebraska

Peter G. McCornick is the executive director of the Daugherty Water for Food Global 
Institute (DWFI) at the University of Nebraska, where he leads the institute in delivering on 
its vision of a water- and food-secure world, building its partnerships and collaborations 
in Nebraska, nationally in the United States, and in other key food producing regions in 
the world. He is a tenured professor in the Department of Biosystems Engineering at the 
University of Nebraska-Lincoln and is the Robert B. Daugherty Chair of Water for Food. 
Prior to joining DWFI, McCornick was the deputy director general of research at the Inter-
national Water Management Institute. With an international career focused on improving 
the sustainable management of water resources, he has led interdisciplinary research and 
development programs on water, agriculture, and the environment in Africa, Asia, the Mid-
dle East, Canada, and the United States He earned his bachelor’s from the University of 
Newcastle, and his master’s and doctorate from Colorado State University. He is a licensed 
professional civil engineer in the state of Colorado and a member of the American Acade-
my of Water Resources Engineers. McCornick was recently elected to the board of gover-
nors of the World Water Council and is a member of the steering committee of the Water 
Scarcity in Agriculture (WASAG) initiative, a global partnership organized by the Food and 
Agricultural Organization of the UN (FAO).

Rhiannan Price

Director, Sustainable Development Practice, DigitalGlobe

Rhiannan Price is the director of the Sustainable Development Practice at DigitalGlobe and 
works with partners across the public and private sectors. She focuses on bridging the gap 
between what is technically feasible using remote sensing and what is needed to achieve 
the Sustainable Development Goals. Price also serves as an advisor on NASA’s Applied 
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Sciences Committee, the International Criminal Court’s Technology Advisory Board, and 
the USGS National Geospatial Advisory Committee. She has lived and worked in Uganda, 
Tanzania, and Dominica and speaks four languages. Price has a master’s degree in inter-
national human rights from the Korbel School at the University of Denver, where she was a 
Boren Fellow, and is also a former Peace Corps volunteer.

Isha Ray

Associate Professor, Energy & Resources Group; Co-Director, Berkeley Water Center,  
University of California, Berkeley

Isha Ray’s research interests are water and development; sanitation, gender, and devel-
opment; and technology and society. Her research projects focus on access to water and 
sanitation for the rural and urban poor and on the role of technology in advancing sustain-
able development goals. She and her students have worked on access to and affordabil-
ity of water in China, India, Mexico, Tanzania, Turkey, and California’s Central Valley. She 
teaches courses on research methods in the social sciences, community-driven develop-
ment, and water and development. Ray served on the editorial committee of the Annual 
Review of Environment and Resources from 2003 to 2013, serves as a reviewer for 14 
peer-reviewed journals, has extensive experience in the international nonprofit sector on 
development and freshwater issues, and is a regular adviser to United Nations Women. 
She has a bachelor’s in philosophy, politics, and economics from Oxford University, and a 
PhD in applied economics from Stanford University.

Lindiwe Majele Sibanda

Senior Research Fellow, Institute for the Advancement of Scholarship,  
University of Pretoria

A globally renowned agriculture and food systems policy advisor, Lindiwe Majele Sibanda 
is currently a senior research fellow at the Institute for the Advancement of Scholarship 
at the University of Pretoria. She is the former vice president for country support, policy, 
and delivery at the Alliance for a Green Revolution in Africa (AGRA). Prior to joining AGRA, 
Sibanda was the CEO and head of mission for the Food, Agriculture, and Natural Resourc-
es Policy Analysis Network (FANRPAN), a pan-African institution active in food and nutrition 
security policy development across the content, with presence in 17 African countries. She 
has over 25 years of transdisciplinary experience in agriculture and rural development 
and public- and private-sector reforms and management. She has served as an advisor 
and governor to numerous international organizations, including chairman of the board of 
the International Livestock Research Institute; steering committee member of the Consul-
tative Group on International Agricultural Research (CGIAR) Water, Land, and Ecosystems 
Program, and member of the Independent Steering Committee of the CGIAR Research 
Program on Climate Change, Agriculture, and Food Security. She also served as a mem-
ber of the EAT-Lancet Commission. Sibanda is a serving member of the World Vegetable 
Board and a cochair of the Global Alliance for Climate Smart Agriculture. Sibanda has 
received numerous awards for her contribution to agriculture and food security, including 
the Yara-Africa Prize in 2013. She holds a bachelor’s from the University of Alexandria, 
Egypt, and a master’s degree and PhD in agriculture from the University of Reading, 
United Kingdom.
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Acronyms
AFRI: Agricultural Food Research Initiative 

APHIS: Animal and Plant Health Inspection Service of the USDA

ARS: Agricultural Research Services of the USDA

BCC: behavior change communication 

BUILD Act: Better Utilization of Investments Leading to Development Act 

CGIAR: Consultative Group on International Agricultural Research

CFTC : Commodity Future Trading Commission 

DARPA: Defense Advanced Research Projects Agency

DoD: US Department of Defense

DoS: US Department of State

EU: European Union

FBA: Farm Business Advisors

FSN: Food Safety Network

GCF: Green Climate Fund

GDP: gross domestic product

GHG: greenhouse gas

HWISE: Household Water Insecurity Experiences 

ICT: information and communication technologies

iDE: International Development Enterprises

IFPRI: International Food Policy Research Institute

INM: integrated nutrient management

IWMI: International Water Management Institute

IWRM: integrated water resources management

IPCC: Intergovernmental Panel on Climate Change

LMICs: low- and middle-income countries

MBR: membrane bioreactors

MLD: minimal liquid discharge

NAIP: National Agriculture Imagery Program

NGO: nongovernment organization 

NIFA: National Institute of Food and Agriculture of the USDA

NOAA: United States National Oceanic and Atmosphere Administration

NSC: US National Security Council 

OECD: Organization for Economic Cooperation and Development
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PES: payments for environmental services

R&D: research and development

SMEs: small- and medium-sized enterprises 

SSA: Sub-Saharan Africa

SWIR: short-wave infrared

UNICEF: United Nations International Children’s Emergency Fund

USAID: United States Agency for International Development

USDA: United States Department of Agriculture

USG: United States Government

WASH: water, sanitation, and hygiene

WUAs: water user associations

Key terms
Blue water: water sourced from surface water or groundwater.

Brown water: household wastewater contaminated with fecal and organic matter. Filtration 
and chemical treatment are required before it can be returned to the environment or 
reused. Also known as black water. 

Carbon dioxide fertilization: the carbon dioxide fertilization effect is the phenomenon 
that increased carbon dioxide concentrations in the atmosphere “fertilize” plant growth by 
accelerating the rate of photosynthesis in plants. 

Consumptive use: water removed from a water source for use and not returned to the 
environment. 

Drip irrigation: the practice of dripping water slowly to the roots of plants, which 
dramatically minimizes water waste and evaporation during irrigation. 

External catchment systems: a method of rainwater harvesting that collects runoff from 
a large catchment area (1,000 square meters to 200 hectares), often located on a hillside, 
and conveys that water to a cropped area. The main distinctions between micro- and 
external catchment are the runoff transfer distance and ratio catchment. Also known as 
macrocatchment or long-slope water harvesting.  

Gray water: household wastewater generated from streams without fecal contamination. It 
has a lower pollution level than brown water and is easier to treat.

Green water: water from precipitation that is stored in soil and available for 
uptakes by plants.

Microcatchments: a method of rainwater harvesting that collects surface runoff from a 
small catchment area (less than 1,000 square meters) and stores it in the root zone of an 
adjacent infiltration basin irrigating trees and crops. 

Minimal liquid discharge: a cost-effective water treatment process that relies on filtration 
technologies and can achieve up to 95 percent wastewater recycle. 
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Membrane bioreactors: water treatment processes that integrate a perm-selective 
membrane like microfiltration or ultrafiltration with a suspended growth bioreactor.  

No–climate change scenario: a projection of future agricultural productions without 
effects of climate change. Often used as a reference case.  

Private goods: private goods are excludable and rival. Consumption by one individual 
prevents others from consuming it. 

Public goods: public goods are nonexcludable and nonrival. Individuals cannot be 
effectively excluded from using them, and one individual’s consumption does not affect 
the good’s availability to others. Examples include national security.

Reverse osmosis: a water filtration technology that uses a semipermeable, thin membrane 
that removes foreign contaminants, solid substances, large molecules, and minerals from 
drinking water. 

Rooftop runoff collection: a domestic rainwater harvesting technique that collects, 
controls, and conveys precipitation runoff from a roof.

Turnouts: a point at which water leaves a central canal for a smaller canal or a field.

Water abstraction: water removal from the environment for human use, but it is typically 
used for groundwater specifically.

Water pricing: the process of assigning prices to clean water, which can differ greatly 
under different circumstances. 

Water withdrawal: water removed from a surface water or groundwater source and 
returned some period of time later (may not be to the same place or in the same quality 
and quantity).

118 FROM SCARCITY TO SECURITY



Endnotes
1. C. Ringler et al., “Role of Water Security for Agricultural and Economic Development – 

Concepts and Global Scenarios,” in Handbook on Water Security, ed. Claudia Pahl-Wostl, Anik 
Bhaduri, and Joyeeta Gupta (Cheltenham, UK: Edward Elgar Publishing Limited, n.d.), 183–200.

2. Y. Wada, L. P. H. Van Beek, and M. F. P. Bierkens, “Modelling Global Water Stress of the 
Recent Past: On the Relative Importance of Trends in Water Demand and Climate Variability,” 
Hydrology and Earth System Sciences 15, no. 12 (2011): 3785–808, https://doi.org/10.5194 
/hess-15-3785-2011.

3. UN DESA, World Population Prospects: The 2017 Revision, Key Findings and Advance Tables 
(New York, 2017).

4. UN-Water, Wastewater - The Untapped Resources, The United Nations World Water 
Development Report (Paris: UNESCO, 2017).

5. Mark W. Rosegrant, Ximing Cai, and Sarah A. Cline, “World Water and Food for 2025: Dealing 
with Scarcity” (Washington, DC: International Food Policy Research Institute, 2002).

6. FAO, “Did You Know? Facts and Figures about Irrigation Areas, Irrigated Crops, Environment,” 
AQUASTAT (Food and Agriculture Organization of the United Nations, December 2014), http://
www.fao.org/nr/water/aquastat/didyouknow/index3.stm.

7. Sophie Theis, “Can Irrigation Both Empower and Exclude Women?” IFPRI Blog (International 
Food Policy Research Institute, January 9, 2018).

8. Amy J. Pickering and Jennifer Davis, “Freshwater Availability and Water Fetching Distance 
Affect Child Health in Sub-Saharan Africa,” Environmental Science and Technology 46, no. 4 
(2012): 2391–97, https://doi.org/10.1021/es203177v.

9. Oliver Cumming, Louise Watson, and Alan Dangour, “Water, Sanitation and Hygiene: A Missing 
Link to Food and Nutrition Security?” in Routledge Handbook of Food and Nutrition Security, 
ed. Bill Pritchard, Rodomiro Ortiz, and Meera Shekar (London: Routledge, 2016), 442–54, 
https://doi.org/10.4324/9781315745749.

10. Laia Domènech, “Improving Irrigation Access to Combat Food Insecurity and Undernutrition: A 
Review,” Global Food Security 6 (2015): 24–33, http://doi.org/10.1016/j.gfs.2015.09.001.

11. Isha Ray, Zachary Burt, and Kara L Nelson, “Towards Gender Equality Through Sanitation 
Access,” Discussion Paper (New York: UN Women, 2016), https://www.researchgate.net 
/publication/298515690.

12. Claudia Ringler, “Sustaining Growth via Water Productivity: Outlook to 2030/2050” 
(Washington, DC and Chicago: Veolia Water North America and International Food Policy 
Research Institute, 2011).

13. Richard Damania et al., Uncharted Waters: The New Economics of Water Scarcity and 
Variability, 1st ed. (Washington, DC: The World Bank, 2017), https://openknowledge.worldbank.
org/bitstream/handle/10986/28096/9781464811791.pdf.

14. International Food Policy Research Institute (IFPRI) and Shenggen Fan, Global Food Policy 
Report 2018 (Washington, DC, 2018), https://doi.org/10.2499/9780896292970.

15. Claudia Ringler and Tingju Zhu, “Water Scarcity and Food Security: Status and Trends,” in 
Agricultural Development: New Perspectives in a Changing World, ed. Otsuka Keijiro and 
Shenggen Fan (Washington, DC: International Food Policy Research Institute, 2019).

16. World Bank, “Managing Land and Water to Feed Nine Billion People and Protect Natural 
Systems,” in World Development Report 2010 (Washington: The World Bank, 2014), 133–87.

17. Luc Christiaensen and Ravi Kanbur, “Secondary Towns and Poverty Reduction: Refocusing the 
Urbanization Agenda,” Annual Review of Resource Economics 9 (2017): 405–19, https://doi.
org/10.1146/annurev-resource-100516-053453.

18. 2030 Water Resources Group, Charting Our Water Future: Economic Frameworks to Inform 
Decision-Making, 2030 Water Resources Group, 2009; Damania et al., Uncharted Waters.

119CHICAGO COUNCIL ON GLOBAL AFFAIRS



19. Ringler and Zhu, “Water Scarcity and Food Security”; OECD (Organisation for Economic 
Co-operation and Development), OECD Environmental Outlook to 2050: The Consequences of 
Inaction, Outlook (Paris: OECD Publishing, 2012), https://doi.org/10.1787/9789264122246-en.  

20. Climate Central, “The 10 Hottest Global Years on Record,” Graphics Gallery (Climate Central, 
February 6, 2019), https://www.climatecentral.org/gallery/graphics/climate-change-means-a 
-longer-us-growing-season.

21. Scott Malcolm et al., “Agricultural Adaptation to a Changing Climate: Economic and 
Environmental Implications Vary by U.S. Region,” USDA-ERS Economic Research Report No. 
136 (Washington, DC, 2012), https://doi.org/10.2139/ssrn.2112045; Mark W. Rosegrant, Claudia 
Ringler, and Tingju Zhu, “Water Markets as an Adaptive Response to Climate Change,” in Water 
Markets for the 21st Century: What Have We Learned, ed. K. William Easter and Qiuqiong 
Huang (Springer Netherlands, 2014), 35–55.

22. World Bank, “Managing Land and Water.”

23. World Bank, “Managing Land and Water.”

24. World Bank, “Managing Land and Water.”

25. David B. Lobell, Wolfram Schlenker, and Justin Costa-Roberts, “Climate Trends and Global Crop 
Production Since 1980,” Science 333, no. 6042 (2011): 616–20, https://doi.org/10.1126/science 
.1204531.

26. Gerald C. Nelson et al., “Agriculture and Climate Change in Global Scenarios: Why Don’t 
the Models Agree,” Agricultural Economics 45, no. 1 (2014): 85–101, https://doi.org/10.1111/
agec.12091.

27. Martin Parry et al., “Climate Change and Hunger: Responding to the Challenge” (Rome and 
Washington, DC, 2009).

28. Paul J. Block et al., “Impacts of Considering Climate Variability on Investment Decisions 
in Ethiopia,” Agricultural Economics 39, no. 2 (2008): 171–81, https://doi.org/10.1111/j.1574-
0862.2008.00322.x; Casey Brown and Upmanu Lall, “Water and Economic Development: 
The Role of Variability and a Framework for Resilience,” Natural Resources Forum 30, no. 4 
(2006): 306–17, https://doi.org/10.1111/j.1477-8947.2006.00118.x; James Thurlow, Tingju Zhu, 
and Xinshen Diao, “Current Climate Variability and Future Climate Change: Estimated Growth 
and Poverty Impacts for Zambia,” Review of Development Economics 16, no. 3 (2012): 394–411, 
https://doi.org/10.1111/j.1467-9361.2012.00670.x.

29. Corey Lesk, Pedram Rowhani, and Navin Ramankutty, “Influence of Extreme Weather Disasters 
on Global Crop Production,” Nature 529, no. 7584 (2016): 84–87, https://doi.org/10.1038 
/nature16467.

30. FAO, “The Impact of Natural Hazards and Disasters on Agriculture and Food Security and 
Nutrition: A Call for Action to Build Resilient Livelihoods” (Rome: Food and Agriculture 
Organization, 2015), http://www.fao.org/3/a-i4434e.pdf.

31. P. J. M. Cooper et al., “Coping Better with Current Climatic Variability in the Rain-Fed Farming 
Systems of Sub-Saharan Africa: An Essential First Step in Adapting to Future Climate Change?” 
Agriculture, Ecosystems and Environment 126, no. 1–2 (2008): 24–35, https://doi.org/10.1016/j 
.agee.2008.01.007.

32. Ringler, “Sustaining Growth via Water Productivity.”

33. S. Siebert et al., “Groundwater Use for Irrigation - A Global Inventory,” Hydrology and Earth 
System Sciences 14, no. 10 (2010): 1863–80, https://doi.org/10.5194/hess-14-1863-2010.

34. Jean Margat and Jac van der Gun, Groundwater Around the World: A Geographic Synopsis 
(Leiden: CRC Press/Balkema, 2013).

35. K. G. Villholth et al., “Global Food Production Share from Sustainable and Unsustainable 
Groundwater Use,” in The 43rd International Association of Hydrogeologists Congress 
“Groundwater and Society: 60 Years of IAH” (Montpellier, France, 2016), http://grofutures.org/
wp-content/uploads/2016/10/Villholth_GW-Global-Food-Production.pdf.

36. Mark W. Rosegrant, Claudia Ringler, and Tingju Zhu, “Water for Agriculture: Maintaining Food 
Security Under Growing Scarcity,” Annual Review of Environment and Resources 34 (2009): 
205–22, https://doi.org/10.1146/annurev.environ.030308.090351.

120 FROM SCARCITY TO SECURITY



37. Mark W. Rosegrant et al., “Food Security in a World of Natural Resource Scarcity,” (Washington, 
DC: International Food Policy Research Institute, 2014).

38. Mark W. Rosegrant and Claudia Ringler, “Why We Urgently Need Water Policy Reforms,” 
Georgetown Journal of International Affairs, October 27, 2017, https://www 
.georgetownjournalofinternationalaffairs.org/online-edition/2017/10/27/why-we-urgently 
-need-water-policy-reforms.

39. Javier Mateo-Sagasta, Sara Marjani Zadeh, and Hugh Turral, More People, More Food, Worse 
Water? A Global Review of Water Pollution from Agriculture, ed. Javier Mateo-Sagasta, Sara 
Marjani Zadeh, and Hugh Turral (Rome and Colombo: Food and Agriculture Organization of the 
United Nations and the International Water Management Institute, 2018). 

40. UN-Water, Wastewater.

41. Javier Mateo-Sagasta, Liqa Raschid-Sally, and Anne Thebo, “Global Wastewater and Sludge 
Production, Treatment and Use,” in Wastewater: Economic Asset in an Urbanizing World 
(Dordrecht: Springer Netherlands, 2015), 15–38, https://doi.org/10.1007/978-94-017-9545-6_2.

42. Marting Quass et al., “Fishing for Proteins: How Marine Fisheries Impact on Global Food 
Security up to 2050. A Global Prognosis” (Hamburg: WWF, 2016), https://www.wwf.de/filead-
min/fm-wwf/Publikationen-PDF/WWF-Report_Fishing_for_Proteins_English_Version.pdf.

43. Pay Drechsel and Alexandra E V Evans, “Wastewater Use in Irrigated Agriculture,” Irrigation 
and Drainage Systems 24, no. 1–2 (2010): 1–3, https://doi.org/10.1007/s10795-010-9095-5; 
HLPE, “Water for Food Security and Nutrition: A Report by The High Level Panel of Experts on 
Food Security and Nutrition” (Rome, 2015).

44. María Fernanda Jaramillo and Inés Restrepo, “Wastewater Reuse in Agriculture: A Review 
about Its Limitations and Benefits,” Sustainability 9, no. 10 (2017): 1734, https://doi.org/10.3390/
su9101734.

45. World Health Organization, “WHO Estimates of the Global Burden of Foodborne Diseases” 
(Geneva: World Health Organization, 2015), https://apps.who.int/iris/bitstream/handle 
/10665/199350/9789241565165_eng.pdf;jsessionid=A04B733B8366B70C324AFF5EDD47E147 
?sequence=1.

46. Rosegrant, Ringler, and Zhu, “Water for Agriculture.”

47. Ariel Dinar, Mark W. Rosegrant, and Ruth S. Meinzen-Dick, “Water Allocation Mechanisms: 
Principles and Examples,” Policy Research Working Paper (Washington, 1997), https://doi.org 
/doi:10.1596/1813-9450-1779; Rosegrant, Ringler, and Zhu, “Water for Agriculture.”

48. M. A. Svendson, A. Gulati, and K. V. Raju, “Reform Options for Construction and Rehabilitation,” 
in Financial and Institutional Reforms in Indian Irrigation, ed. Ashok Gulati, Ruth S. Meinzen-
Dick, and K. V. Raju (Bangalore: Books for Change, 2003).

49. Mark Svendson, Jose Trava, and Sam H. Johnson, “Participatory Irrigation Management: 
Benefits and Second Generation Problems. Lessons from an International Workshop Held 
at Centro Internacional de Agricultura Tropical (CIAT), Cali, Colombia” (Cali, Colombia, 1997); 
Rosegrant, Ringler, and Zhu, “Water for Agriculture.”

50. D. L. Vermillion and J. A. Sagardov, “Transfer of Irrigation Management: Guidelines” (Rome, 
1999).

51. Eefje Aarnoudse, Alvar Closas, and Nicole Lefore, “Water User Associations: A Review of 
Approaches and Alternative Management Options for Sub-Saharan Africa,” IWMI Working 
Papers (Colombo, Sri Lanka: International Water Management Institute, 2018), https://doi 
.org/10.5337/2018.210.

52. Global Water Partnership, “Institutional Arrangements (B),” IWRM Toolbox (Global Water 
Partnership, August 25, 2018), www.gwp.org/en/learn/iwrm-toolbox/Institutional_Arrangements.

53. Global Water Partnership, “Institutional Arrangements (B).”

54. Lis Stedman, “Liaoning’s Search for Sustainability,” Water21 (London: IWA Publishing, 2001); Jan 
Hassing et al., “Integrated Water Resources Management (IWRM) in Action,” United Nations 
World Water Development Report 3 (Paris, 2009).

121CHICAGO COUNCIL ON GLOBAL AFFAIRS



55. Mark Giordano and Tushaar Shah, “From IWRM Back to Integrated Water Resources 
Management,” International Journal of Water Resources Development 30, no. 3 (2014): 364–
76, https://doi.org/10.1080/07900627.2013.851521.

56. David Molden et al., “Governing to Grow Enough Food without Enough Water-Second Best 
Solutions Show the Way,” International Journal of Water Resources Development 26, no. 2 
(2010): 249–63, https://doi.org/10.1080/07900621003655643.

57. R. Barker and M. W. Rosegrant, “Establishing Efficient Use of Water Resources in Asia,” in 
Reasserting the Rural Development Agenda: Lessons Learned and Emerging Challenges in 
Asia, ed. A Balisacan and F. Nobuhiko (Laguna: Institute of the South East Asian Studies and 
South East Asia Regional Center for Graduate Study and Research in Agriculture (SEARCA), 
2007).

58. Molden et al., “Governing to Grow Enough Food.”

59. OECD, “Financing Water: Investing in Sustainable Growth,” OECD Environment Policy Papers, 
no. 11 (2018).

60. P. L. Pingali and M. W. Rosegrant, “Intensive Food Systems in Asia: Can the Degradation 
Problems Be Reversed?” in Tradeoffs or Synergies? Agricultural Intensification, Economic 
Development and the Environment, ed. D. Lee and C. Barrett (New York: CABI International, 
2009), 383–97, http://doi.org/10.1079/9780851994352.0383.

61. Mark W. Rosegrant and Hans P. Binswanger, “Markets in Tradable Water Rights: Potential for 
Efficiency Gains in Developing Country Water Resource Allocation,” World Development 22, 
no. 11 (1994): 1613–25, https://doi.org/10.1016/0305-750X(94)00075-1.

62. Mark W. Rosegrant, “Challenges and Policies for Global Water and Food Security,” Economic 
Review, Economic Review, Special Issue 2016, Agriculture’s Water Economy, no. Special issue 
2016 (2016): 5–20.

63. Barbara van Koppen and Barbara Scheiner, “A Hybrid Approach to Decolonize Formal Water 
Law in Africa” (Colombo, Sri Lanka: International Water Management Institute (IWMI), 2018), 
https://doi.org/10.5337/2018.219.

64. Bryan Randolph Bruns and Ruth S. Meinzen-Dick, Negotiating Water Rights (UK: Practical 
Action, 2000), https://doi.org/10.3362/9781780445526.

65. David Molden et al., “Improving Agricultural Water Productivity: Between Optimism and 
Caution,” Agricultural Water Management 97, no. 4 (2010): 528–35, https://doi.org/10.1016/j 
.agwat.2009.03.023.

66. Mark W. Rosegrant and Peter B. R. Hazell, Transforming the Rural Asian Economy: The 
Unfinished Revolution (New York: Oxford University Press, 2001); Chris Perry, “Water at Any 
Price? Issues and Options in Charging for Irrigation Water,” Irrigation and Drainage 50, no. 
1 (2001): 1–7, https://doi.org/10.1002/ird.8; Hans Löfgren, “The Cost of Managing with Less: 
Cutting Water Subsidies and Supplies in Egypt’s Agriculture,” TMD Discussion Papers No. 7 
(Washington D.C.: International Food Policy Research Institute, 1996), http://cdm15738.con-
tentdm.oclc.org/utils/getfile/collection/p15738coll2/id/125578/filename/125609.pdf.

67. Rosegrant and Binswanger, “Markets in Tradable Water Rights.”

68. Rosegrant and Binswanger, “Markets in Tradable Water Rights.”

69. Rosegrant, “Challenges and Policies for Global Water and Food Security.”

70. John Pezzey, “Sustainability: An Interdisciplinary Guide,” Environmental Values 1, no. 4 (1992): 
321–62; M. W. Rosegrant, “The Water Brokerage Mechanism – Efficient Solution for the 
Irrigation Sector,” in XII World Water Congress “Water for Sustainable Development - Towards 
Innovative Solutions” (New Delhi, India: World Water Congress, 2005); Ringler et al., “Role of 
Water Security for Agricultural and Economic Development”; Mark W. Rosegrant et al., “Returns 
to Investment in Reducing Postharvest Food Losses and Increasing Agricultural Productivity 
Growth,” in Prioritizing Development: A Cost Benefit Analysis of the United Nations’ 
Sustainable Development Goals, ed. Bjorn Lomborg (Cambridge: Cambridge University Press, 
n.d.), 322–38.

122 FROM SCARCITY TO SECURITY



71. Ramón López and Gregmar I. Galinato, “Should Governments Stop Subsidies to Private Goods? 
Evidence from Rural Latin America,” Journal of Public Economics 91, no. 5–6 (2007): 1071–94, 
https://doi.org/10.1016/j.jpubeco.2006.10.004.

72. Global Water Partnership (GWB), “Institutional Arrangements (B).”

73. López and Galinato, “Should Governments Stop Subsidies to Private Goods?”

74. World Bank, World Development Report 2008: Agriculture for Development, Agriculture 
(Washington, DC: The World Bank, 2008); Shenggen Fan, Ashok Gulati, and Sukhadeo Thorat, 
“Investment, Subsidies, and Pro-Poor Growth in Rural India,” Agricultural Economics 39, no. 2 
(2008): 163–70, https://doi.org/10.1111/j.1574-0862.2008.00328.x; Ramesh Chand and Parmod 
Kumar, “Determinants of Capital Formation and Agriculture Growth: Some New Explorations,” 
Economic and Political Weekly 39, no. 52 (2004): 5611–16, https://www.epw.in/journal/2004/52/
review-agriculture-review-issues-specials/determinants-capital-formation-and; World Bank, 
“Managing Land and Water.”  

75. Aparajita Goyal and John Nash, Reaping Richer Returns: Public Spending Priorities for African 
Agriculture Productivity Growth, Africa Development Forum, 1st ed. (Washington: World Bank, 
2017).

76. Ringler and Zhu, “Water Scarcity and Food Security”; Global Water Partnership (GWB), 
“Institutional Arrangements (B).” 

77. Global Water Partnership (GWB), “Institutional Arrangements (B).”

78. Christina Babbitt et al., “The Future of Groundwater in California: Lessons in Sustainable 
Management from Across the West” (Lincoln, Nebraska: Environmental Defense Fund and the 
Daugherty Water for Food Global Institute at the University of Nebraska, n.d.), https://www.edf.
org/sites/default/files/groundwater-case-study.pdf.

79. Rosegrant and Ringler, “Why We Urgently Need Water Policy Reforms.”

80. T. Zhu et al., “Ending Groundwater Overdraft Globally? An Assessment of Water and Food 
Security Impacts Using Integrated Modeling,” (Washington, DC: Mimeo, 2018).

81. State of California, “Sustainable Groundwater Management Act,” Division of Agriculture and 
Natural Resources, University of California, Davis, 2014, http://groundwater.ucdavis.edu/SGMA.

82. Damania et al., Uncharted Waters.

83. Rosegrant, “Challenges and Policies for Global Water and Food Security.”

84. Mark W. Rosegrant, Ximing Cai, and Sarah A. Cline, “Will the World Run Dry? Global Water and 
Food Security,” Environment: Science and Policy for Sustainable Development 45, no. 7 (2003): 
24–36.

85. Philip K. Thornton, “Livestock Production: Recent Trends, Future Prospects,” Philosophical 
Transactions of the Royal Society B: Biological Sciences 365, no. 1554 (2010), https://doi.
org/10.1098/rstb.2010.0134.

86. Meredith Giordano et al., “Beyond ‘More Crop per Drop’: Evolving Thinking on Agricultural 
Water Productivity,” IWMI Research Report (Colombo, Sri Lanka, 2017).

87. World Bank, “Managing Land and Water”; Chris Perry et al., “Increasing Productivity in 
Irrigated Agriculture: Agronomic Constraints and Hydrological Realities,” Agricultural Water 
Management 96, no. 11 (2009): 1517–24, https://doi.org/10.1016/j.agwat.2009.05.005.

88. Johan Rockström et al., “Managing Water in Rainfed Agriculture-The Need for a Paradigm 
Shift,” Agricultural Water Management 97, no. 4 (2010): 543–50, https://doi.org/10.1016/j.
agwat.2009.09.009.

89. T Oweis, A. Hachum, and J. Kijne, “Water Harvesting and Supplemental Irrigation for Improved 
Water Use Efficiency in Dry Areas,” Rainfed Agriculture: Unlocking the Potential, SWIM Paper 
(Colombo, Sri Lanka, 1999).

90. Molden et al., “Improving Agricultural Water Productivity.”

91. Rockström et al., “Managing Water in Rainfed Agriculture.”

92. Charlotte de Fraiture, David Molden, and Dennis Wichelns, “Investing in Water for Food, 
Ecosystems, and Livelihoods: An Overview of the Comprehensive Assessment of Water 

123CHICAGO COUNCIL ON GLOBAL AFFAIRS



Management in Agriculture,” Agricultural Water Management 97, no. 4 (2010): 495–501, https://
doi.org/10.1016/j.agwat.2009.08.015.

93. R. A. Richards, C. López-Castañeda, and A. G. Condon, “Improving the Efficiency of Water Use 
by Plant Breeding and Molecular Biology,” Irrigation Science 14, no. 2 (1993): 93–104; R. A. 
Richards et al., “Breeding Opportunities for Increasing the Efficiency of Water Use and Crop 
Yield in Temperate Cereals,” Crop Science 42, no. 1 (2002): 111–21, https://doi.org/10.2135/crop-
sci2002.1110; Rodomiro Ortiz et al., “Overview on Crop Genetic Engineering for Drought-Prone 
Environments,” Journal of SAT Agricultural Research 4, no. 1 (2007): 30.

94. M. H. Ali and M. S. U. Talukder, “Increasing Water Productivity in Crop Production-A 
Synthesis,” Agricultural Water Management 95, no. 11 (2008): 1201–13, https://doi.org/10.1016/j.
agwat.2008.06.008; International Food Policy Research Institute (IFPRI) and VEOLIA, “The 
Murky Future of Global Water Quality: New Global Study Projects Rapid Deterioration in 
Water Quality” (Washington DC and Chicago, 2015), http://ebrary.ifpri.org/cdm/ref/collection/
p15738coll2/id/129349.

95. International Food Policy Research Institute (IFPRI) and VEOLIA, “The Murky Future of Global 
Water Quality.”

96. Benita M. Beamon, “Measuring Supply Chain Performance,” International Journal 
of Operations and Production Management 19, no. 3 (1999): 275–92, https://doi.
org/10.1108/01443579910249714; Clemens Lohman, Leonard Fortuin, and Marc 
Wouters, “Designing a Performance Measurement System: A Case Study,” European 
Journal of Operational Research 156, no. 2 (2004): 267–86, https://doi.org/10.1016/
S0377-2217(02)00918-9.

97. Beamon, “Measuring Supply Chain Performance”; Lohman, Fortuin, and Wouters, “Designing a 
Performance Measurment System.”

98. H. Charles J. Godfray et al., “Food Security: The Challenge of Feeding 9 Billion People,” 
Science 327, no. 5967 (2010): 812–18, https://doi.org/10.1126/science.1185383; Rosegrant et al., 
“Returns to Investment.”

99. Jenny Gustavsson, Christel Cederberg, and Ulf Sonesson, “Global Food Losses and Food 
Waste,” in International Congress SAVE FOOD! At Interpack2011 Düsseldorf, Germany (Rome: 
Food and Agriculture Organization of the United Nations, 2011).

100. Rosegrant et al., “Returns to Investment.”

101. OECD, “Financing Water.”

102. Svendson, Gulati, and Raju, “Reform Options for Construction and Rehabilitation.”

103. Svendson, Gulati, and Raju, “Reform Options for Construction and Rehabilitation.”

104. Svendson, Gulati, and Raju, “Reform Options for Construction and Rehabilitation.”

105. Svendson, Gulati, and Raju, “Reform Options for Construction and Rehabilitation.”

106. James Winpenny, “Financing Water For All: Report of the World Panel on Financing 
Water Infrastructure Chaired by Michel Camdessus,” 2003, http://www.rioc.org/IMG/pdf/
FinancingWaterForAll_complete.pdf.

107. A. Y. Hoekstra and M. M. Mekonnen, “The Water Footprint of Humanity,” Proceedings of the 
National Academy of Sciences, 2012, https://doi.org/10.1073/pnas.1109936109; de Fraiture, 
Molden, and Wichelns, “Investing in Water for Food, Ecosystems, and Livelihoods.”

108. de Fraiture, Molden, and Wichelns, “Investing in Water for Food, Ecosystems, and Livelihoods.”

109. Daniel Mason-D’Croz et al., “Agricultural Investments and Hunger in Africa: Modeling Potential 
Contributions to SDG2 – Zero Hunger,” World Development 116 (2019): 28–53.

110. Lukasz Aleksandrowicz et al., “The Impacts of Dietary Change on Greenhouse Gas Emissions, 
Land Use, Water Use, and Health: A Systematic Review,” PLoS ONE, 2016, https://doi.
org/10.1371/journal.pone.0165797.

111. M. Jalava et al., “Diet Change - A Solution to Reduce Water Use?” Environmental Research 
Letters 9, no. 7 (2014), https://doi.org/10.1088/1748-9326/9/7/074016.

124 FROM SCARCITY TO SECURITY



112. Jón S. Ólafsson et al., “Glacier Shrinkage Driving Global Changes in Downstream Systems,” 
Proceedings of the National Academy of Sciences 114, no. 37 (2017): 9770–78, https://doi.
org/10.1073/pnas.1619807114.

113. Marco Springmann et al., “Mitigation Potential and Global Health Impacts from Emissions 
Pricing of Food Commodities,” Nature Climate Change 7, no. 1 (2017): 69–74, https://doi.
org/10.1038/nclimate3155.

114. Molden et al., “Improving Agricultural Water Productivity.”

115. Mesfin M. Mekonnen and Julian Fulton, “The Effect of Diet Changes and Food Loss Reduction 
in Reducing the Water Footprint of an Average American,” Water International 43, no. 6 (2018): 
860–70.

116. Rosegrant, Ringler, and Zhu, “Water for Agriculture.”

117. Claudia Ringler et al., “Water in the Agricultural Economy: Opportunities and Challenges,” 
Working Paper (Washington, DC: International Food Policy Research Institute, 2017).

118. Stanley Wood et al., “What Is the Irrigation Potential for Africa? A Combined Biophysical and 
Socioeconomic Approach,” Food Policy 36, no. 6 (2011): 770–82, https://doi.org/10.1016/j.
foodpol.2011.09.001.

119. Hua Xie et al., “Estimating the Potential for Expanding Smallholder Irrigation in Sub-
Saharan Africa,” Agricultural Water Management 131 (2014): 183–93, https://doi.org/10.1016/j.
agwat.2013.08.011.

120. Water Scarcity Solutions, “NEW – Community Implemented Aquifer Recharge 
Scheme,” 2030 Water Resources Group, n.d., https://www.waterscarcitysolutions.org/
new-community-implemented-aquifer-recharge-scheme.

121. Nikolay Voutchkov, “Desalination – Past, Present and Future,” Cities of the Future 
(International Water Association, August 17, 2016), http://www.iwa-network.org/
DESALINATION-PAST-PRESENT-FUTURE.

122. World Bank, “Managing Land and Water.”

123. Voutchkov, “Desalination – Past, Present and Future.”

124. World Bank, World Development Report 2009: Reshaping Economic Geography (Washington, 
DC: The World Bank, 2009), http://documents.worldbank.org/curated/en/730971468139804495 
/pdf/437380REVISED01BLIC1097808213760720.pdf.

125. World Bank, “Managing Land and Water.”

126. AQUASTAT, “FAO’s Information System on Water and Agriculture” (Food and Agriculture 
Organization of the United Nations (FAO), 2016).

127. UN-Water, Wastewater; Mateo-Sagasta, Raschid-Sally, and Thebo, “Global Wastewater and 
Sludge Production, Treatment and Use.”

128. Drechsel and Evans, “Wastewater Use in Irrigated Agriculture.”

129. Mateo-Sagasta, Raschid-Sally, and Thebo, “Global Wastewater and Sludge Production, 
Treatment and Use”; UN-Water, Wastewater.

130. M. Qadir et al., “The Challenges of Wastewater Irrigation in Developing Countries,” Agricultural 
Water Management 97, no. 4 (2010): 561–68, https://doi.org/10.1016/j.agwat.2008.11.004.

131. Drechsel and Evans, “Wastewater Use in Irrigated Agriculture.”

132. Drechsel and Evans, “Wastewater Use in Irrigated Agriculture.”

133. UN-Water, Wastewater.

134. Pepsico, “Water Stewardship,” 2018.

135. Richard Damania et al., Uncharted Waters.

136. Shaoqing Chen and Bin Chen, “Net Energy Production and Emissions Mitigation of Domestic 
Wastewater Treatment System: A Comparison of Different Biogas-Sludge Use Alternatives,” 
Bioresource Technology 144 (2013): 296–303, https://doi.org/10.1016/j.biortech.2013.06.128; K. 
Buchauer and C. Huang, “Recommendations for Urban Sludge Management in China” (working 
paper, Washington, DC: The World Bank, 2016); Damania et al., Uncharted Waters.

125CHICAGO COUNCIL ON GLOBAL AFFAIRS



137. Frank Van Dien and Pieter Boone, “Evaluation Report: Constructed Wetlands Pilot at Sher 
Ethiopia PLC” (Horn of Africa Regional Environment Centre and Network, 2015).

138. Damania et al., Uncharted Waters.

139. G. Prain, “Strengthening Horticulture in Urban and Peri-Urban Areas of the Global South: 
Policy Challenges and Interventions,” in Symposium on Protected Production of Fruits and 
Vegetables for Nutrition Security in Urban and Peri-Urban Environments, Washington DC, July 
18, 2018 (Washington, DC, 2018).

140. Prain, “Strengthening Horticulture.”

141. A. L. Thebo, P. Drechsel, and E. F. Lambin, “Global Assessment of Urban and Peri-Urban 
Agriculture: Irrigated and Rainfed Croplands,” Environmental Research Letters 9, no. 11 (2014): 
1–9, https://doi.org/10.1088/1748-9326/9/11/114002.

142. Thebo, Drechsel, and Lambin, “Global Assessment of Urban and Peri-Urban Agriculture.”

143. Thebo, Drechsel, and Lambin, “Global Assessment of Urban and Peri-Urban Agriculture.”

144. Diana Lee-Smith, “Which Way for UPA in Africa?” City 17, no. 1 (2013): 69–84, https://doi.org/10.1
080/13604813.2012.754177.

145. Martin Bourque, “Policy Options for Urban Agriculture,” in Growing Cities, Growing Food. 
Urban Agrculture on the Policy Agenda. A Reader on Urban Agriculture, ed. N. Bakker et al. 
(Germany: DSE, 2000), 119–45.

146. M. Qadir et al., “The Challenges of Wastewater Irrigation; Jörg Gertel and Said Samir, “Cairo: 
Urban Agriculture and Visions for a ‘Modern’ City,” in Growing Cities, Growing Food: Urban 
Agriculture on the Policy Agenda, ed. H. de Zeeuw . Bakker, M. Dubbeling, S. Guendel, U. 
Sabel Koschella (Germany: DSE, 2000), 209–34; B. Mbiba, “Urban Agriculture in Harare: 
Between Suspicion and Repression,” in Growing Cities, Growing Food, Urban Agriculture on 
the Policy Agenda, ed. H. de Zeeuw N. Bakker, M. Dubbeling, S. Guendel, U. Sabel Koschella 
(Germany: DSE, 2000).

147. Bourque, “Policy Options for Urban Agriculture.”

148. Bourque, “Policy Options for Urban Agriculture.”

149. Rosegrant, Ringler, and Zhu, “Water for Agriculture.”

150. J. A. Allan, “Virtual Water: A Strategic Resource Global Solutions to Regional Deficits,” Ground 
Water 36, no. 4 (1998): 545–46, https://doi.org/10.1111/j.1745-6584.1998.tb02825.x; A. Y. 
Hoekstra and P. Q. Hung, “Virtual Water Trade: A Quantification of Virtual Water Flows between 
Nations in Relation to International Crop Trade,” Value of Water Research Report Series, no. 11 
(2002): 1–244.

151. Charlotte de Fraiture et al., “Does International Cereal Trade Save Water? The Impact of Virtual 
Water Trade on Global Water Use,” Comprehensive Assessment of Water Management in 
Agriculture Research Report 4 (Colombo, Sri Lanka: International Water Management Institute, 
2004).

152. de Fraiture et al., “Does International Cereal Trade Save Water?”; H. Yang et al., “Virtual Water 
Trade: An Assessment of Water Use Efficiency in the International Food Trade,” Hydrology and 
Earth System Sciences 10, no. 3 (2006): 443–54, https://doi.org/10.5194/hess-10-443-2006.

153. Jorge Ramirez-Vallejo and Peter Rogers, “Failure of the Virtual Water Argument: Possible 
Explanations Using the Case Study of Mexico and NAFTA,” in Global Change: Impacts on 
Water and Food Security, ed. Claudia Ringler, Asit K. Biswas, and Sarah Cline (Berlin: Springer, 
2010), 113–26, https://doi.org/10.1007/978-3-642-04615-5_6.

154. Rosegrant, Ringler, and Zhu, “Water for Agriculture.”

155. J. Ramirez-Vallejo and P. Rogers, “Virtual Water Flows and Trade Liberalization,” Water Science 
and Technology 49, no. 7 (2004): 25–32; Maria Berrittella et al., “The Economic Impact of 
Restricted Water Supply: A Computable General Equilibrium Analysis,” Water Research 41, no. 
8 (2007): 1799–1813, https://doi.org/10.1016/j.watres.2007.01.010.

156. Maria Berrittella et al., “The Economic Impact of Restricted Water Supply.”

157. M. Konar and K. K. Caylor, “Virtual Water Trade and Development in Africa,” Hydrology and 
Earth System Sciences 17, no. 10 (2013): 3969–82, https://doi.org/10.5194/hess-17-3969-2013.

126 FROM SCARCITY TO SECURITY



158. DWFI, “Pathways to Increasing Farmer-Led Investments in Sustainable Agricultural Water 
Management in Sub-Saharan Africa” (working paper, Lincoln, Nebraska, 2018).

159. T. S. Jayne, David Mather, and Elliot Mghenyi, “Principal Challenges Confronting Smallholder 
Agriculture in Sub-Saharan Africa,” World Development 38, no. 10 (2010): 1384–98, https://
doi.org/10.1016/j.worlddev.2010.06.002; Charlotte de Fraiture and Meredith Giordano, “Small 
Private Irrigation: A Thriving but Overlooked Sector,” Agricultural Water Management 131 
(2014): 167–74, https://doi.org/10.1016/j.agwat.2013.07.005; Jessica Fanzo, “From Big to Small: 
The Significance of Smallholder Farms in the Global Food System,” The Lancet Planetary 
Health 1, no. 1 (2017): e15–16, https://doi.org/10.1016/S2542-5196(17)30011-6.

160. Jennifer Parillo, “Precision Farming Technologies Work for Small-Scale Operations, Too” 
(AGCO, June 27, 2017), https://blog.agcocorp.com/2017/06/precision-farming-technologies 
-work-for-small-scale-operations-too.

161. Caspar van Vark, “Small-Scale Agriculture Holds Big Promise for Africa,” The Guardian, October 
23, 2013, https://www.theguardian.com/global-development-professionals-network/2013/
oct/23/irrigation-systems-agriculture-farm.

162. Ndubuisi Ekekwe, “How Digital Technology Is Changing Farming in Africa,” Harvard Business 
Review, May 18, 2017, https://hbr.org/2017/05/how-digital-technology-is-changing-farming 
-in-africa.

163. Bongani Ncube, Walter Mupangwa, and Adam French, “Precision Agriculture and Food 
Security in Africa,” in Systems Analysis Approach for Complex Global Challenges, ed. Priscilla 
Mensah et al. (Springer International Publishing, 2018), 159–78, https://doi.org/10.1007 
/978-3-319-71486-8_9.

164. Ekekwe, “How Digital Technology Is Changing Farming in Africa.”

165. USAID, “How Digital Tools Impact the Value Chain,” USAID - Feed the Future, 2017, https://www.
usaid.gov/sites/default/files/documents/15396/Why_Where_and_How_Digital_Tools_Impact_
the_Value_Chain.pdf.

166. USAID, “Low-Cost Sensors for Agriculture: Key Findings Report” (Washington, 2016), https://
static.globalinnovationexchange.org/s3fs-public/asset/document/USAID Sensors4Ag Key 
Findings FINAL_FOR DISTRIBUTION.pdf.

167. Willem Colenbrander and Barbara van Koppen, “Improving the Supply Chain of Motor Pumps 
to Accelerate Mechanized Small-Scale Private Irrigation in Zambia,” Water International 38, 
no. 4 (2013): 493–503, https://doi.org/10.1080/02508060.2013.819602; Barbara van Koppen, 
Lesley Hope, and Willem Colenbrander, “Gender Aspects of Small-Scale Private Irrigation in 
Africa,” IWMI Working Papers 153 (2012), https://doi.org/10.5337/2013.201.

168. DWFI, “Pathways to Increasing Farmer-Led Investments.” 

169. T. S. Jayne, Chance Kabaghe, and Isaac Minde, “Enhancing United States Efforts to Develop 
Sustainable Agri-Food Systems in Africa” (Philadelphia: Farm Journal Foundation, 2017).

170. DWFI, “Pathways to Increasing Farmer-Led Investments.”

171. DWFI, “Pathways to Increasing Farmer-Led Investments.”

172. DWFI, “Pathways to Increasing Farmer-Led Investments.”

173. WHO, “Progress on Drinking Water, Sanitation and Hygiene” (Geneva: World Health 
Organizatio, 2017).

174. Bethany Caruso, “Women Still Carry Most of the World’s Water,” The Conversation (blog), July 
16, 2017.

175. Sophie Theis, “Can Irrigation Both Empower and Exclude Women?” IFPRI Blog, July 9, 2018 
(International Food Policy Research Center).

176. Christine Jost et al., “Understanding Gender Dimensions of Agriculture and Climate Change in 
Smallholder Farming Communities,” Climate and Development 8, no. 2 (2016): 133–44, https://
doi.org/10.1080/17565529.2015.1050978.

177. Muntaha Rakib and Julia Anna Matz, “The Impact of Shocks on Gender-Differentiated Asset 
Dynamics in Bangladesh,” Journal of Development Studies 52, no. 3 (2016): 377–95, https://doi.
org/10.1080/00220388.2015.1093117; Agnes R. Quisumbing, Neha Kumar, and Julia A. Behrman, 

127CHICAGO COUNCIL ON GLOBAL AFFAIRS



“Do Shocks Affect Men’s and Women’s Assets Differently? Evidence from Bangladesh and 
Uganda,” Development Policy Review 36, no. 1 (2018): 3–34, https://doi.org/10.1111/dpr.12235; 
Amelia H. X. Goh, “A Literature Review of the Gender-Differentiated Impacts of Climate Change 
on Women’s and Men’s Assets and Well-Being in Developing Countries,” CAPRi Working Paper 
(Washington, DC, 2012).

178. Rakib and Matz, “The Impact of Shocks on Gender-Differentiated Asset Dynamics in 
Bangladesh.”

179. Naho Mirumachi, “Privatizing Water: Governance Failure and the World’s Urban Water Crisis,” 
Environment and Planning C: Government and Policy, 2011, https://doi.org/10.1068/c2902rvw; 
Hugo de Vos, Rutgerd Boelens, and Rocio Bustamante, “Formal Law and Local Water Control 
in the Andean Region: A Fiercely Contested Field,” International Journal of Water Resources 
Development 22, no. 1 (2006): 37–48, https://doi.org/10.1080/07900620500405049; Bina 
Agarwal, A Field of One’s Own: Gender and Land Rights in South Asia (Cambridge: Cambridge 
University Press, 1994).

180. Klaus Deininger, Aparajita Goyal, and Hari Nagarajan, “Women’s Inheritance Rights and 
Intergenerational Transmission of Resources in India,” Journal of Human Resources 48, no. 
1 (2013): 114–41, https://doi.org/10.3368/jhr.48.1.114; Daniel Ayalew Ali, Klaus Deininger, and 
Markus Goldstein, “Environmental and Gender Impacts of Land Tenure Regularization in Africa: 
Pilot Evidence from Rwanda,” Journal of Development Economics 110 (2014): 262–75, https://
doi.org/10.1016/j.jdeveco.2013.12.009.

181. E. S. Bryan et al., “Gender-Sensitive, Climate-Smart Agriculture for Improved Nutrition in 
Africa South of the Sahara,” in 2017 Annual Trends and Outlook Report (ATOR): A Thriving 
Agricultural Sector in a Changing Climate: The Contribution of Climate-Smart Agriculture 
to Malabo and Sustainable Development Goals, ed. A. De Pinto and J. M. Ulimwengu 
(Washington: International Food Policy Research Institute, 2017), http://www.resakss.org/sites/
default/files/Ch9 ReSAKSS_AW_ATOR_2016_Final.pdf.

182. Thomas Reardon and C. Peter Timmer, “The Economics of the Food System Revolution,” 
Annual Review of Resource Economics 4 (2012): 225–64, https://doi.org/10.1146/annurev.
resource.050708.144147.

183. Bart Minten, Lalaina Randrianarison, and Johan F. M. Swinnen, “Global Retail Chains and Poor 
Farmers: Evidence from Madagascar,” World Development, 2009, https://doi.org/10.1016/j.
worlddev.2008.08.024.

184. William Rivera, “Whither Agricultural Extension Worldwide? Reforms and Prospects,” in 
Knowledge Generation and Technical Change: Institutional Innovation in Agriculture, ed. 
Steven Wolf and David Zilberman (New York: Springer US, 2001), 291–311.

185. Meredith Giordano et al., “Beyond ‘More Crop per Drop’: Evolving Thinking on Agricultural 
Water Productivity,” IWMI Research Report (Colombo, Sri Lanka, 2017).

186. USDA, “Dietary Guidelines for Americans 2015-2020,” USDA Choose My Plate, 2019, https://
www.choosemyplate.gov; Mildred Haley, “USDA Livestock, Dairy and Poultry Outlook, 
December 2017” (Washington, DC, 2017). 

187. Leslie B. Snyder, “Health Communication Campaigns and Their Impact on Behavior,” Journal of 
Nutrition Education and Behavior 39, no. 2 (March-April 2007): S32–40, https://doi.org/10.1016/j.
jneb.2006.09.004.

188. Kym Anderson, Gordon Rausser, and Johan Swinnen, “Political Economy of Public Policies: 
Insights from Distortions to Agricultural and Food Markets,” Policy Research Working Paper 
(Washington, DC: The World Bank, 2013); L. Alan Winters, Neil McCulloch, and Andrew McKay, 
“Trade Liberalization and Poverty: The Evidence So Far,” Journal of Economic Literature 42, no. 
1 (2004): 72–115, https://doi.org/10.1257/002205104773558056.

189. OECD and the World Bank, “Facilitating Policy Change towards Sustainable Water Use in 
Agriculture,” in World Ban-OECD Workshop, 29-30 May, 2018 (Washington, DC: OECD, 2018), 
http://www.oecd.org/tad/events/facilitating-policy-change-towards-sustainable-water-use-in 
-agriculture-workshop-2018.htm.

190. USAID, “U.S. Government Global Water Strategy” (Washington D.C., 2017), https://www.usaid.
gov/sites/default/files/documents/1865/Global_Water_Strategy_2017_final_508v2.pdf. 

128 FROM SCARCITY TO SECURITY



191. USAID, “U.S. Government Global Water Strategy” (2017).

192. USAID, “U.S. Government Global Food Security Strategy” (Washington, DC, 2016). 

193. FAO, The State of the World’s Land and Water Resources for Food and Agriculture (Rome and 
London: FAO and Earthscan, 2011) 

194. ODNI, “Intelligence Community Assessment: Global Food Security” (Washington, DC: Office of 
the Director of National Intelligence, 2015), https://www.dni.gov/files/documents/Newsroom/
Reports and Pubs/Global_Food_Security_ICA.pdf. 

195. D Wichelns et al., “Farmers Describe Irrigation Costs, Benefits: Labor Costs May Offset 
Water Savings of Sprinkler Systems,” California Agriculture 50, no. 1 (1996): 11–18, https://doi.
org/10.3733/ca.v050n01p11. 

196. David Molden, A Comprehensive Assessment of Water Management in Agriculture, ed. David 
Molden (London: Earthscan and the International Water Management Institute, 2007).

197. NOAA, “National Environmental Satellite, Data, and Information Service (NESDIS),” National 
Oceanic and Atmospheric Administration, 2018, https://www.nesdis.noaa.gov. 

198. Yun Sun, “China in Africa: Implications for U.S. Competition and Diplomacy,” Brookings, 2013. 

199. Independent Task Force, “Stability in the 21st Century Sponsored by Stability in the 21st 
Century: Global Food Security for Peace and Prosperity Prepared by an Independent Task 
Force on Global Food Security” (Chicago: The Chicago Council on Global Affairs, 2017), https://
www.thechicagocouncil.org/publication/stability-21st-century-global-food-security-peace 
-and-prosperity. 

200. Yun Sun, “American Companies and Chinese Belt and Road in Africa,” Brookings, 2018. 

201. Marco Bindi et al., “Impacts of 1.5oC Global Warming on Natural and Human Systems,” 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 (Geneva: 
Intergovernmental Panel on Climate Change (IPCC), 2018). 

202. IPCC, “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, ed. T. Waterfield V. Masson-Delmotte, 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, and M. Tignor (Geneva: 
IPCC, 2018), 1–32. 

203. IPCC, “Summary for Policymakers.”

204. National Institute of Food and Agriculture, “AFRI Water Challenge Area,” 2017, https://nifa.usda 
.gov/program/afri-water-agriculture-challenge-area.

205. Yossi Matias, “Keep People Safe with AI-Enabled Flood Forecasting,” The Keyword, 
Google Blogs, September, 24, 2018, https://www.blog.google/products/search/
helping-keep-people-safe-ai-enabled-flood-forecasting. 

206. World Bank - ETWWA, “Improving Wastewater Use in Agriculture: An Emerging Priority” 
(Washington D.C., 2010), http://siteresources.worldbank.org/INTWAT/Resources/
ESWWastewaterAg.pdf. 

207. Tezira Lore, “Taking Stock: East Africa Diary Development Project Reflects on Its Achievements 
and Lessons Learned,” ILRI News, July 2, 2013, https://www.ilri.org/ilrinews/index.php/archives/
tag/eadd.

208. Gowri Koneswaran and Danielle Nierenberg, “Global Farm Animal Production and Global 
Warming: Impacting and Mitigating Climate Change,” Environmental Health Perspectives 116, 
no. 5 (2008): 578–82, https://doi.org/10.1289/ehp.11034.

209. FAO, “EX-ACT: Nutrients and Soil Fertility Management,” Food and Agriculture Organization 
of the United Nations: Sustainable Agriculture Platform, 2018, http://www.fao.org/tc/exact/
sustainable-agriculture-platform-pilot-website/nutrients-and-soil-fertility-management/en.

129CHICAGO COUNCIL ON GLOBAL AFFAIRS



210. IWMI, “Rainfed Agriculture,” Issue Briefs (Colombo, Sri Lanka: International Water Management 
Institute, 2018), http://www.iwmi.cgiar.org/issues/rainfed-agriculture/summary. 

211. B. Helmreich and H. Horn, “Opportunities in Rainwater Harvesting,” Desalination 248, no. 1–3 
(2009): 118–24, https://doi.org/10.1016/j.desal.2008.05.046.

212. FAO, “Positive Outlook for Global Seafood as Demand Surges for Multiple Species in Markets 
Across the World,” GLOBEFISH Market Reports (Food and Agriculture Organization of the 
United Nations, March 19, 2018), http://www.fao.org/in-action/globefish/market-reports/
resource-detail/en/c/1109513. 

213. L. T. Phong et al., “An Agro-Ecological Evaluation of Aquaculture Integration into Farming 
Systems of the Mekong Delta,” Agriculture, Ecosystems and Environment 138, no. 3–4 (2010): 
232–41, https://doi.org/10.1016/j.agee.2010.05.004. 

214. FAO, “Irrigation Management,” Water Management (FAO Land and Water Division, 2018), http://
www.fao.org/3/a-i4591e.pdf. 

215. FAO, “Irrigation Management.”

216. Molden et al., “Improving Agricultural Water Productivity.” 

217. Muir and Allison, “The Threat to Fisheries and Aquaculture from Climate Change-World Fish 
Centre Policy Brief.”

218. FAO, “Wastewater Treatment and Reuse in Agriculture” (Rome, 2018), http://www.fao.org 
/land-water/water/water-management/wastewater/en. 

219. Jacob Blotter, “Climate Change Could Alter Ocean Food Chains Leading to Far Fewer Fish in 
the Sea [Blog],” The Conversation (blog), April 19, 2018), http://theconversation.com 
/climate-change-could-alter-ocean-food-chains-leading-to-far-fewer-fish-in-the-sea-93114. 

130 FROM SCARCITY TO SECURITY



Bibliography
2030 Water Resources Group. “Charting Our Water Future: Economic Frameworks to  

Inform Decision-Making.” 2030 Water Resources Group, 2009.
Aarnoudse, Eefje, Alvar Closas, and Nicole Lefore. “Water User Associations: A Review 

of Approaches and Alternative Management Options for Sub-Saharan Africa.” IWMI 
Working Papers. Colombo, Sri Lanka: International Water Management Institute, 2018. 
https://doi.org/10.5337/2018.210.

Agarwal, Bina. A Field of One’s Own: Gender and Land Rights in South Asia. Cambridge: 
Cambridge University Press, 1994.

AGRA. “Irrigation Doubles African Food Production.” 2019. https://agra.org/irrigation-dou-
bles-african-food-production/ 

Aker, Jenny C., and Isaac M. Mbiti. “Mobile Phones and Economic Development in Africa.” 
Center for Global Development Working Paper No. 211. SSRN, 2010. https://doi 
.org/10.2139/ssrn.1693963.

Aleksandrowicz, Lukasz, Rosemary Green, Edward J. M. Joy, Pete Smith, and Andy Haines. 
“The Impacts of Dietary Change on Greenhouse Gas Emissions, Land Use, Water Use, 
and Health: A Systematic Review.” PLoS ONE, 2016. https://doi.org/10.1371/journal 
.pone.0165797.

Ali, Daniel Ayalew, Klaus Deininger, and Markus Goldstein. “Environmental and Gender 
Impacts of Land Tenure Regularization in Africa: Pilot Evidence from Rwanda.” Journal 
of Development Economics 110 (2014): 262–75. https://doi.org/10.1016/j 
.jdeveco.2013.12.009.

Ali, M. H., and M. S. U. Talukder. “Increasing Water Productivity in Crop Production-A  
Synthesis.” Agricultural Water Management 95, no. 11 (2008): 1201–13. https://doi 
.org/10.1016/j.agwat.2008.06.008.

Allan, J. A. “Virtual Water: A Strategic Resource Global Solutions to Regional Deficits.”  
Ground Water 36, no. 4 (1998): 545–46. https://doi.org/10.1111/j.1745-6584.1998 
.tb02825.x.

Anderson, Kym, Gordon Rausser, and Johan Swinnen. “Political Economy of Public Policies: 
Insights from Distortions to Agricultural and Food Markets.” Policy Research Working 
Paper. Washington, DC: The World Bank, 2013.

AQUASTAT. “FAO’s Information System on Water and Agriculture.” Food and Agriculture 
Organization of the United Nations (FAO), 2016.

Babbitt, Christina, Kate Gibson, Scott Sellers, Nicholas Brozović, Anthony Saracino, Ann 
Hayden, Maurice Hall, and Sandra Zellmer. “The Future of Groundwater in Califor-
nia: Lessons in Sustainable Management from across the West.” Lincoln, Nebraska: 
Environmental Defense Fund and the Daugherty Water for Food Global Institute at the 
University of Nebraska, 2018. http://waterforfood.nebraska.edu/wp-content 
/uploads/2018/01/groundwater-case-study.pdf.

Barker, R., and M. W. Rosegrant. “Establishing Efficient Use of Water Resources in Asia.” In 
Reasserting the Rural Development Agenda: Lessons Learned and Emerging Chal-
lenges in Asia, edited by A Balisacan and F. Nobuhiko. Laguna: Institute of the South 
East Asian Studies and South East Asia Regional Center for Graduate Study and Re-
search in Agriculture (SEARCA), 2007.

Batta, Fatou, Tsuamba Bourgou, and Clarisse Diasso. “Farmers Teach Farmers in Burki-
na Faso.” Updates from the Ground. Groundswell International, December 18, 2013. 
https://www.groundswellinternational.org/burkina-faso/farmers-teach-farmers-in 
-burkina-faso.

131CHICAGO COUNCIL ON GLOBAL AFFAIRS



Bazzaz, F., and W. Sombroek. Global Climate Change and Agricultural Production. Direct 
and Indirect Effects of Changing Hydrological, Pedological and Plant Physiological 
Processes. Rome: Food and Agriculture Organization of the United Nations, 1996. 
http://www.fao.org/docrep/w5183e/w5183e00.HTM#Contents.

Beamon, Benita M. “Measuring Supply Chain Performance.” International Journal of  
Operations and Production Management 19, no. 3 (1999): 275–92. https://doi 
.org/10.1108/01443579910249714.

Berrittella, Maria, Arjen Y. Hoekstra, Katrin Rehdanz, Roberto Roson, and Richard S. J. Tol. 
“The Economic Impact of Restricted Water Supply: A Computable General Equilibrium 
Analysis.” Water Research 41, no. 8 (2007): 1799–813. https://doi.org/10.1016/j 
.watres.2007.01.010.

Bindi, Marco, Sally Brown, Ines Camilloni, Arona Diedhiou, Riyanti Djalante, Kristie Ebi, 
Francois Engelbrecht, et al. “Impacts of 1.5oC Global Warming on Natural and Hu-
man Systems.” 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. Geneva: Intergovernmental Panel on Climate Change 
(IPCC), 2018.

Block, Paul J., Kenneth Strzepek, Mark W. Rosegrant, and Xinshen Diao. “Impacts of Con-
sidering Climate Variability on Investment Decisions in Ethiopia.” Agricultural Econom-
ics 39, no. 2 (2008): 171–81. https://doi.org/10.1111/j.1574-0862.2008.00322.x.

Blotter, Jacob. “Climate Change Could Alter Ocean Food Chains Leading to Far Fewer Fish 
in the Sea.” The Conversation (blog), April 19, 2018. http://theconversation.com/ 
climate-change-could-alter-ocean-food-chains-leading-to-far-fewer-fish-in 
-the-sea-93114.

Bourque, Martin. “Policy Options for Urban Agriculture.” In Growing Cities, Growing Food. 
Urban Agrculture on the Policy Agenda. A Reader on Urban Agriculture, edited by N. 
Bakker, M. Dubelling, S. Guendel, U. Sabel Koschella, and H. de Zeeuw, 119–45. Feldaf-
ing, Germany: DSE, 2000.

Brown, Casey, and Upmanu Lall. “Water and Economic Development: The Role of Variabili-
ty and a Framework for Resilience.” Natural Resources Forum 30, no. 4 (2006): 306–17. 
https://doi.org/10.1111/j.1477-8947.2006.00118.x.

Bruns, Bryan Randolph, and Ruth S. Meinzen-Dick. Negotiating Water Rights. UK: Practical 
Action, 2000. https://doi.org/10.3362/9781780445526.

Bryan, E. S., S. Theis, J. Choufani, A. De Pinto, R. Menzen-Dick, and C. Ringler. “Gen-
der-Sensitive, Climate-Smart Agriculture for Improved Nutrition in Africa South of the 
Sahara.” In 2017 Annual Trends and Outlook Report (ATOR): A Thriving Agricultural 
Sector in a Changing Climate: The Contribution of Climate-Smart Agriculture to Mala-
bo and Sustainable Development Goals, edited by A. De Pinto and J. M. Ulimwengu. 
Washington: International Food Policy Research Institute, 2017. http://www.resakss.org 
/sites/default/files/Ch9 ReSAKSS_AW_ATOR_2016_Final.pdf.

Buchauer, K., and C. Huang. “Recommendations for Urban Sludge Management in China.” 
Working Paper. Washington, DC: The World Bank, 2016.

Caruso, Bethany. “Women Still Carry Most of the World’s Water.” The Conversation (blog), 
July 16, 2017.

132 FROM SCARCITY TO SECURITY



Ceballos, F., B. Kramer, and M. Robles. “The Feasibility of Picture-Based Crop Insurance 
(PBI): Smartphone Pictures for Affordable Crop Insurance.” IFPRI Discussion Paper. 
Vancouver, British Columbia: International Food Policy Research Institute, 2018. http://
www.ifpri.org/publication/feasibility-picture-based-insurance-pbi-smartphone 
-pictures-affordable-crop-insurance.

CEO Water Mandate. “Water Action Hub.” CEO Water Mandate. CEO Water Mandate, 2018. 
https://wateractionhub.org.

CGIAR. “Who Grows Rice.” Ricepedia: The Online Authority on Rice. CGIAR Research Pro-
gram on Rice, 2018. http://ricepedia.org/rice-as-a-crop/who-grows-rice.

Chand, Ramesh, and Parmod Kumar. “Determinants of Capital Formation and Agriculture 
Growth: Some New Explorations.” Economic and Political Weekly 39, no. 52 (2004): 
5611–16. https://www.epw.in/journal/2004/52/review-agriculture-review-issues 
-specials/determinants-capital-formation-and.

Chandran, Rina. “As Asians Get Rich and Healthy, ‘Smart Crops’ Replace Rice on Future 
Menus.” Big Story 10. Reuters, May 21, 2018. https://www.reuters.com/article/us-asia-
food-rice/as-asians-get-rich-and-healthy-smart-crops-replace-rice-on-future-menus 
-idUSKCN1IM0V7.

Chen, Shaoqing, and Bin Chen. “Net Energy Production and Emissions Mitigation of Do-
mestic Wastewater Treatment System: A Comparison of Different Biogas-Sludge Use 
Alternatives.” Bioresource Technology 144 (2013): 296–303. https://doi.org/10.1016/j 
.biortech.2013.06.128.

Christiaensen, Luc, and Ravi Kanbur. “Secondary Towns and Poverty Reduction: Refo-
cusing the Urbanization Agenda.” Annual Review of Resource Economics 9 (2017): 
405–19. https://doi.org/10.1146/annurev-resource-100516-053453.

Climate Central. “The 10 Hottest Global Years on Record.” Graphics Gallery. Climate Cen-
tral, February 6, 2019. https://www.climatecentral.org/gallery/graphics/climate-change 
-means-a-longer-us-growing-season.

Colenbrander, Willem, and Barbara van Koppen. “Improving the Supply Chain of Motor 
Pumps to Accelerate Mechanized Small-Scale Private Irrigation in Zambia.” Water In-
ternational 38, no. 4 (2013): 493–503. https://doi.org/10.1080/02508060.2013.819602.

Coninck, H. de, A. Revi, M. Babiker, P. Bertoldi, M. Buckeridge, A. Cartwright, W. Dong et al. 
“Strengthening and Implementing the Global Response.” In Global Warming of 1.5°C. 
An IPCC Special Report on the Impacts of Global Warming of 1.5°C above Pre-Indus-
trial Levels and Related Global Greenhouse Gas Emission Pathways, in the Context 
of Strengthening the Global Response to the Threat of Climate Change, edited by V. 
Delmotte, P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P. R. Shukla, A. Pirani et al. Gene-
va: IPCC, 2018. https://www.ipcc.ch/site/assets/uploads/sites/2/2019/02/SR15 
_Chapter4_Low_Res.pdf.

Cooper, P. J. M., J. Dimes, K. P. C. Rao, B. Shapiro, B. Shiferaw, and S. Twomlow. “Coping 
Better with Current Climatic Variability in the Rain-Fed Farming Systems of Sub-Saha-
ran Africa: An Essential First Step in Adapting to Future Climate Change?” Agriculture, 
Ecosystems and Environment 126, no. 1–2 (2008): 24–35. https://doi.org/10.1016/j 
.agee.2008.01.007.

Cumming, Oliver, Louise Watson, and Alan Dangour. “Water, Sanitation and Hygiene: A 
Missing Link to Food and Nutrition Security?” In Routledge Handbook of Food and 
Nutrition Security, edited by Bill Pritchard, Rodomiro Ortiz, and Meera Shekar, 442–54. 
London: Routledge, 2016. https://doi.org/10.4324/9781315745749.

133CHICAGO COUNCIL ON GLOBAL AFFAIRS



Damania, Richard, Sébastien Desbureaux, Marie Hyland, Asif Islam, Scott Moore, Aude-So-
phie Rodella, and Esha Zaveri. Uncharted Waters: The New Economics of Water Scar-
city and Variability. 1st ed. Washington, DC: The World Bank, 2017. https:// 
openknowledge.worldbank.org/bitstream/handle/10986/28096/9781464811791.pdf 
?sequence=21&isAllowed=y.

Damania, Richard, Jason Russ, David Wheeler, and Alvaro Federico Barra. “The Road to 
Growth: Measuring the Tradeoffs between Economic Growth and Ecological Destruc-
tion.” World Development 101 (2018): 351–76. https://doi.org/10.1016/j 
.worlddev.2017.06.001.

Deininger, Klaus, Aparajita Goyal, and Hari Nagarajan. “Women’s Inheritance Rights and 
Intergenerational Transmission of Resources in India.” Journal of Human Resources 
48, no. 1 (2013): 114–41. https://doi.org/10.3368/jhr.48.1.114.

De Leeuw, J., P. Osano, M. Said, A. A. Ayantunde, S. Dube, C. Neely, A. Vrieling, P. Thorn-
ton, and P. Ericksen. “The pastoral farming system: Balancing between tradition and 
transition.” In Farming Systems and Food Security in Africa. Routledge, Taylor & Fran-
cis Group, 2019 

Devlin, Colleen, and Cullen S. Hendrix. “Trends and Triggers Redux: Climate Change,  
Rainfall, and Interstate Conflict.” Political Geography 43 (2014): 27–39. https://doi 
.org/10.1016/j.polgeo.2014.07.001.

Dien, Frank Van, and Pieter Boone. “Evaluation Report: Constructed Wetlands Pilot at Sher 
Ethiopia PLC.” Horn of Africa Regional Environment Centre and Network, 2015.

Dillon, Pat, Paul Pavelic, Declan Page, John Ward, and Helen Beringen. “Managed Aqui-
fer Recharge: An Introduction.” Waterlines Report. Canberra: National Water Com-
mission, 2009.

Dinar, Ariel, Mark W. Rosegrant, and Ruth S. Meinzen-Dick. “Water Allocation Mechanisms: 
Principles and Examples.” Policy Research Working Paper. Washington, 1997. https://
doi.org/doi:10.1596/1813-9450-1779.

Dixon, John, Dennis Garrity, Jean-Marc Boffa, Timothy William, Tilahun Amede, Christopher 
Auricht, Rosemary Lott, and George Mburathi. Farming Systems and Food Security 
in Africa Priorities for Science and Policy Under Global Change. Earthscan Food and 
Agriculture, 1st ed. Routledge, 2019.

Domènech, Laia. “Improving Irrigation Access to Combat Food Insecurity and Undernutri-
tion: A Review.” Global Food Security 6 (2015): 24–33. https://doi.org/10.1016/j 
.gfs.2015.09.001.

Drechsel, Pay, and Alexandra E. V. Evans. “Wastewater Use in Irrigated Agriculture.”  
Irrigation and Drainage Systems 24, no. 1–2 (2010): 1–3. https://doi.org/10.1007 
/s10795-010-9095-5.

DWFI. “Pathways to Increasing Farmer-Led Investments in Sustainable Agricultural Water 
Management in Sub-Saharan Africa.” Working Paper. Lincoln, Nebraska, 2018.

Ekekwe, Ndubuisi. “How Digital Technology Is Changing Farming in Africa.” Harvard Busi-
ness Review, May 18, 2017. https://hbr.org/2017/05/how-digital-technology-is 
-changing-farming-in-africa.

Fan, Shenggen, Ashok Gulati, and Sukhadeo Thorat. “Investment, Subsidies, and Pro-Poor 
Growth in Rural India.” Agricultural Economics 39, no. 2 (2008): 163–70. https://doi 
.org/10.1111/j.1574-0862.2008.00328.x.

Fanzo, Jessica. “From Big to Small: The Significance of Smallholder Farms in the Global 
Food System.” The Lancet Planetary Health 1, no. 1 (2017): e15–16. https://doi 
.org/10.1016/S2542-5196(17)30011-6.

134 FROM SCARCITY TO SECURITY



FAO. “Dairy Sector Global Facts.” Food and Agriculture Organization of the United Nations, 
2016. https://www.fil-idf.org/wp-content/uploads/2016/12/FAO-Global-Facts-1.pdf.

———. “Did You Know? Facts and Figures about Irrigation Areas, Irrigated Crops, Environ-
ment.” AQUASTAT. Food and Agriculture Organization of the United Nations, Decem-
ber 2014. http://www.fao.org/nr/water/aquastat/didyouknow/index3.stm.

———. “EX-ACT: Nutrients and Soil Fertility Management.” Food and Agriculture Organiza-
tion of the United Nations: Sustainable Agriculture Platform, 2018. http://www.fao 
.org/tc/exact/sustainable-agriculture-platform-pilot-website/nutrients-and-soil 
-fertility-management/en.

———. Future Smart Food: Rediscovering Hidden Treasures of Neglected and Underuti-
lized Species for Zero Hunger in Asia. Edited by Xuan Li and Kadambot H. M. Sid-
dique. Bangkok: Food and Agriculture Organization of the United Nations, 2018.  
http://www.fao.org/3/I9136EN/i9136en.pdf.

———. “Impact of Natural Hazards and Disasters on Agriculture: A Call for Action.” Rome: 
Food and Agriculture Organization of the United Nations, 2015. http://www.fao 
.org/3/a-i4434e.pdf.

———. “Irrigation Management.” Water Management. FAO Land and Water Division, 2018. 
http://www.fao.org/3/a-i4591e.pdf.

———. “Israel (Water Report 34).” Rome, 2009. http://www.fao.org/nr/water/aquastat 
/countries_regions/ISR.

———. “Positive Outlook for Global Seafood as Demand Surges for Multiple Species in 
Markets Across the World.” GLOBEFISH Market Reports. Food and Agriculture Organi-
zation of the United Nations, March 19, 2018. http://www.fao.org/in-action/globefish 
/market-reports/resource-detail/en/c/1109513/.

———. “The State of Food Security and Nutrition in the World.” Rome: Food and Agriculture 
Organization of the United Nations, 2018. http://www.fao.org/state-of-food-securi-
ty-nutrition/en/

———. The State of the World’s Land and Water Resources for Food and Agriculture. Rome 
and London: FAO and Earthscan, 2011.

———. “The State of the World Fisheries and Aquaculture 2012.” Rome: Food and Agricul-
ture Organization of the United Nations, 2012.

———. “The State of World Fisheries and Aquaculture: Meeting the Sustainable Develop-
ment Goals.” Rome, 2018. http://www.fao.org/3/i9540en/I9540EN.pdf.

———. “Wastewater Treatment and Reuse in Agriculture.” Rome, 2018. http://www.fao.org 
/land-water/water/water-management/wastewater/en.

FAOSTAT, 2018, “Prevalence of Undernourishment (Percent) (3-Year Average) 2015-2017,” 
(Hunger data, FAOSTAT, 2018). 

FEMA. “Aquifer Storage and Recovery Fact Sheet.” Federal Insurance and Mitigation Ad-
ministration, 2015. https://www.fema.gov/media-library-data/1487160966426 
-3e774ec4315295499f45a25bc8915c90/ASR_Fact_Sheet_Feb2017_COMPLIANT.pdf.

Fraiture, Charlotte de, Ximing Cai, Upali Amarasinghe, Mark Rosegrant, and David Mold-
en. “Does International Cereal Trade Save Water? The Impact of Virtual Water Trade 
on Global Water Use.” Comprehensive Assessment of Water Management in Agri-
culture Research Report 4. Colombo, Sri Lanka: International Water Management 
Institute, 2004.

Fraiture, Charlotte De, and Meredith Giordano. “Small Private Irrigation: A Thriving but 
Overlooked Sector.” Agricultural Water Management 131 (2014): 167–74. https://doi 
.org/10.1016/j.agwat.2013.07.005.

135CHICAGO COUNCIL ON GLOBAL AFFAIRS



Fraiture, Charlotte de, David Molden, and Dennis Wichelns. “Investing in Water for Food, 
Ecosystems, and Livelihoods: An Overview of the Comprehensive Assessment of 
Water Management in Agriculture.” Agricultural Water Management 97, no. 4 (2010): 
495–501. https://doi.org/10.1016/j.agwat.2009.08.015.

Friedler, Eran. “Water Reuse - An Integral Part of Water Resources Management: Israel as a 
Case Study.” Water Policy 3, no. 1 (2001): 29–39. https://doi.org/10.1016/S1366 
-7017(01)00003-4.

Gaddis, Isis, Rahul Lahoti, and Wenjie Li. “Gender Gaps in Property Ownership in Sub-Sa-
haran Africa.” Policy Research Working Paper. Washington, DC, 2018. https://doi 
.org/10.1596/1813-9450-8573.

Gertel, Jörg, and Said Samir. “Cairo: Urban Agriculture and Visions for a ‘Modern’ City.” 
In Growing Cities, Growing Food: Urban Agriculture on the Policy Agenda, edited 
by H. de Zeeuw, N. Bakker, M. Dubbeling, S. Guendel, and U. Sabel Koschella, 209–
34. DSE, 2000.

Giordano, Mark, and Tushaar Shah. “From IWRM Back to Integrated Water Resources 
Management.” International Journal of Water Resources Development 30, no. 3 (2014): 
364–76. https://doi.org/10.1080/07900627.2013.851521.

Giordano, Meredith, Hugh Turral, Susanne M. Sheierling, David O. Tréguer, and Peter G. 
McCornick. “Beyond ‘More Crop per Drop’: Evolving Thinking on Agricultural Water 
Productivity.” IWMI Research Report 169. Colombo, Sri Lanka, 2017.

Global Partnership for Sustainable Development. “What the Global Partnership for Sustain-
able Development Data Does.” 2018. http://www.data4sdgs.org. 

Global Partnership for Sustainable Development Data. “Africa Regional Data Cube.” Global 
Partnership for Sustainable Development, 2016. http://www.data4sdgs.org/index.php 
/initiatives/africa-regional-data-cube.

Global Water Partnership. “Institutional Arrangements (B).” IWRM Toolbox. Global Water 
Partnership, August 25, 2018. www.gwp.org/en/learn/iwrm-toolbox/Institutional 
_Arrangements.

Godfray, H. Charles J., J. R. Beddington, I. R. Crute, L. Haddad, D. Lawrence, James F. Muir, 
Jules Pretty et al., “Food Security: The Challenge of Feeding 9 Billion People.” Science 
327, no. 5967 (2010): 812–18. https://doi.org/10.1126/science.1185383.

Goh, Amelia H. X. “A Literature Review of the Gender-Differentiated Impacts of Climate 
Change On Women’s and Men’s Assets and Well-Being in Developing Countries.” CA-
PRi Working Paper No. 106. Washington, DC, 2012.

Goyal, Aparajita, and John Nash. Reaping Richer Returns: Public Spending Priorities for Af-
rican Agriculture Productivity Growth. Africa Development Forum, 1st ed. Washington: 
World Bank, 2017.

Gustavsson, Jenny, Christel Cederberg, and Ulf Sonesson. “Global Food Losses and Food 
Waste.” In International Congress SAVE FOOD! At Interpack2011 Düsseldorf, Germany. 
Rome: Food and Agriculture Organization of the United Nations, 2011.

Haileslassie, Amare, Don Peden, Solomon Gebreselassie, Tilahun Amede, and Katrien De-
scheemaeker. “Livestock water productivity in mixed crop–livestock farming systems 
of the Blue Nile basin: Assessing variability and prospects for improvement.” Agricul-
tural Systems 102, no. 1-3 (2009): 33-40. 

Haley, Mildred. “USDA Livestock, Dairy and Poultry Outlook, December 2017.” Washing-
ton, DC, 2017.

136 FROM SCARCITY TO SECURITY



Hassing, Jan, Niels Ipsen, T. Jønch-Clausen, Henrik Larsen, and Palle Lindgaard-Jor-
gensen. “Integrated Water Resources Management (IWRM) in Action.” United Nations 
World Water Development Report 3. Paris, 2009.

Headey, Derek. “Animal-Sourced Foods Are Vital to Combating Malnutrition and  
Stunting in the Developing World.” IFPRI Blog, 2018. http://www.ifpri.org/blog 
/animal-sourced-foods-are-vital-combating-malnutrition-and-stunting-developing-world.

Helmreich, B., and H. Horn. “Opportunities in Rainwater Harvesting.” Desalination 248, no. 
1–3 (2009): 118–24. https://doi.org/10.1016/j.desal.2008.05.046.

Herrero, M., J. Addison, C. Bedelian, E. Carabine, P. Havlík, B. Henderson, J. Van De Steeg, 
and P. K. Thornton. “Climate Change and Pastoralism: Impacts , Consequences and 
Adaptation Climate Change and Pastoral Systems.” Revue Scientifique et Technique 
(International Office of Epizootics) 35, no. 2 (2016): 417–33. https://doi.org/10.20506 
/rst/35.2.2533.

Herrero, Mario, Stefan Wirsenius, Benjamin Henderson, Cyrille Rigolot, Philip Thornton, 
Petr Havlík, Imke De Boer, and Pierre J. Gerber. “Livestock and the Environment: What 
Have We Learned in the Past Decade?” Annual Review of Environment and Resources 
40 (2015): 177–202.

HLPE. “Water for Food Security and Nutrition: A Report by The High Level Panel of Experts 
on Food Security and Nutrition.” Rome, 2015.

Hoekstra, A. Y., and P. Q. Hung. “Virtual Water Trade: A Quantification of Virtual Water 
Flows between Nations in Relation to International Crop Trade.” Value of Water Re-
search Report Series, no. 11 (2002): 1–244.

Hoekstra, A. Y., and M. M. Mekonnen. “The Water Footprint of Humanity.” Proceedings of 
the National Academy of Sciences, 2012. https://doi.org/10.1073/pnas.1109936109.

Independent Task Force. “Stability in the 21st Century Sponsored by Stability in the 21st 
Century: Global Food Security for Peace and Prosperity Prepared by an Independent 
Task Force on Global Food Security.” Chicago: The Chicago Council on Global Affairs, 
2017. https://www.thechicagocouncil.org/publication/stability-21st-century 
-global-food-security-peace-and-prosperity.

International Food Policy Research Institute (IFPRI) and Shenggen Fan. Global Food Policy 
Report 2018. Washington, DC, 2018. https://doi.org/10.2499/9780896292970.

International Food Policy Research Institute (IFPRI), and VEOLIA. “The Murky Future of 
Global Water Quality: New Global Study Projects Rapid Deterioration in Water Quality.” 
Washington, DC, and Chicago, 2015. http://ebrary.ifpri.org/cdm/ref/collection 
/p15738coll2/id/129349.

IPCC. “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 Glob-
al Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Re-
sponse to the Threat of Climate Change, edited by T. Waterfield, V. Masson-Delmotte, 
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, and M. Tignor, 1–32. Geneva: IPCC, 2018.

IWMI. “IWMI Annual Report 2017.” Colombo, Sri Lanka: International Water Management 
Institute, 2018. https://doi.org/10.5337/2018.209.

———. “IWMI Homepage.” 2018. International Water Management Institute, n.d. http://www 
.iwmi.cgiar.org.

———. “Rainfed Agriculture.” Issue Briefs. Colombo, Sri Lanka: International Water Manage-
ment Institute, 2018. http://www.iwmi.cgiar.org/issues/rainfed-agriculture/summary.

137CHICAGO COUNCIL ON GLOBAL AFFAIRS



Jalava, M., M. Kummu, M. Porkka, S. Siebert, and O. Varis. “Diet Change - A Solution to 
Reduce Water Use?” Environmental Research Letters 9, no. 7 (2014). https://doi 
.org/10.1088/1748-9326/9/7/074016.

Jaramillo, María Fernanda, and Inés Restrepo. “Wastewater Reuse in Agriculture: A Review 
about Its Limitations and Benefits.” Sustainability 9, no. 10 (2017): 1734. https://doi 
.org/10.3390/su9101734.

Jayan, T. V. “Solar Pumps: A Nondescript Village in Gujarat Shows the Way.” The Hindu, 
February 8, 2018. https://www.thehindubusinessline.com/news/solar-pumps-a 
-nondescript-village-in-gujarat-shows-the-way/article22694612.ece.

Jayne, T. S., Chance Kabaghe, and Isaac Minde. “Enhancing United States Efforts to 
Develop Sustainable Agri-Food Systems in Africa.” Philadelphia: Farm Journal Foun-
dation, 2017.

Jayne, T. S., David Mather, and Elliot Mghenyi. “Principal Challenges Confronting Small-
holder Agriculture in Sub-Saharan Africa.” World Development 38, no. 10 (2010): 
1384–98. https://doi.org/10.1016/j.worlddev.2010.06.002.

Jost, Christine, Florence Kyazze, Jesse Naab, Sharmind Neelormi, James Kinyangi, Robert 
Zougmore, Pramod Aggarwal et al. “Understanding Gender Dimensions of Agriculture 
and Climate Change in Smallholder Farming Communities.” Climate and Development 
8, no. 2 (2016): 133–44. https://doi.org/10.1080/17565529.2015.1050978.

Juanico, Marcelo, and Eran Friedler. “Wastewater reuse for river recovery in semi-arid Isra-
el.” Water Science and Technology 40, no. 4-5 (1999): 43-50. 

Karkee, Mohan Bahadur. “Harvesting of Atmospheric Water: A Promising Low-Cost Tech-
nology.” Ninth International Water Technology Conference, 2005, 3–14.

Kishore, Avinash, Avinash Jishore, and Avinash Kishore. “Understanding Agrarian Impasse 
in Bihar.” Economic and Political Weekly 39, no. 31 (2004): 3484–91. https://doi 
.org/10.2307/4415344.

Konar, M., and K. K. Caylor. “Virtual Water Trade and Development in Africa.” Hydrology 
and Earth System Sciences 17, no. 10 (2013): 3969–82. https://doi.org/10.5194/hess 
-17-3969-2013.

Koneswaran, Gowri, and Danielle Nierenberg. “Global Farm Animal Production and Global 
Warming: Impacting and Mitigating Climate Change.” Environmental Health Perspec-
tives 116, no. 5 (2008): 578–82. https://doi.org/10.1289/ehp.11034.

Koppen, Barbara van, Lesley Hope, and Willem Colenbrander. “Gender Aspects of Small-
Scale Private Irrigation in Africa.” IWMI Working Papers 153 (2012). https://doi 
.org/10.5337/2013.201.

Koppen, Barbara van, and Barbara Scheiner. “A Hybrid Approach to Decolonize Formal 
Water Law in Africa.” Colombo, Sri Lanka: International Water Management Institute 
(IWMI), 2018. https://doi.org/10.5337/2018.219.

Kreamer, David K. “The Past, Present, and Future of Water Conflict and International Secu-
rity.” Journal of Contemporary Water Research & Education 149, no. 1 (2013): 87–95. 
https://doi.org/10.1111/j.1936-704x.2012.03130.x.

Kumar, A., and R. Goel. “Promoting Solar Irrigationentrepreneurship in Bihar.” Anand, 2018.
Kurian, M. “Institutional Reforms in Indian Irrigation.” Development and Change 36, no. 5 

(2005): 972–73. https://doi.org/10.1038/100274a0.
Lee-Smith, Diana. “Which Way for UPA in Africa?” City 17, no. 1 (2013): 69–84. https://doi.org

/10.1080/13604813.2012.754177.

138 FROM SCARCITY TO SECURITY



Lesk, Corey, Pedram Rowhani, and Navin Ramankutty. “Influence of Extreme Weather Di-
sasters on Global Crop Production.” Nature 529, no. 7584 (2016): 84–87. https://doi 
.org/10.1038/nature16467.

Lobell, David B., Wolfram Schlenker, and Justin Costa-Roberts. “Climate Trends and  
Global Crop Production Since 1980.” Science 333, no. 6042 (2011): 616–20. https:// 
doi.org/10.1126/science.1204531.

Löfgren, Hans. “The Cost of Managing with Less: Cutting Water Subsidies and Supplies in 
Egypt’s Agriculture.” TMD Discussion Papers No. 7. Washington, DC: International Food 
Policy Research Institute, 1996. http://cdm15738.contentdm.oclc.org/utils/getfile 
/collection/p15738coll2/id/125578/filename/125609.pdf.

Lohman, Clemens, Leonard Fortuin, and Marc Wouters. “Designing a Performance Mea-
surement System: A Case Study.” European Journal of Operational Research 156, no. 
2 (2004): 267–86. https://doi.org/10.1016/S0377-2217(02)00918-9.

López, Ramón, and Gregmar I. Galinato. “Should Governments Stop Subsidies to Private 
Goods? Evidence from Rural Latin America.” Journal of Public Economics 91, no. 5–6 
(2007): 1071–94. https://doi.org/10.1016/j.jpubeco.2006.10.004.

Lore, Tezira. “Taking Stock: East Africa Diary Development Project Reflects on Its Achieve-
ments and Lessons Learned.” ILRI News, July 2, 2013. https://www.ilri.org/ilrinews 
/index.php/archives/tag/eadd.

Lowder, Sarah K., Jakob Skoet, and Terri Raney. “The Number, Size, and Distribution of 
Farms, Smallholder Farms, and Family Farms Worldwide.” World Development 87 
(2016): 16–29. https://doi.org/10.1016/j.worlddev.2015.10.041.

MacMillan, Susan. “ILRI Deputy Director-General of Research at World Bank Summit Makes 
(Serious, Sane, Realistic) Case for West African Pastoralism.” ILRI News, 2013. https://
www.ilri.org/ilrinews/index.php/archives/tag/world-bank.

Malabo Montpellier Panel. “WATER-WISE: Smart Irrigation Strategies for Africa.” Dakar:  
Malabo Montpellier Panel, 2018. https://www.mamopanel.org/media/uploads/files 
/Water-Wise_Smart_Irrigation_Strategies_for_Africa.pdf.

Malcolm, Scott, Elizabeth Marshall, Marcel Aillery, Paul Heisey, Mike Livingston, and Kelly 
Day-Rubenstein. “Agricultural Adaptation to a Changing Climate: Economic and Envi-
ronmental Implications Vary by U.S. Region.” USDA-ERS Economic Research Report 
No. 136. Washington, DC, 2012. https://doi.org/10.2139/ssrn.2112045.

Margat, Jean, and Jac van der Gun. Groundwater Around the World: A Geographic Synop-
sis. Leiden: CRC Press/Balkema, 2013.

Mason-D’Croz, Daniel, Timothy B. Sulser, Keith Wiebe, Mark W. Rosegrant, Sarah K. 
Lowder, Alejandro Nin-Pratt, Dirk Willenbrockel et al. “Agricultural Investments and 
Hunger in Africa: Modeling Potential Contributions to SDG2 – Zero Hunger.” World 
Development 1169 (April 2019): 28–53.

Mateo-Sagasta, Javier, Liqa Raschid-Sally, and Anne Thebo. “Global Wastewater and 
Sludge Production, Treatment and Use.” In Wastewater: Economic Asset in an Ur-
banizing World, edited by P. Drechsel, M. Qadir, and D. Wichelns, 15–38. Dordrecht: 
Springer Netherlands, 2015. https://doi.org/10.1007/978-94-017-9545-6_2.

Mateo-Sagasta, Javier, Sara Marjani Zadeh, and Hugh Turral. More People, More Food, 
Worse Water? A Global Review of Water Pollution from Agriculture. Edited by Javier 
Mateo-Sagasta, Sara Marjani Zadeh, and Hugh Turral. Rome and Colombo: Food and 
Agriculture Organization of the United Nations and the International Water Manage-
ment Institute, 2018.

139CHICAGO COUNCIL ON GLOBAL AFFAIRS



Matias, Yossi. “Keep People Safe with AI-Enabled Flood Forecasting.” The Keyword. Goo-
gle Blogs, September 24, 2018. https://www.blog.google/products/search/helping 
-keep-people-safe-ai-enabled-flood-forecasting.

Mbiba, B. “Urban Agriculture in Harare: Between Suspicion and Repression.” In Growing 
Cities, Growing Food, Urban Agriculture on the Policy Agenda, edited by H. de Zeeuw 
N. Bakker, M. Dubbeling, S. Guendel, U. Sabel Koschella. DSE, 2000.

Meier, Nicki. “Enset: The Drought-Resistant Miracle Plant.” Agriculture. Food Tank: The 
Think Tank for Food, September 2013. https://foodtank.com/news/2013/09 
/enset-the-drought-resistant-miracle-plant.

Mekonnen, Mesfin M., and Julian Fulton. “The Effect of Diet Changes and Food Loss Re-
duction in Reducing the Water Footprint of an Average American.” Water International 
43, no. 6 (2018): 860–70.

Minten, Bart, Lalaina Randrianarison, and Johan F. M. Swinnen. “Global Retail Chains and 
Poor Farmers: Evidence from Madagascar.” World Development, 2009. https://doi 
.org/10.1016/j.worlddev.2008.08.024.

Mirumachi, Naho. “Privatizing Water: Governance Failure and the World’s Urban Water 
Crisis.” Environment and Planning C: Government and Policy, 2011. https://doi 
.org/10.1068/c2902rvw.

Molden, David. A Comprehensive Assessment of Water Management in Agriculture. 
Edited by David Molden. London: Earthscan and the International Water Management 
Institute, 2007.

Molden, David, Jonathan Lautze, Tushaar Shah, Dong Bin, Mark Giordano, and Luke San-
ford. “Governing to Grow Enough Food without Enough Water-Second Best Solutions 
Show the Way.” International Journal of Water Resources Development 26, no. 2 
(2010): 249–63. https://doi.org/10.1080/07900621003655643.

Molden, David, Theib Oweis, Pasquale Steduto, Prem Bindraban, Munir A. Hanjra, and Ja-
cob Kijne. “Improving Agricultural Water Productivity: Between Optimism and Caution.” 
Agricultural Water Management 97, no. 4 (2010): 528–35. https://doi.org/10.1016/j 
.agwat.2009.03.023.

Muir, James, and E. Allison. “The Threat to Fisheries and Aquaculture from Climate 
Change-World Fish Centre Policy Brief.” Word Fish Centre, Penang. Malaysia, 2006. 
www.reefbase.org.

Mutiro, Justin, and Jonathan Lautze. “Irrigation in Southern Africa: Success or failure?” 
Irrigation and Drainage 64, no. 2 (2015): 180-192.

Naireeta Services. “Naireeta Services.” Naireeta Services, 2018. https://www 
.naireetaservices.com.

National Institute of Food and Agriculture. “AFRI Water Challenge Area,” 2017. https://nifa 
.usda.gov/program/afri-water-agriculture-challenge-area.

National Research Council. “2009 Emerging Technologies to Benefit Farmers in Sub-Saha-
ran Africa and South Asia.” National Academies Press, 2009.

Ncube, Bongani, Walter Mupangwa, and Adam French. “Precision Agriculture and Food 
Security in Africa.” In Systems Analysis Approach for Complex Global Challenges, edit-
ed by Priscilla Mensah, David Katerere, Sepo Hachigonta, and Andreas Roodt, 159–78. 
Springer International Publishing, 2018. https://doi.org/10.1007/978-3-319-71486-8_9.

Naireetas Services. “Bhungroo.” 2019. https://www.naireetaservices.com. 
National Groundwater Association. “All About Groundwater.” 2018. https://www.ngwa.org/

what-is-groundwater/About-groundwater.

140 FROM SCARCITY TO SECURITY



Nelson, Gerald C., Dominique van der Mensbrugghe, Helal Ahammad, Elodie Blanc, Kath-
erine Calvin, Tomoko Hasegawa, Petr Havlik et al. “Agriculture and Climate Change 
in Global Scenarios: Why Don’t the Models Agree.” Agricultural Economics 45, no. 1 
(2014): 85–101. https://doi.org/10.1111/agec.12091.

Nicol, A., S. Langan, M. Victor, and J. Gonsalves. “Improving Livestock Water Productivity: 
Lessons from the Nile River Basin.” In Water-Smart Agriculture in East Africa, edited 
by A. Nicol, S. Langan, M. Victor, and J. Gonsalves, 71–76. Colombo, Sri Lanka: Interna-
tional Water Management Institute, 2015.

NOAA. “National Environmental Satellite, Data, and Information Service (NESDIS).” National 
Oceanic and Atmospheric Administration, 2018. https://www.nesdis.noaa.gov.

———. “National Oceanic and Atmospheric Administration: Homepage.” National Oceanic 
and Atmospheric Administration. National Oceanic and Atmospheric Administration, 
2018. https://www.noaa.gov.

Nyachieo, John. “Promising Practices in Supporting Management of Water Resources in 
Pastoral Areas,” 2016. www.sdc-foodsecurity.ch.

ODNI. “Intelligence Community Assessment: Global Food Security.” Washington, DC: Of-
fice of the Director of National Intelligence, 2015. https://www.dni.gov/files/documents 
/Newsroom/Reports and Pubs/Global_Food_Security_ICA.pdf.

OECD. “Financing Water: Investing in Sustainable Growth.” OECD Environment Policy 
Papers, no. 11 (2018).

OECD (Organisation for Economic Co-operation and Development). OECD Environmental 
Outlook to 2050: The Consequences of Inaction. Outlook. Paris: OECD Publishing, 
2012. https://doi.org/10.1787/9789264122246-en.

OECD and the World Bank. “Facilitating Policy Change towards Sustainable Water Use in 
Agriculture.” In World Ban-OECD Workshop, 29-30 May, 2018. Washington, DC: OECD, 
2018. http://www.oecd.org/tad/events/facilitating-policy-change-towards 
-sustainable-water-use-in-agriculture-workshop-2018.htm.

Office of Conservation and Water. “Annual Report to Congress: Senator Paul Simon Water 
for the Poor Act P.L. 109-121; Sec. 6 (g)(2).” Washington, DC, 2014.

Ólafsson, Jón S., Tom J. Battin, John E. Brittain, Eran Hood, Alexander M. Milner, Gísli Már 
Gíslason, Andrew J. Hodson et al. “Glacier Shrinkage Driving Global Changes in Down-
stream Systems.” Proceedings of the National Academy of Sciences 114, no. 37 (2017): 
9770–78. https://doi.org/10.1073/pnas.1619807114.

Ortiz, Rodomiro, Masa Iwanaga, Matthew P. Reynolds, Huixia Wu, and Jonathan H. Crouch. 
“Overview on Crop Genetic Engineering for Drought-Prone Environments.” Journal of 
SAT Agricultural Research 4, no. 1 (2007): 1–30.

Oweis, T., A. Hachum, and J. Kijne. “Water Harvesting and Supplemental Irrigation for  
Improved Water Use Efficiency in Dry Areas.” Rainfed Agriculture: Unlocking the  
Potential. SWIM Paper. Colombo, Sri Lanka, 1999.

Pacific Institute. The World’s Water Volume 9: The Report on Freshwater Resources. Edited 
by Peter H. Gleick, Michael Cohen, Heather Cooley, Kristina Donnelly, Julian Fulton, 
Mai-Lan Ha, Jason Morrison et al. Pacific Institute, 2018. https://www.worldwater.org.

Parillo, Jennifer. “Precision Farming Technologies Work for Small-Scale Operations, Too.” 
AGCO, June 27, 2017. https://blog.agcocorp.com/2017/06/precision-farming 
-technologies-work-for-small-scale-operations-too.

Parry, Martin, Alex Evans, Mark W. Rosegrant, and Tim Wheeler. “Climate Change and Hun-
ger: Responding to the Challenge.” Rome and Washington, DC, 2009.

141CHICAGO COUNCIL ON GLOBAL AFFAIRS



Peden, D., G. Taddesse, and A. Haileslassie. “Livestock Water Productivity: Implications for 
Sub-Saharan Africa.” Rangeland Journal 31, no. 2 (2009): 187–93. https://doi 
.org/10.1071/RJ09002.

Peden, Don. “Integrating Livestock and Water Management.” International Livestock Re-
search Institute, 2007. https://www.ilri.org/ilrinews/index.php/archives/492.

Pem, D., and R. Jeewon. “Fruit and Vegetable Intake: Benefits and Progress of Nutrition 
Education Interventions- Narrative Review Article.” Iranian Journal of Public Health 44, 
no. 10 (2015): 1309–21.

PepsiCo. “Water Stewardship,” 2018.
Perry, Chris. “Water at Any Price? Issues and Options in Charging for Irrigation Water.” Irri-

gation and Drainage 50, no. 1 (2001): 1–7. https://doi.org/10.1002/ird.8.
Perry, Chris, Pasquale Steduto, Richard G. Allen, and Charles M. Burt. “Increasing Pro-

ductivity in Irrigated Agriculture: Agronomic Constraints and Hydrological Realities.” 
Agricultural Water Management 96, no. 11 (2009): 1517–24. https://doi.org/10.1016/j 
.agwat.2009.05.005.

Pezzey, John. “Sustainability: An Interdisciplinary Guide.” Environmental Values 1, no. 4 
(1992): 321–62.

Phong, L. T., A. A. van Dam, H. M. J. Udo, M. E. F. van Mensvoort, L. Q. Tri, F. A. Steenstra, 
and A. J. van der Zijpp. “An Agro-Ecological Evaluation of Aquaculture Integration into 
Farming Systems of the Mekong Delta.” Agriculture, Ecosystems and Environment 138, 
no. 3–4 (2010): 232–41. https://doi.org/10.1016/j.agee.2010.05.004.

Pickering, Amy J., and Jennifer Davis. “Freshwater Availability and Water Fetching Dis-
tance Affect Child Health in Sub-Saharan Africa.” Environmental Science and Technol-
ogy 46, no. 4 (2012): 2391–97. https://doi.org/10.1021/es203177v.

Pingali, P. L., and M. W. Rosegrant. “Intensive Food Systems in Asia: Can the Degrada-
tion Problems Be Reversed?” In Tradeoffs or Synergies? Agricultural Intensification, 
Economic Development and the Environment, edited by D. Lee and C. Barrett, 383–97. 
New York: CABI International, 2009. https://doi.org/10.1079/9780851994352.0383.

Pingali, Prabhu L. “Sustaining Food Security in the Developing World: An Agenda for Sci-
ence and Technology.” Quarterly Journal of International Agriculture 42, no. 3 (2003).

Prain, G. “Strengthening Horticulture in Urban and Peri-Urban Areas of the Global South: 
Policy Challenges and Interventions.” In Symposium on Protected Production of Fruits 
and Vegetables for Nutrition Security in Urban and Peri-Urban Environments, Wash-
ington DC, July 18, 2018. Washington, DC, 2018.

Qadir, M., D. Wichelns, A. Bahri, L. Raschid-Sally, P. S. Minhas, P. G. McCornick, and P. 
Drechsel. “The Challenges of Wastewater Irrigation in Developing Countries.”  
Agricultural Water Management 97, no. 4 (2010): 561–68. https://doi.org/10.1016/j 
.agwat.2008.11.004.

Quass, Marting, Julia Hoffmann, Katrin Kamin, Linda Kleemaa, and Karoline Schacht. “Fish-
ing for Proteins: How Marine Fisheries Impact on Global Food Security up to 2050. A 
Global Prognosis.” Hamburg: WWF Germany, 2016. https://www.wwf.de/fileadmin/fm-
wwf/Publikationen-PDF/WWF-Report_Fishing_for_Proteins_English_Version.pdf.

Quisumbing, Agnes R., Neha Kumar, and Julia A. Behrman. “Do Shocks Affect Men’s and 
Women’s Assets Differently? Evidence from Bangladesh and Uganda.” Development 
Policy Review 36, no. 1 (2018): 3–34. https://doi.org/10.1111/dpr.12235.

142 FROM SCARCITY TO SECURITY



Rai, Usha. “Chasing the Sun in Samastipur.” The Hindu, March 9, 2018. https://www 
.thehindubusinessline.com/specials/india-interior/solar-powered-irrigation-in-bihars 
-samastipur-helping-farmers/article23005940.ece.

Raju, K. V., Ashok Gulati, and Ruth Meinzen-Dick. “Innovations in Irrigation Financing: Tap-
ping Domestic Financial Markets in India,” 2003.

Rakib, Muntaha, and Julia Anna Matz. “The Impact of Shocks on Gender-Differentiated 
Asset Dynamics in Bangladesh.” Journal of Development Studies 52, no. 3 (2016): 
377–95. https://doi.org/10.1080/00220388.2015.1093117.

Ramirez-Vallejo, J., and P. Rogers. “Virtual Water Flows and Trade Liberalization.” Water 
Science and Technology 49, no. 7 (2004): 25–32.

Ramirez-Vallejo, Jorge, and Peter Rogers. “Failure of the Virtual Water Argument: Possible 
Explanations Using the Case Study of Mexico and NAFTA.” In Global Change: Impacts 
on Water and Food Security, edited by Claudia Ringler, Asit K. Biswas, and Sarah 
Cline, 113–26. Berlin: Springer, 2010. https://doi.org/10.1007/978-3-642-04615-5_6.

Ray, Isha, Zachary Burt, and Kara L. Nelson. “Towards Gender Equality Through Sanitation 
Access.” Discussion Paper. New York: UN Women, 2016. https://www.researchgate 
.net/publication/298515690.

Reardon, Thomas, and C. Peter Timmer. “The Economics of the Food System Revolution.” 
Annual Review of Resource Economics 4 (2012): 225–64. https://doi.org/10.1146 
/annurev.resource.050708.144147.

Richards, R. A., C. López-Castañeda, and A. G. Condon. “Improving the Efficiency of 
Water Use by Plant Breeding and Molecular Biology.” Irrigation Science 14, no. 2 
(1993): 93–104.

Richards, R. A., G. J. Rebetzke, A. G. Condon, and A. F. Van Herwaarden. “Breeding Oppor-
tunities for Increasing the Efficiency of Water Use and Crop Yield in Temperate Cere-
als.” Crop Science 42, no. 1 (2002): 111–21. https://doi.org/10.2135/cropsci2002.1110.

Ringler, Claudia. “Sustaining Growth via Water Productivity: Outlook to 2030/2050.” Wash-
ington, DC and Chicago: Veolia Water North America and International Food Policy 
Research Institute, 2011.

Ringler, Claudia, and Tingju Zhu. “Water Scarcity and Food Security: Status and Trends.” In 
Agricultural Development: New Perspectives in a Changing World, edited by Otsu-
ka Keijiro and Shenggen Fan. Washington, DC: International Food Policy Research 
Institute, 2019.

Ringler, Claudia, Tingju Zhu, Sebastian Gruber, Ronan Treguer, Laurent Auguste, and 
Lee Addams. “Role of Water Security for Agricultural and Economic Development – 
Concepts and Global Scenarios.” In Handbook on Water Security, edited by Claudia 
Pahl-Wostl, Anik Bhaduri, and Joyeeta Gupta, 183–200. Cheltenham, UK: Edward Elgar 
Publishing Limited, 2016. https://doi.org/10.4337/9781782548010.00018.

Rivera, William. “Whither Agricultural Extension Worldwide? Reforms and Prospects.” In 
Knowledge Generation and Technical Change: Institutional Innovation in Agriculture, 
edited by Steven Wolf and David Zilberman, 291–311. New York: Springer US, 2001.

Rockström, Johan, Malin Falkenmark, Louise Karlberg, Holger Hoff, Stefanie Rost, and 
Dieter Gerten. “Future Water Availability for Global Food Production: The Potential of 
Green Water for Increasing Resilience to Global Change.” Water Resources Research 
45, no. 7 (2009). https://doi.org/10.1029/2007WR006767.

143CHICAGO COUNCIL ON GLOBAL AFFAIRS



Rockström, Johan, Louise Karlberg, Suhas P. Wani, Jennie Barron, Nuhu Hatibu, Theib 
Oweis, Adriana Bruggeman, Jalali Farahani, and Zhu Qiang. “Managing Water in Rain-
fed Agriculture-The Need for a Paradigm Shift.” Agricultural Water Management 97, 
no. 4 (2010): 543–50. https://doi.org/10.1016/j.agwat.2009.09.009.

Rosegrant, M. W. “The Water Brokerage Mechanism – Efficient Solution for the Irrigation 
Sector.” In XII World Water Congress “Water for Sustainable Development - Towards 
Innovative Solutions.” New Delhi, India: World Water Congress, 2005.

Rosegrant, Mark W. “Challenges and Policies for Global Water and Food Security.” Eco-
nomic Review, Economic Review, Special Issue 2016, Agriculture’s Water Economy, no. 
Special issue 2016 (2016): 5–20.

Rosegrant, Mark W., and Hans P. Binswanger. “Markets in Tradable Water Rights: Potential 
for Efficiency Gains in Developing Country Water Resource Allocation.” World Develop-
ment 22, no. 11 (1994): 1613–25. https://doi.org/10.1016/0305-750X(94)00075-1.

Rosegrant, Mark W., Ximing Cai, and Sarah A. Cline. “Will the World Run Dry? Global Water 
and Food Security.” Environment: Science and Policy for Sustainable Development 45, 
no. 7 (2003): 24–36.

———. “World Water and Food for 2025: Dealing with Scarcity.” Washington, DC: Interna-
tional Food Policy Research Institute, 2002.

Rosegrant, Mark W., and Peter B. R. Hazell. Transforming the Rural Asian Economy: The 
Unfinished Revolution. New York: Oxford University Press, 2001.

Rosegrant, Mark W., Jawoo Koo, Nicola Cenacchi, Claudia Ringler, Richard Robertson, Myl-
es Fisher, Cindy Cox, Karen Garrett, Nicostrato D. Perez, and Pascale Sabbagh. “Food 
Security in a World of Natural Resource Scarcity.” Washington, DC: International Food 
Policy Research Institute, 2014.

Rosegrant, Mark W., Eduardo Magalhaes, Rowena A. Valmonte-Santos, and Daniel Ma-
son-D’Croz. “Returns to Investment in Reducing Postharvest Food Losses and Increas-
ing Agricultural Productivity Growth.” In Prioritizing Development: A Cost Benefit Anal-
ysis of the United Nations’ Sustainable Development Goals, edited by Bjorn Lomborg, 
322–38. Cambridge: Cambridge University Press, 2018.

Rosegrant, Mark W., and Claudia Ringler. “Why We Urgently Need Water Policy Reforms.” 
Georgetown Journal of International Affairs, October 27, 2017. https://www 
.georgetownjournalofinternationalaffairs.org/online-edition/2017/10/27/why-we 
-urgently-need-water-policy-reforms.

Rosegrant, Mark W., Claudia Ringler, and Tingju Zhu. “Water for Agriculture: Maintaining 
Food Security Under Growing Scarcity.” Annual Review of Environment and Resources 
34 (2009): 205–22. https://doi.org/10.1146/annurev.environ.030308.090351.

———. “Water Markets as an Adaptive Response to Climate Change.” In Water Markets for 
the 21st Century: What Have We Learned, edited by K. William Easter and Qiuqiong 
Huang, 35–55. Springer Netherlands, 2014.

Seibert, Jan, Marc Vis, Elizabeth Lewis, and Ilja van Meerveld. “How good is good in 
hydrological modelling?” In EGU General Assembly Conference Abstracts, vol. 20, 
p. 4189. 2018.

Salehyan, Idean, and Cullen S. Hendrix. “Climate shocks and political violence.” Global 
Environmental Change 28 (2014): 239-250.

Sen. Casey, Robert P. Jr. (D-PA). S.2269 - Global Food Security Reauthorization Act of 
2017 (2017).

144 FROM SCARCITY TO SECURITY



Shah, Tushaar, Abhishek Rajan, Gyan Prakash Rai, Shilp Verma, and Neha Durga. “Solar 
Pumps and South Asia’s Energy-Groundwater Nexus: Exploring Implications and Re-
imagining Its Future.” Environmental Research Letters 13, no. 11 (2018). https://doi 
.org/10.1088/1748-9326/aae53f.

Shah, Tushaar, Mehmood U. l. Hassan, Muhammad Zubair Khattak, Parth Sarthi Banerjee, 
O. P. Singh, and Saeed Ur Rehman. “Is Irrigation Water Free? A Reality Check in the 
Indo-Gangetic Basin.” World Development 37, no. 2 (2009): 422–34. https://doi 
.org/10.1016/j.worlddev.2008.05.008.

Siebert, S., J. Burke, J. M. Faures, K. Frenken, J. Hoogeveen, P. Döll, and F. T. Portmann. 
“Groundwater Use for Irrigation - A Global Inventory.” Hydrology and Earth System 
Sciences 14, no. 10 (2010): 1863–80. https://doi.org/10.5194/hess-14-1863-2010.

Snyder, Leslie B. “Health Communication Campaigns and Their Impact on Behavior.” Jour-
nal of Nutrition Education and Behavior 39, no. 2 (March-April 2007): S32–40. https://
doi.org/10.1016/j.jneb.2006.09.004.

Sprenger, C., N. Hartog, M. Hernández, E. Vilanova, G. Grützmacher, F. Scheibler, and S. 
Hannappel. “Inventory of Managed Aquifer Recharge Sites in Europe: Historical Devel-
opment, Current Situation and Perspectives.” Hydrogeology Journal 25, no. 6 (2017): 
1909–22. https://doi.org/10.1007/s10040-017-1554-8.

Springmann, Marco, Daniel Mason-D’Croz, Sherman Robinson, Keith Wiebe, H. Charles J. 
Godfray, Mike Rayner, and Peter Scarborough. “Mitigation Potential and Global Health 
Impacts from Emissions Pricing of Food Commodities.” Nature Climate Change 7, no. 1 
(2017): 69–74. https://doi.org/10.1038/nclimate3155.

State of California. “Sustainable Groundwater Management Act.” Division of Agriculture 
and Natural Resources, University of California, Davis, 2014. http://groundwater 
.ucdavis.edu/SGMA/.

Stedman, Lis. “Liaoning’s Search for Sustainability.” Water21. London: IWA Publishing, 2001.
Sugumaran, M., and M. W. Fox. “Global Food Security.” Veterinary Record 180, no. 20 

(2017). https://doi.org/10.1136/vr.j2380.
Sun, Yun. “American Companies and Chinese Belt and Road in Africa.” Brookings, 2018.
———. “China in Africa: Implications for U.S. Competition and Eiplomacy.” Brookings, 2013.
Svendson, M. A., A. Gulati, and K. V. Raju. “Reform Options for Construction and Rehabilita-

tion.” In Financial and Institutional Reforms in Indian Irrigation, edited by Ashok Gulati, 
Ruth S. Meinzen-Dick, and K. V. Raju. Bangalore: Books for Change, 2003.

Svendson, Mark, Jose Trava, and Sam H. Johnson. “Participatory Irrigation Management: 
Benefits and Second Generation Problems. Lessons from an International Workshop 
Held at Centro Internacional de Agricultura Tropical (CIAT), Cali, Colombia.” Cali, Co-
lombia, 1997.

The World Bank. “Fish to 2030: Prospects for Fisheries and Aquaculture.” The World Bank. 
Agriculture and Environmental Services 3 (2013).

Thebo, A. L., P. Drechsel, and E. F. Lambin. “Global Assessment of Urban and Peri-Urban 
Agriculture: Irrigated and Rainfed Croplands.” Environmental Research Letters 9, no. 11 
(2014): 1–9. https://doi.org/10.1088/1748-9326/9/11/114002.

Thebo, A. L., P. Drechsel, E. F. Lambin, and K. L. Nelson. “A Global, Spatially-Explicit Assess-
ment of Irrigated Croplands Influenced by Urban Wastewater Flows.” Environmental 
Research Letters 12, no. 7 (2017). https://doi.org/10.1088/1748-9326/aa75d1.

Theis, Sophie. “Can Irrigation Both Empower and Exclude Women?” IFPRI Blog. Interna-
tional Food Policy Research Institute, January 9, 2018.

145CHICAGO COUNCIL ON GLOBAL AFFAIRS



Theis, Sophie, Nicole Lefore, Ruth Meinzen-Dick, and Elizabeth Bryan. “What Happens 
After Technology Adoption? Gendered Aspects of Small-Scale Irrigation Technol-
ogies In Ethiopia, Ghana, and Tanzania.” Agriculture and Human Values 35, no. 3 
(2018): 671–84.

Thornton, Philip K. “Livestock Production: Recent Trends, Future Prospects.” Philosophical 
Transactions of the Royal Society B: Biological Sciences 365, no. 1554 (2010). https://
doi.org/10.1098/rstb.2010.0134.

Thurlow, James, Tingju Zhu, and Xinshen Diao. “Current Climate Variability and Future Cli-
mate Change: Estimated Growth and Poverty Impacts for Zambia.” Review of Develop-
ment Economics 16, no. 3 (2012): 394–411. https://doi.org/10.1111/j.1467-9361.2012 
.00670.x.

Tian, Hanqin, Chaoqun Lu, Jia Yang, Kamaljit Banger, Deborah N. Huntzinger, Christopher 
R. Schwalm, Anna M. Michalak et al. “Global Patterns and Controls of Soil Organic 
Carbon Dynamics as Simulated by Multiple Terrestrial Biosphere Models: Current 
Status and Future Directions.” Global Biogeochemical Cycles 29, no. 6 (2015): 775–92. 
https://doi.org/10.1002/2014GB005021.

Toth, Aniko, and Elemer Bobok. “Flow and Heat Transfer During Drilling Operations.” In 
Flow and Heat Transfer in Geothermal Systems, 299–342, 2017. https://doi.org/10.1016/
b978-0-12-800277-3.00014-1.

UN DESA. World Population Prospects: The 2017 Revision, Key Findings and Advance 
Tables. New York, 2017.

UN-Water. Wastewater - The Untapped Resources. The United Nations World Water De-
velopment Report. Paris: UNESCO, 2017.

USAID. “Fact Sheet: The Bureau for Resilience and Food Security.” Washington, DC, 2018. 
https://www.usaid.gov/documents/1868/fact-sheet-bureau-resilience-and-food 
-security-rfs.

———. “Feed the Future: About.” 2018. https://www.feedthefuture.gov/about/. 
———. “How Digital Tools Impact the Value Chain.” USAID - Feed the Future, 2017. https://

www.usaid.gov/sites/default/files/documents/15396/Why_Where_and_How_Digital 
_Tools_Impact_the_Value_Chain.pdf.

———. “Low-Cost Sensors for Agriculture: Key Findings Report.” Washington, 2016. https://
static.globalinnovationexchange.org/s3fs-public/asset/document/USAID Sensors4Ag 
Key Findings FINAL_FOR DISTRIBUTION.pdf.

———. “U.S. Global Water Strategy. 2018. https://www.usaid.gov/what-we-do/ 
water-and-sanitation/us-global-water-strategy.

———. “U.S. Government Global Food Security Strategy.” Washington, DC, 2016.
———. “U.S. Government Global Water Strategy.” Washington, DC, 2017. https://www.usaid 

.gov/sites/default/files/documents/1865/Global_Water_Strategy_2017_final_508v2.pdf.
USAID Office of Press Relations. “Statement by Administrator Mark Green on the Reautho-

rization of the Global Food Security Act.” USAID, 2018. https://www.usaid.gov/news 
-information/press-releases/oct-12-2018-administrator-green-reauthorization 
-global-food-security-act.

USDA. “Dietary Guidelines for Americans 2015-2020.” USDA Choose My Plate, 2019. 
https://www.choosemyplate.gov.

146 FROM SCARCITY TO SECURITY



Vark, Caspar van. “Small-Scale Agriculture Holds Big Promise for Africa.” The Guardian, 
October 23, 2013. https://www.theguardian.com/global-development-professional 
-network/2013/oct/23/irrigation-systems-agriculture-farm.

Vermillion, D. L., and J. A. Sagardov. “Transfer of Irrigation Management: Guide-
lines.” Rome, 1999.

Vílchez, José M. “Workshop Summary.” In Revista Mexicana de Astronomia y Astrofisica: 
Serie de Conferencias, 2003.

Villholth, K. G., A. Sood, N. Liyanage, T. Zhu, and Y. Wada. “Global Food Production Share 
from Sustainable and Unsustainable Groundwater Use.” In The 43rd International As-
sociation of Hydrogeologists Congress “Groundwater and Society: 60 Years of IAH.” 
Montpellier, France, 2016. http://grofutures.org/wp-content/uploads/2016/10/Villholth 
_GW-Global-Food-Production.pdf.

Vos, Hugo de, Rutgerd Boelens, and Rocio Bustamante. “Formal Law and Local Water  
Control in the Andean Region: A Fiercely Contested Field.” International Journal of 
Water Resources Development 22, no. 1 (2006): 37–48. https://doi.org/10.1080 
/07900620500405049.

Voutchkov, Nikolay. “Desalination – Past, Present and Future.” Cities of the Future. Interna-
tional Water Association, August 17, 2016. http://www.iwa-network.org/DESALINATION 
-PAST-PRESENT-FUTURE.

Wada, Y., L. P. H. Van Beek, and M. F. P. Bierkens. “Modelling Global Water Stress of the 
Recent Past: On the Relative Importance of Trends in Water Demand and Climate Vari-
ability.” Hydrology and Earth System Sciences 15, no. 12 (2011): 3785–808. https://doi 
.org/10.5194/hess-15-3785-2011.

Wakefield, Melanie A., Barbara Loken, and Robert C. Hornik. “Use of Mass Media Cam-
paigns to Change Health Behaviour.” The Lancet 376, no. 9748 (2010): 1261–71. https://
doi.org/10.1016/S0140-6736(10)60809-4.

Water Scarcity Solution. “NEW – Community Implemented Aquifer Recharge Scheme.” 
2030 Water Resources Group, 2018. https://www.waterscarcitysolutions.org/new 
-community-implemented-aquifer-recharge-scheme.

WHO. “Progress on Drinking Water, Sanitation and Hygiene.” Geneva: World Health Orga-
nization, 2017.

Wichelns, D., L. Houston, D. Cone, Q. Zhu, and J. Wilen. “Farmers Describe Irrigation Costs, 
Benefits: Labor Costs May Offset Water Savings of Sprinkler Systems.” California Agri-
culture 50, no. 1 (1996): 11–18. https://doi.org/10.3733/ca.v050n01p11.

Winpenny, James. “Financing Water For All: Report of the World Panel on Financing Water 
Infrastructure Chaired by Michel Camdessus,” 2003. http://www.rioc.org/IMG/pdf 
/FinancingWaterForAll_complete.pdf.

Winters, L. Alan, Neil McCulloch, and Andrew McKay. “Trade Liberalization and Poverty: 
The Evidence So Far.” Journal of Economic Literature 42, no. 1 (2004): 72–115. https://
doi.org/10.1257/002205104773558056.

Wolf, Aaron T., Shira B. Yoffe, and Mark Giordano. “International Waters: Identifying Basins 
at Risk.” Water Policy 5, no. 1 (2003): 29–60. https://doi.org/10.2166/wp.2003.0002.

Wood, Stanley, Richard Robertson, Liangzhi You, Tingju Zhu, Zhe Guo, Claudia Ringler, 
Gerald Nelson, Yan Sun, and Ulrike Wood-Sichra. “What Is the Irrigation Potential for 
Africa? A Combined Biophysical and Socioeconomic Approach.” Food Policy 36, no. 6 
(2011): 770–82. https://doi.org/10.1016/j.foodpol.2011.09.001.

147CHICAGO COUNCIL ON GLOBAL AFFAIRS



Woodhouse, Philip, Gert Jan Veldwisch, Jean-Philippe Venot, Dan Brockington, Hans 
Komakech, and Ângela Manjichi. “African farmer-led irrigation development: re-fram-
ing agricultural policy and investment?” The Journal of Peasant Studies 44, no. 1 
(2017): 213-233. 

World Bank. “Chapter 3: Managing Land and Water to Feed Nine Billion People and Pro-
tect Natural Systems.” World Development Report 2010: Development and Climate 
Change (Washington, DC: World Bank, 2009). 

———. “Innovation, Entrepreneurship, Positive Change. Join the Farmer-Led Irrigation Rev-
olution.” Washington, DC: The World Bank Group, 2018. https://www.worldbank.org/en/
news/feature/2018/09/05/innovation-entrepreneurship-positive-change-join-the- 
farmer-led-irrigation-revolution.

———. “Managing Land and Water to Feed Nine Billion People and Protect Natu-
ral Systems.” In World Development Report 2010, 133–87. Washington, DC: The 
World Bank, 2014.

———. “Water.” Washington, DC: The World Bank, 2018. https://www.worldbank.org/en/
topic/water.

———. World Development Report 2008: Agriculture for Development. Agriculture. Wash-
ington D.C.: The World Bank, 2008.

———. World Development Report 2009: Reshaping Economic Geography. Washington, 
DC: The World Bank, 2009. http://documents.worldbank.org/curated/en 
/730971468139804495/pdf/437380REVISED01BLIC1097808213760720.pdf.

World Bank - ETWWA. “Improving Wastewater Use in Agriculture: An Emerging Priority.” 
Washington, DC, 2010. http://siteresources.worldbank.org/INTWAT/Resources 
/ESWWastewaterAg.pdf.

World Economic Forum. “The Global Risks Report 2019.” Insight Report. Geneva: World 
Economic Forum, 2019.

World Health Organization. “WHO Estimates of the Global Burden of Foodborne Diseases.” 
Geneva: World Health Organization, 2015. https://apps.who.int/iris/bitstream/handle 
/10665/199350/9789241565165_eng.pdf;jsessionid=A04B733B8366B70C324AFF5 
EDD47E147?sequence=1.

World Resources Institute. “Baseline Water Stress” (water stress data, AQUEDUCT, 2013).
———. “World Resources Report: Creating a Sustainable Food Future.” Washington, DC: 

World Resources Institute, 2018. https://www.wri.org/publication/creating- 
sustainable-food-future 

World Wildlife Fund. “Responsible Aquaculture,” 2018. http://wwf.panda.org/our_work/mar-
kets/mti_solutions/certification/seafood/aquaculture/impacts/.

———. “Overview: Overfishing.” Threats. World Wildlife Fund, 2018. https://www 
.worldwildlife.org/threats/overfishing.

Xie, Hua, Liangzhi You, Benjamin Wielgosz, and Claudia Ringler. “Estimating the Potential 
for Expanding Smallholder Irrigation in Sub-Saharan Africa.” Agricultural Water Man-
agement 131 (2014): 183–93. https://doi.org/10.1016/j.agwat.2013.08.011.

Yang, H., L. Wang, K. C. Abbaspour, and A. J. B. Zehnder. “Virtual Water Trade: An Assess-
ment of Water Use Efficiency in the International Food Trade.” Hydrology and Earth 
System Sciences 10, no. 3 (2006): 443–54. https://doi.org/10.5194/hess-10-443-2006.

148 FROM SCARCITY TO SECURITY



Young, Sera L., Shalean M. Collins, Godfred O. Boateng, Torsten B. Neilands, Zeina Ja-
maluddine, Joshua D. Miller, Alexandra A. Brewis et al. “Development and Validation 
Protocol for an Instrument to Measure Household Water Insecurity across Cultures and 
Ecologies: The Household Water InSecurity Experiences (HWISE) Scale.” BMJ Open 9, 
no. 1 (2019): bmjopen-2018-023558. https://doi.org/10.1136/bmjopen-2018-023558.

Zhang, Heping, and Theib Oweis. “Water-Yield Relations and Optimal Irrigation Schedul-
ing of Wheat in the Mediterranean Region.” Agricultural Water Management 38, no. 3 
(1999): 195–211. https://doi.org/10.1016/S0378-3774(98)00069-9.

Zhu, T., K. G. Villholth, C. Ringler, E. Sutandudjaja, and A. Sood. “Ending Groundwater Over-
draft Globally? An Assessment of Water and Food Security Impacts Using Integrated 
Modeling.” Washington, DC: Mimeo, 2018.

149CHICAGO COUNCIL ON GLOBAL AFFAIRS











The Chicago Council on Global Affairs 
is an independent, nonpartisan membership organization that provides insight—

and influences the public discourse—on critical global issues. We convene leading 

global voices, conduct independent research, and engage the public to explore 

ideas that will shape our global future. The Chicago Council on Global Affairs is 

committed to bring clarity and offer solutions to issues that transcend borders and 

transform how people, business, and government engage the world. Learn more at 

thechicagocouncil.org and follow @ChicagoCouncil.

To learn more about the Council’s Global Food and Agriculture Program, visit  

thechicagocouncil.org/globalagdevelopment and follow @GlobalAgDev.

180 North Stetson Avenue, Suite 1400
Chicago, Illinois 60601
thechicagocouncil.org/
globalagdevelopment


