Chapter 20

THE ROLE OF WATER IN SUPPORTING
FOOD SECURITY: WHERE WE ARE
AND WHERE WE NEED TO GO

Claudia Ringler, Nicostrato Perez, and Hua Xie

Although global annual water availability is largely stable, with small increases
as a result of accelerated water cycles under climate change (Oki and Kanae
2006), the demand on water resources has grown substantially over the past
50 years, due to population growth, agricultural and economic growth, and
urbanization (WWAP 2016; Bates et al. 2008). This has led to increasing
competition across water-using sectors and contributed to severe degradation
of water and related ecosystems and biodiversity loss in parts of the globe and,
in some cases, outmigration of humans. Higher temperatures, less certain pre-
cipitation patterns, as well as shorter, more concentrated rains together with
prolonged dry seasons are putting further pressure on available water supplies
(Bates et al. 2008; Fishman, Jain, and Kishore 2013; WWAP 2016). All of
these developments have put access by farmers to water for food production at
risk.

Globally, most crops and livestock are produced using soil moisture
that comes from precipitation (also known as rainfed agriculture) (FAO
2011). Rainfed agriculture accounts for approximately 95 percent of the har-
vested crop area in Africa south of the Sahara, 86 percent in Latin America,
two-thirds in the Middle East and North Africa region, half in Asia, and
85 percent of the harvested crop area in high-income countries (Ringler 2017).
Conversely, Asia features the world’s largest irrigated areas, followed by the
Middle East and North Africa regions, and there has been little investment in
irrigation in Africa south of the Sahara until recently.

While most crop area is rainfed, the contribution of irrigation to food
security has been essential, generating 40 percent of global food production
on less than a third of the world’s harvested land. For this, irrigation requires
large volumes of freshwater. This is reflected in the agriculture sector account-
ing for approximately 70 percent of global water withdrawals, largely for irri-
gation but also for livestock watering and aquaculture as well as for more than
80 percent of consumptive water use of withdrawn water (FAO AQUASTAT
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2019; Ringler 2017; WWAP 2019). Irrigated agriculture supports food pro-
duction in dry seasons, in areas that receive too little rainfall to grow food,
and increasingly supplements production in areas with less predictable rain-
fall. Irrigated yields are generally 30 percent to 60 percent higher than those of
rainfed crops, as irrigation supports higher-yielding seeds through improved
water control. As a result of growing water variability and climate change, the
role of irrigation as a key climate change adaptation strategy is growing in
importance (Rosegrant, Ringler, and Zhu 2009; Ringler 2017).

The call for more sustainable food systems and an overall healthier planet,
coupled with acute water shortages in cities around the globe, are putting pres-
sure on irrigation water use. At the same time, there are demands for accel-
erated irrigation development to fuel agricultural and rural growth in areas
particularly affected by climate variability and change as well as in those
regions where irrigation development has lagged, such as in Africa south of
the Sahara (Malabo Montpellier Panel 2018; Vicufia, McPhee, and Garreaud
2012; Olmstead 2013). Given growing pressures on water resources, there is
agreement that agricultural water development and management needs to be
dramatically improved to meet increased food demands and nutrition goals
while also improving the environment. The next section describes the role
of irrigation for food security, including through modeling a series of irriga-
tion expansion scenarios. An overview of the key challenges associated with
increased irrigation development follows, along with a series of promising
solutions. The final section concludes with policy recommendations.

The Role of Irrigation for Food Security

Climate change exacerbates the adverse effects of growing water scarcity on
agricultural productivity through increasing temperatures and changing pat-
terns of precipitation and consequent increased variability in the supply of
water (Bates et al. 2008). To assess the role of irrigation expansion for future
food security, we use IFPRI’s International Model for Policy Analysis of
Agricultural Commodities and Trade (IMPACT), a multimarket model that
simulates the operation of national and international food markets subject to
water and other constraints (Robinson et al. 2015; see Chapter 19 in this vol-
ume for additional details). IMPACT takes into account both biophysical fac-
tors, such as climate and water availability, and economic factors, such as food
prices and food demand, and can thus assess the contribution of changes in
irrigation development for key food security parameters under climate change.
The climate change scenario chosen for this analysis is the HGEM Global
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Circulation Model with a Representative Concentration Pathway (RCP) 8.5
scenario and a midrange Shared Socioeconomic Pathway scenario (SSP2) (see
Chapter 19).

Without climate change (NoCC), average global yields of cereals are pro-
jected to increase from 3.3 metric tons per hectare to 4.3 metric tons per
hectare between 2015 and 2050. With climate change (the HGEM sce-
nario), global yields are projected to be 9 percent lower, on average, in 2050.
Yield declines due to climate change are projected to be largest in the North
America region, albeit from high levels, followed by the Latin America
and Caribbean region and the South Asia region. Yield declines translate
into a projected reduction of global cereal production of 8 percent, with an
18 percent decline in the group of developed countries and a 2 percent decline
in the Global South. Production shortfalls put pressure on food prices and
dampen demand for food (Figure 20.1).

Irrigation can counteract production declines and associated food price
increases under climate change through ensuring that enough water is avail-
able during the cropping season, through increased cropping intensity, by
expanding the cropping season into the dry season, for example, and through
supporting higher yields through more optimal water provision on irrigated
lands. However, irrigated area has been expanding only slowly as a result of
high investment costs for large-scale irrigation—compared to long-term sec-
ular declines in global food prices—due to growing pressure to use water in
other sectors and due to growing environmental concerns. As a result, growth
in irrigated area is estimated at around 2 million hectares of harvested area a
year globally over the next several decades, with growth concentrated in the
group of developing countries.

To assess the role of irrigation for agriculture and food security, we sim-
ulate three irrigation expansion scenarios under climate change with vary-
ing rates of irrigation expansion. In IRREXP_30, we accelerate irrigated area
development over baseline expansion to increase irrigated area by 30 percent
by 2030 from 2015 levels. In IRREXP_50, global irrigated harvested area
grows by 50 percent by 2030 from 2015 levels; and in IRREXP_100, area
increases by 100 percent, but over a longer timeframe, from 2015 to 2045.
Figure 20.2 presents changes in total harvested areas as a result of irrigation
investment and Figure 20.1 presents associated changes in average crop and
in average cereal prices. Under moderately accelerated irrigation develop-
ment, global irrigated harvested area is estimated to increase by 101 million
hectares by 2050, including the conversion of 47 million hectares of rain-
fed lands. If investments would generate a 50 percent increase in irrigated
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FIGURE 20.1 Projected world prices of food commaodities under alternative irrigation
expansion scenarios, 2050 (index 2015 = 1.00)
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Source: Authors’ estimates from IMPACT simulations.

Note: NoCC = no climate change; HGEM = climate change scenario based on the Hadley Centre Global Environmental Model;
IRREXP_30 = 30 percent irrigation expansion; IRREXP_50 = 50 percent irrigation expansion; IRREXP_100 = 100 percent
irrigation expansion.

area, an additional 165 million hectares of irrigated harvested area would be
added, including through the conversion of 73 million hectares of rainfed har-
vested area. Under the most rapid irrigation development scenario (HGEM _
IRREXP_100), 315 million hectares of irrigated harvested area would be
added, including 100 million hectares from conversion of rainfed area.
Increases in irrigated area support substantial increases in food produc-
tion. Production of all crops is projected to increase by 2.1 percentage points
to 7.7 percentage points in 2050 as a result of irrigation expansion; with larger
increases in the group of developing countries. As Figure 20.1 shows, an
increase of irrigated areas by 50 percent over baseline rates by 2030 can close
to reverse food price increases due to climate change. Even larger investments,
at 100 percent over baseline increases, can reduce food prices to levels below
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FIGURE 20.2 Changes in harvested irrigated and rainfed areas, alternative irrigation
expansion scenarios, 2050
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Note: WLD = world; DVD = developed countries; DVG = developing countries; NoCC = no climate change; HGEM = climate
change scenario based on the Hadley Centre Global Environmental Model; IRREXP_30 = 30 percent irrigation expansion;
IRREXP_50 = 50 percent irrigation expansion; IRREXP_100 = 100 percent irrigation expansion.

a NoCC scenario. This suggests that irrigation can make effective contribu-
tions to address adverse impacts of climate change.

Global Challenges of Agricultural Water
Management

Water Depletion, Including Groundwater Depletion

With population and economic growth, water scarcity has been on the rise
in many areas around the world and is now often considered to be the single
largest water problem (Jury and Vaux 2005). Using water withdrawals as a
share of water availability as a water scarcity indicator, Figure 20.3 shows the
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FIGURE 20.3 Water withdrawals as a share of internal renewable water resources at country
level, 2010

Source: IFPRI IMPACT (2019).

present water scarcity situation at the country level. A country is considered to
be under low water stress if its water withdrawal-to-availability ratio is below
0.2, under moderate water stress if the ratio is between 0.2 and 0.4, and under
severe water stress if the ratio is greater than 0.4 (Alcamo and Henrichs 2002).
Following this definition, water stress levels are largest in the Middle East and
North Africa region, Pakistan, and selected Central Asian countries, and are
also large for selected countries in Europe.

Ringler et al. (2016) estimate that in 2010 one-third of the global popula-
tion lived in river basins with severe risks of water scarcity (see also Oki and
Kanae 2006) and that the share of the population at severe risk was growing
dramatically to affect more than half (52 percent) of the global population by
2050. In a different estimate, Mekonnen and Hoekstra (2016) find that two-
thirds of the world’s population currently live in areas that experience water
scarcity for at least one month a year—focusing attention on the seasonal-
ity of water scarcity. However, these water scarcity indictors mask important
subnational variations in water availability and access; highly water-scarce
countries, such as in the North Africa region, might have adjusted to lower
water withdrawal levels, complicating cross-country comparison, and water
access by the poorest can be lowest in some of the most water-rich coun-
tries, such as the Democratic Republic of the Congo (Mehta et al. 2019). As
such, the water scarcity indicator—and indeed any water-related indicator—
would need to be supplemented by additional information for water manage-
ment investments.
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Agricultural water was traditionally supplied by surface systems through
river diversions, or through harnessing seasonal floods (Sojka, Bjorneberg, and
Entry 2002). However, groundwater is the largest distributed store of liquid
freshwater in the world (Shiklomanov 1993; Gleeson et al. 2015). With tech-
nological innovations, groundwater use has been increasing dramatically over
the last 50 years, and groundwater depletion and contamination with pollut-
ants and seawater in coastal areas has become a further sign of the growing
risks and lack of sustainability of current agricultural water management prac-
tices. The most rapid increase in groundwater withdrawals for agriculture has
occurred in Asia, where the world’s largest irrigated areas are located (Shah
et al. 2007). In parts of Asia, large, centralized pumping systems were used in
the 1950s and 1960s, often to reduce waterlogging and salinization, such as in
the Salinity Control and Reclamation Project (SCARP) of Pakistan (World
Bank 1986). With the advent of cheap drilling technologies and more afford-
able, individual pump sets since the 1970s, combined with a secular decline
in investments in public surface systems in Asia, private groundwater-sourced
irrigation has rapidly increased and in many instances overtaken large-scale
public infrastructure in growth and extent.

The most well-known case of smallholder-led groundwater irrigation is
India. According to Mukherji and Das (2014), by 2011-2012 approximately
39 million hectares of the total of 65 million hectares of net irrigated area in
India were irrigated with groundwater. Much of this development in India
has been due to (1) affordable, individual pump technology; (2) cheap drilling
technology; (3) inflexible and unreliable canal irrigation—sometimes coupled
with the availability of high water tables due to runoff and seepage and per-
colation from canal systems; and (4) in several states, access to free electricity
for pumping (Mukherji and Das 2014). Smallholder- or farmer-driven devel-
opments in South Asia have since been replicated in parts of Southeast Asia,
Latin America, and Africa south of the Sahara.

Today, groundwater plays a major role in irrigation and food production
globally. More than one-third of the world’s 301 million hectares of area
equipped for irrigation relies on groundwater. In addition, global consump-
tive use of groundwater in irrigation is estimated to account for 43 percent of
total consumptive irrigation water use (Siebert et al. 2010). Among the top 15
groundwater-using countries in the world, 11 are in Asia. India is the largest
groundwater user in the world, abstracting 251 cubic kilometers of groundwa-
ter annually, of which 223 cubic kilometers or 89 percent is estimated to be
used for irrigation (Figure 20.4). China and the United States are the second
and third largest users of groundwater with most of the water extracted used
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FIGURE 20.4 Groundwater extraction by sector in the top 15 groundwater-using countries,
2010 (cubic kilometers)
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Source: Groundwater extraction statistics in Margat and van der Gun (2013).

for irrigation. Pakistan and Iran are the fourth and fifth largest groundwater
users, abstracting an estimated 65 cubic kilometers and 63 cubic kilometers in
2010, again largely for irrigation (Margat and van der Gun 2013).

Intensive groundwater irrigation has led to groundwater depletion in
many arid and semiarid agricultural regions, where groundwater is extracted
at rates exceeding groundwater recharge (Wada et al. 2010; Wada et al. 2012;
Gleeson et al. 2012; Déll et al. 2014). Groundwater tables have been declining
at alarming rates in some of the world’s major aquifers (Rodell, Velicogna, and
Famiglietti 2009; Wada et al. 2010; Jiménez et al. 2011; Gleeson et al. 2012;
Cao etal. 2013; Long et al. 2016; Tang et al. 2017). Many of those depleted
aquifers overlap with the world’s most important breadbaskets (Villholth et al.
2016). Sustained groundwater overdraft puts future irrigated food production at
risk and leads to undesirable environmental consequences, including land sub-
sidence and seawater intrusion, which can have profound social and environ-
mental impacts (Giordano 2009; Klove et al. 2011; Medellin-Azuara et al. 2015).

Water Pollution

Water pollution from the overuse of agricultural chemicals is a growing, but
largely unaddressed, threat to public health and water-related ecosystems.
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FIGURE 20.5 Estimated nutrient-loading intensity from agricultural land in the base year
(2000)
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Source: Xie and Ringler (2017).

Major pollutants from agricultural sources that lead to water quality deteri-
oration include nutrients, pesticides, and a family of emerging contaminants
such as hormones and feed additives (Mateo-Sagasta et al. 2017). While most
water pollution studies are carried out at small scales due to data constraints
and the role of local biophysical environments in shaping pollution levels, a
few macronutrient pollution studies have been implemented at larger scales,
because sources and impacts are relatively well-known and data are more read-
ily available. Nitrogen pollution, which has been clearly linked to agricultural
practices, is harmful for ecosystems, causing algal blooms and dead zones in
coastal areas, such as the hypoxia in the Gulf of Mexico (Good and Beatty
2011). Nitrates in drinking water can decrease the ability of blood to carry
oxygen, which can be fatal for infants.

Xie and Ringler (2017) assessed the likely future development of global
nitrogen (N) and phosphorous (P) loadings from agricultural production
under alternative socioeconomic, climate, and technological change scenar-
ios. They estimate global N loadings from agriculture around the year 2000 at
46 million metric tons per year and P loadings at 2.7 million metric tons per
year. An example of the modeled distribution of N loadings across the globe
is presented in Figure 20.5. Global N and P loadings are projected to rapidly
increase under all climate and socioeconomic scenarios with N loadings grow-
ing to between 62 million metric tons and 81 million metric tons. Patterns
of change are similar for projections of P loadings but with lower overall pro-
jected growth, and a total range of 2.8 million metric tons to 3.4 million met-
ric tons per year. Moreover, growth in pollution is projected to be fastest in
the group of low-income developing countries, with a projected increase of
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up to 118 percent for N loadings and up to 47 percent for P loadings. While
nutrient-loading levels are currently largest in the Asia region (Figure 20.5),
rates of growth are fastest in Africa.

It is much more challenging to assess the impacts of micropollutants, such
as pesticides and emerging contaminants, as data on sources of pollution and
their impacts are lacking, transformation processes of individual components
and mixtures of various components are not always known, and no data are
collected on most of these pollutants. Moreover, in many countries only some
micropollutants are regulated and many are not treated. It is thus difficult
to monitor and model the share of pesticide components and other microp-
ollutants that reach water bodies and to design broad mitigation measures
(Schwarzenbach et al. 2010).

Water pollution can occur at recommended levels of agrochemical applica-
tions, as only a share of chemicals are taken up by plants. Pollution levels can
be larger if farms are near water bodies or if large rainfall events wash chem-
icals into water bodies. At the same time overuse of chemicals occurs and is
linked to farmers’ risk aversion, fertilizer subsidies (often for nitrogen, which
can lead to unbalanced use of application levels), underinvestment in exten-
sion services and related overreliance on agrodealers for advice on chemi-
cals, and farmers’ lack of knowledge regarding pesticide use when new plant
discases occur (Borin et al. 2005; Jin, Bluemling, and Mol 2015; Good and
Beatty 2011).

Water Variability

Water variability, or hydrologic variability, is a natural phenomenon driven by
climate variability. When manifesting in extreme hydroclimatic events such
as floods and droughts, water variability can damage crops (Ray et al. 2015),
destroy livelihoods, and adversely affect economic growth (Brown and Lall
2006; Thurlow, Zhu, and Diao 2012). Owing to agriculture’s strong reliance
on and direct exposure to weather, management of water variability is a key
concern for food production. According to Lesk, Rowhani, and Ramankutty
(2016), globally, droughts and extreme heat alone reduced cereal production
by 9 percent to 10 percent during 1964 through 2007. Moreover, agricultural
production in developing countries is more vulnerable to weather shocks, due
to the sector’s lower capital investment and knowledge intensity and associated
coping capacity. In recent years, almost one-quarter of weather-related dam-
ages has been in the agricultural sector in developing countries (FAO 2015).
Figure 20.6 displays mean annual runoff and the coefficient of varia-
tion of annual runoff at a 0.5-degree resolution. Annual runoff depth is a
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FIGURE 20.6 Mean annual runoff and coefficient of variation (CV) of annual runoff

Source: IMPACT Global Hydrological Simulation for the 1951-2000 period.

Note: In open-water bodies grid cells where actual evapotranspiration exceeds precipitation runoff values are negative.
Runoff is in mm per year.

measure of water availability. The coefficient of variation (CV) is the stan-
dard deviation of annual runoff divided by mean annual runoff and is a mea-
sure of interannual water variability. Strong water variability exists in many
regions of the world, especially arid and semiarid regions such as southern
Africa, the Middle East and North Africa, the southwestern United States,
and southern Latin America. Poorer countries generally exhibit higher water
variability (Grey and Sadoff 2007). While floods can sweep away crops and
properties, and pollute domestic water sources, droughts can cause crop losses
through reducing both harvested areas and crop yields (Lesk, Rowhani, and
Ramankutty 2016). In much of Africa south of the Sahara, where agriculture
remains largely rainfed, interannual climate variability significantly affects
agricultural GDP and total GDP. Increasing water variability associated with
climate change is expected to increase pressure on food production. Existing
and growing uncertainties regarding precipitation are adversely affecting
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investments in agricultural productivity, particularly in Africa south of the
Sahara where investment in irrigation infrastructure is especially low (Cooper
etal. 2008).

Food production and prices can be affected by water variability and cli-
matic shocks in significant ways, both at the local and global levels. Climate
change projections generally only assess the mean impact of changes in tem-
peratures and precipitation and do not consider changes in the variability of
climate. To assess the role of irrigation in addressing water variability, we sim-
ulate the impact of climate variability and change on maize production and
net trade in maize, the key staple crop in southern Africa. Southern Africa
is of particular interest to the analysis of climate variability due to its over-
all water scarcity and high variability of water availability (see Figure 20.6;
Conway et al. 2015). We then simulate the potential of expanded irrigation in
southern Africa to reduce the adverse impact of climate variability and change,
projecting a 50 percent increase in irrigated area in the region (using the sce-
nario introduced earlier in the chapter for the southern African region only).

Figure 20.7 presents the cumulative distribution functions (CDF) for pro-
duction and net trade of maize under climate variability and change, com-
pared to a NoCC scenario as well as the benefits from irrigation expansion for
maize production and trade in southern Africa. The probability that maize
production falls below 35 million metric tons increases from 13.2 percent
under the NoCC scenario to 20.0 percent under the HGEM scenario.
Conversely, if irrigated area is expanded in southern Africa, the probabil-
ity for maize production to decline below 35 million metric tons declines to
6.9 percent.

In terms of maize trade, under the HGEM climate change scenario, the
probability and range of maize imports in southern Africa declines from
16 million metric tons to 31 million metric tons under the NoCC scenario to
9 million metric tons to 23 million metric tons as a result of climate change,
which puts pressure on maize prices, resulting in a decline in demand for
maize. With substantial expansion of irrigated area, the region would see a
further shift to the right with a range of yet lower net imports of 5 million
metric tons to 21 million metric tons. In this case, net imports would decline
due to the rapid expansion in irrigated area in the southern African region,
which would reduce the pressure on maize prices and also reduce the need to
import maize.

The key response to water variability has been investment in water stor-
age. Historically, most investment has been in reservoirs. Such reservoirs are
increasingly being built as multipurpose systems, storing water for irrigation,
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FIGURE 20.7 Variability in maize production and net trade, plotted as cumulative distribution
functions, southern Africa, 2050
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municipal-industrial uses, hydroelectricity production and flood control, and
sometimes reservoir fisheries, and to ensure timely releases for environmen-
tal flow purposes. According to the International Energy Agency (IEA 2016),
power production from reservoirs accounted for more than 85 percent of
global renewable electricity generation in 2015. However, such reservoirs, or
gray storage, often affect the migration patterns and spawning patterns of fish;
change hydrological regimes, temperature, and flows of rivers; and can disrupt
nutrient and sediment flows for fish and other aquatic resources.

A more holistic consideration of the storage continuum is now increasingly
considered. This continuum ranges from natural water storage underground,
in the soil and in water bodies to gray infrastructure, and includes small and
large reservoirs (McCartney and Smakhtin 2010). A relatively recent mea-
sure to enhance the natural storage capacity of groundwater for both reduced
flooding and increased availability of water during the dry season, for irriga-
tion and other purposes, is managed aquifer recharge (MAR). MAR is the
intentional recharge of water to aquifers for subsequent recovery or environ-
mental benefit. Dillon et al. (2019) estimate that MAR has accelerated at a
rate of 5 percent per year and has reached an estimated 10 cubic kilometers per
year, equivalent to more than 2 percent of groundwater extraction in countries
reporting MAR. India and the United States, large extractors of groundwater,
also report the largest MAR capacity.

There are measures to directly reduce water variability in irrigation sys-
tems, for example, through improved irrigation-scheduling tools that can
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reduce excess water application. These tools, including soil moisture and yield
sensors, are increasingly linked to large databases that trigger irrigation appli-
cations or other agricultural management interventions. Improved climate
forecasting tools, drought-monitoring bulletins, and apps that provide real-
time and near-future information on precipitation, temperatures, droughts,
and crop prices are further tools that help farmers manage climate, water, and
associated food production risks (Rodrigues et al. 2016).

Conclusion and Policy Recommendations

Water scarcity is a reality today for many people on the globe, and this scar-
city is particularly felt in the agriculture sector, which is often the user of last
resort. Driven by population and economic growth, the demand for water is
expected to substantially increase in nearly all developing countries and many
developed countries over the coming decades. While domestic and industrial
water demands continue to grow faster than irrigation water demands, agri-
cultural water use will remain the largest consumptive use sector out to 2050.
Climate change adds an additional layer of complexities to the water and food
challenges in the future, and considerable uncertainties exist in climate model
projections and associated projections of water availability and resulting gaps
between demands and supplies. However, there is little doubt that the adverse
effects of climate change on water most directly affect the agriculture sector,
where growing more food to meet the caloric and nutrition demands of an
increasing population will require that more water is used for food produc-
tion unless significant water savings (that is, crop per drop) can be achieved.
Increasing water productivity can be achieved both in the water and irrigation
sectors but also through a host of other measures.

Policies and strategies in the irrigation sector that can help support water
security for food production in developing countries include removal of
restrictions to the import of advanced irrigation technologies, and increased
investment in extension services and other knowledge management plat-
forms geared toward the use of often complex irrigation technologies as well
as for associated knowledge areas in integrated pest management, agrochem-
ical applications, and climate information services. Knowledge platforms on
advanced irrigation technologies can also directly address water pollution
concerns. Drip irrigation systems can apply agrochemicals with the irrigation
water in more precise doses than traditional application mechanisms can pro-
vide—that is, through fertigation—and can furthermore enhance the qual-
ity of horticultural products. Various precision-agricultural technologies, such
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as soil moisture sensors or simple wetting-front detectors, can provide guid-
ance to farmers on when irrigation can improve crop yields and when not (for
example, Stirzaker 2003). To achieve savings through direct irrigation inter-
ventions, it will be essential to further advance measurements of irrigation
water use through remote sensing technologies, combined with field valida-
tion. Several research and private consultancy groups continue to advance
measurements of evapotranspiration from space (Bastiaanssen, Molden, and
Makin 2000).

Importantly, investments in advanced irrigation technologies, such as drip
or sprinklers, without proper assessment of water resources and flows, and
without institutions that put a cap on withdrawals for agriculture, might well
increase total irrigation water consumption, which is also called the “para-
dox of irrigation efficiency” (Rosegrant, Ringler, and Zhu 2009; Ringler 2017;
Grafton et al. 2018). In rainfed environments, key measures to improve water-
use efficiency when irrigation is not available include conservation agriculture,
improved weeding, reduced tillage, and application of mulches. Governments
need to strengthen investments in crop breeding for increased plant transpi-
ration efficiency. Investment in agricultural research in this and other areas
continue to fall short of research investments in other sectors like health.
Moreover, the development of drought- and heat-stress-tolerant varieties of key
food crops as well as submergence-tolerant varieties for coastal ecoregions can
further improve the productivity and efficiency of irrigation applications.

In addition to investment in technologies, growing reliance on, and
increased competition over shared water resources requires the strengthening
of water management and allocation institutions. Such institutions include
river basin organizations at the basin or watershed level, water user associa-
tions at the level of irrigation systems, and community rules or regulations for
using shared aquifer resources. Mekonnen, Channa, and Ringler (2015) found
that the existence of effective water user organizations improved agricultural
productivity of farmers at the tail end of irrigation canals. At the community
level, pilot studies in India have shown that collective groundwater manage-
ment facilitated by experimental games can be effective in improving local
groundwater governance (Meinzen-Dick et al. 2018). These are now being
scaled up to several thousand communities across multiple Indian states.

Many of these technologies and institutions can also help remediate key
challenges to irrigation expansion: water pollution and groundwater deple-
tion. However, this requires increased investment in these often invisible envi-
ronmental impacts. Unless serious investments and actions are taken toward
addressing agricultural water pollution and groundwater depletion, clean water
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will be increasingly difficult to find in the breadbaskets of Asia and the rap-
idly growing farming centers of Africa south of the Sahara. Solutions exist
and include enhanced nutrient-use efficiency, phasing out fertilizer subsidies,
no-till or reduced tillage, crop rotations and other conservation measures, and
closing the nutrient cycle, but both enforcement of regulation and economic

incentives to use fertilizers and pesticides more judiciously are currently lack-
ing (Good and Beatty 2011; IFPRI and Veolia 2015; Sun et al. 2012; Huang et
al. 2015).
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