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Abstract “Bottom-up” field-based, crop-hydrological models are used to estimate food production
and irrigation water extractions under multiple scenarios of water and nitrogen use and crop yield
increases from 2010 to 2050 for 19 countries. The results show: (1) a food deficit before 2050 under a
worst case climate change scenario in terms of annual crop yield improvement; (2) substantial water
deficits, as a result of irrigation, for major food-producing countries that will prevent these nations from
meeting their domestic food requirements in the absence of investments in water infrastructure or food
imports; and (3) a plateau in terms of crop food production associated with increased water extractions
given no further increase in the current area of irrigated agriculture. Possible pathways to respond to the
tensions in the food—water nexus are evaluated and include: (1) higher water productivity; (2) food trade;
(3) improvements in both crop yield and “sustainable” total factor productivity; (4) greater investment

in water infrastructure; and (5) integrative policies and decision processes. Without a combination of
some, or all, of these possible pathways, appropriately adapted to bio-physical and socio-economic
circumstances, the world faces grave risks in food and water security out to 2050.

1. Introduction

A generation ago Gleick and his colleagues [Gleick, 1993] highlighted an approaching global fresh water
crisis that has since become even more pressing. Here, and in contrast with much of the literature that uses
“top-down” models, we use “bottom-up” and field-based, crop-hydrological models to highlight the ten-
sions and possible pathways to respond to the global need to increase food production from rain-fed and
irrigated agriculture, but within existing water availability. Our work is important because, using field-based
models, we calculate a plateau in terms of global crop production and water extracted for irrigated agricul-
ture, highlight either food or water deficits by 2050 for key food-producing countries, and present possible
pathways to respond to challenges in the food -water nexus.

The tension between the absolute necessity for food production and the fresh water required to grow this
food is increasing because of rising food demand and rising water scarcity in key food-producing countries.
This is most acute in irrigated agriculture because, globally, it accounts for 70% of the total water extracted,’
or some 2,700 km3 [Comprehensive Assessment of Water Management in Agriculture, 2007]. Of the global
food supply, irrigated agriculture contributes around 40% of this production from approximately 20% of
the arable cropland, which is irrigated for at least part of the year. Thus, given its importance in both food
supply and water extractions, effectively managing how surface and groundwater are used in irrigation is
of critical importance [Wichelns and Oster, 2006] for both global food security and water security.

Overlaying the food-water challenge is the effect of climate change. Notwithstanding the benefits of car-
bon fertilization, the negative effects of climate change are likely to be nonlinear with yields increasing up
to a temperature threshold and then declining sharply beyond this limit [Schlenker and Roberts, 2009]. Lobell
and Gourdji [2012] estimate the net effect of climate change on crop yields out to 2050 could be a negative
—3% per decade or a positive +2% per decade. Nelson et al. [2014] find that, in the absence of incremental

TIn defining water use, we separate water withdrawals, also known as extractions, from water consumption, or con-
sumptive water use. In agriculture, so-called “blue” water extractions refer to physical withdrawals of water from rivers,
streams, human-made water storages, and groundwater over a period of time while water consumption refers to the
volume of water extracted less than the amount of water returned to water sources. Of total global water extractions,
domestic use accounts for about 10% of the total, and industrial use account for about 20%.
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yield increases from carbon fertilization, average yields for coarse grains, oil seeds, wheat, and rice in 13
regions of the world would fall, on average, by 17% by 2050 relative to a no climate change scenario. Impor-
tantly, Lesk et al. [2016] show, using global extreme weather data from 1964 to 2007, that during a drought
national cereal production reduced by 10.1% on average (9.9-10.2%, 95% confidence interval) and extreme
heat led to a production deficit of 9.1% (8.4-9.5%, 95% confidence interval).

Here, we examine the possible gaps between global food supply and food requirements, discuss the impli-
cations for water extractions and consumption in agriculture, and then, highlight the possible pathways to
promote global food and water security. Our approach, described in Section 2, calculates food production
out to 2050 for different scenarios for 19 major cereal producing and consuming countries using the Global
Food and Water Systems (GFWS) Platform [Grafton et al., 2015] designed to explore the nexus between food
supply and water demand.? Using this platform, in Section 3, we evaluate possible food and water deficits
using a crop yield increase (CYI) of 0.5% per annum that is represented as a worst case climate change sce-
nario (namely a 20% reduction in CYl to 2050) compared to 17% indicated by Nelson et al. [2014], and a CYl of
1% per annum (namely a 40% increase by 2050), which is similar to the current global yield growth [Fischer
etal., 2014]. In Section 4, we discuss the implications of the results and the possible pathways to promote
global food and water security. We offer our conclusions in Section 5.

2. Model of Global Food and Water Security

The GFWS Platform has an online implementation at http://gfws.fe2wnetwork.org/ and was first described
in Grafton et al. [2015]. Since its first development, evaluation and testing has been undertaken, but the
underlying principles and approach of using APSIM crop models to generate food production and crop
water demand remain. The value add of the GFWS Platform is that it provides a means to readily assess the
interplay between water and food supply and demand. The platform is based on process crop models that
work from the bottom-up in that the modeling results are based on detailed crop physiology, soil water and
nutrient mechanisms and, importantly, incorporate crop management interventions.

The Agricultural Production Systems sIMulator (APSIM) crop production models [McCown et al., 1996; Keat-
ing et al., 2003] are based on actual crop response functions responding to the climate, soils, nitrogen fertil-
ization, and crop water applications. This allows the nexus between both blue and green water consumption
and food production to be explored and considered against plant genetics, water, fertilizer, and manage-
ment options. While such an approach is valuable, its principal limitation is its spatial extrapolation from spe-
cific sites. By comparison, many existing global food —water models are top-down, do not have actual crop
responses [Gertenet al.,2011; Wada et al., 2016] based on crop physiology or incorporate soil water—nutrient
dynamics. Top-down models have the advantage that they are well suited to broad scale and for global
studies [Bondeau et al., 2007; Gerten et al., 2011]. For example, the model LPJmL [e.g., Bondeau et al., 2007]
simulates plant functional types by representing natural vegetation, grazing land, and 12 crop functional
types based on the world’s major food crops. The crop functional types in this approach are generalized
and climatically adapted plant prototypes designed to capture the most widespread types of agricultural
plant traits. While the LPJmL type model can be used to test the impact of different management or land
use scenarios on the biogeochemical cycles, as related to food production, it is not a crop physiologically
based model derived from actual crop responses. In our view, both bottom-up and top-down approaches
are valuable, but each has its own strengths and weaknesses.

The GFWS Platform is able to estimate the gap between food supply and food requirements, and also the
gap between water extracted for irrigation and the current fresh water supply. This is accomplished on a
scenario basis by specifying alternative annual CYls, crop water consumption, nitrogen fertilizer application,
and the cropped area of rain-fed (green water) and irrigated (green plus blue water) agriculture out to 2050
from a base period of 2007-2010.

2A web-based version of this platform is available at http://gfws.fe2wnetwork.org/. Unlike many other global food
and water models, such as the International Institute for Applied Systems Analysis World Food System Model or the
International Water Management Institute’s WATERSIM model, the GFWS platform is freely accessible for anyone to use
to generate their own scenarios and results.
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2.1. Food Requirements

The exogenous drivers of the platform are per capita food consumption values (kcal/person/day) and
human population projections that determine minimum human food requirements. The population
growth specification is adopted from the projections made available by the World Bank obtained from
http://data.worldbank.org/data-catalog/population-projection-tables. The population data comes from
the World Bank population growth projections and other demographic data from 2010 to 2050, at 5-year
intervals. Food requirement is expressed as kcal per capita per day and the default used by the GFWS
Platform is the Food and Agriculture Organization of the United Nations (FAO) per capita food requirement
projection obtained from www.fao.org/docrep/009/a0607e/a0607e00.htm.

2.2. Food Supply

Scenarios of food supply are calculated by multiplying crop yield per hectare (determined by fertilizer and
water use) by land area per crop adjusted by CYls. Agricultural water use is determined by land use, crops,
and area under irrigation as defined by FAO statistics noting that land under informal irrigation, especially
in Africa, would increase the estimated global irrigated land area.

In the current version of the GFWS platform, 19 countries are included. These countries and the APSIM sites
used for modeling crop responses are: Argentina (Rosaria); Australia (Wagga Wagga); Bangladesh (Dhaka);
Brazil (Maringa); Canada (Edmonton); China (Zhegzhou and Chansha); Egypt (Cairo); France (Toulouse);
India (Lucknow); Indonesia (Jakarta); Mexico (Mexico City); Pakistan (Lahore); Poland (Warsaw); Russia
(Volgograd); Thailand (Bangkok); Turkey (Ankara); U.S.A. (Kansas City); Ukraine (Kiev); and Vietnam (Hanoi).
The major crops we model include: wheat, rice, maize, sorghum, barley, oats, and soybean and were
selected based on their relative importance to the global calorie supply. In terms of annual tonnage, based
on production figures from FAOSTAT Agriculture databases for 2002, the principal crops globally are: wheat
(568 Mt), rice (579 Mt), maize (602 Mt), soybean (180 Mt), barley (132 Mt), and sorghum (55 Mt). Oats is of
second order importance and contributes globally some 28 Mt, but it is still larger in production than both
millet (26 Mt) and rye (21 Mt).

2,500 . Model results can be compared to cur-
b rent levels of crop production and,
2,000 ,,'9"'“; overall, provide similar production lev-
g els to those reported in FAO statistics.
1500 . | - Figure 1 provides a mapping of the
e observed food supply to calculate food

g supply for the 19 countries included in
1,000 e soedsares the GFWS Platform for 2010. The map-
L ping assumes 150kg/haN is applied

500 ol onirrigated and non-irrigated land and
o” 150 mm of water sourced from rivers,

0-%° groundwater, and aquifers is benefi-

° 500 1,000 1300 2,000 2500 cially consumed onirrigated land. Such
levels of fertilizer and water applica-
Figure 1. Predicted food supply for the 19 countries in the Global Food and Water tions are similar to the overall average
Systems platform and observed food supply of the 19 countries based on FAO data applications inthe 19 countries, but we
for 2010. note there are very large differences in
their rates of use across countries. The

overall relationship between the predicted to observed food supply has an adjusted R? of 0.857 with an
intercept of zero and an estimated slope of 0.959 (std. error 0.07), which indicates only a moderate bias in

the model’s overall predictions for 2010.

Predicted Food Supply (Trillion Kcal)
Ay

Observed Food Supply (Trillion Kcal)

The GFWS platform interface provides a suite of set-up scenario designs built on national agricultural
databases, drawn from tens of thousands of crop yield simulations that we calculated in APSIM under
different combinations of water and nitrogen fertilizer applications. The APSIM crop simulation [McCown
etal., 1996; Keating et al., 2003] is fully documented, well supported and has been widely used for more
than two decades (see www.apsim.info/Products/Publications.aspx). The weather data used to drive the
APSIM models are drawn from the SWAT current climate database at http://globalweather.tamu.edu/ while
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the planting and harvesting calendar for irrigated crops is obtained from Food and Agriculture Organization
of the United Nations [2011] information and database at www.fao.org/nr/water/aquastat/main/index.stm.

2.3. Crop Yield Increases

While the GFWS platform allows for a range of different annual CYIs as a percentage of the base year yield,
we assume only two alternative constant CYI to 2050 with a low of 0.5% per annum intended to represent
a worst case climate change scenario and a high of a 1.0% per annum. This is a simplification of what will
likely happen to CYls to 2050 which will vary by country and over time, but provides a boundary of possible
outcomes. A CYI of 1.0% per annum is justified on the basis that the annual proportional CYI has declined
globally over the last 40 years and is currently about 1.0% per annum for both rice and wheat [Food and
Agriculture Organization of the United Nations, 2016]. A CYI of 0.5% per annum represents a plausible decline
in CYl associated with climate change.

2.4. Water and Fertilizer Application Rates

The GFWS platform allows for the water consumed on farmers’ fields to be adjusted from 0 to 500 mm
using surface, sprinkler, and drip application methods for irrigated crops. For both rain-fed and irrigated
crops, elemental nitrogen fertilizer (F) rates can be varied, at 50 kg/ha increments, over the range from 0 to
250 kg/ha.

In the GFWS platform, fresh water is applied on farmer fields to supply the beneficial water consumption
required for each crop. The water applied is based on APSIM estimates for the irrigated crop areas for each
country adjusted for the on-farm efficiency of the method of irrigation. Three different proportions of water
transpired by the crops are provided in the platform relative to the total water delivered to a farmer’s field,
but results are only reported for surface irrigation with an assumed rate of water transpiration from crops
of 60%. Thus, if the beneficial water consumption were 1,000 L in a farmer’s field for a given crop, the water
delivered to the field would be 1,667 L. The difference is either evaporated from the soil or returned to
the hydrological systems of the landscape, catchment, and basin through deep drainage and/or surface
run-off.

2.5. Land Available for Both Rain-Fed and Irrigated Cropping

The land available in the GFWS platform is scaled relative to land use of 2007-2010 and comes
from the World Bank database at http://search.worldbank.org/quickview?name=%3Cem%3EArable
%3C%2Fem%3E+%3Cem%3Eland%3C%2Fem%3E+%28hectares%29&amp;id=AG.LND.ARBL.HA&amp;
type=Indicators&amp;cube_no=2&amp;qterm=Arable+land.

2.6. Water Resource and Area of Irrigated Crops
The estimated water resource and total irrigated crop area for each country comes from the FAO AQUASTAT
main database.

3. Scenarios of the Food and Water Nexus

In this section, we examine: first, the possible gaps between global food requirements for cereals, including
soybeans, and food cereal supply and, second, possible water deficits between water extractions for irriga-
tion and current total water supply. The levels of water extraction are based on the assumed level of water
transpiration by crops (60%) and fertilizer applied in each of the scenarios. All water and fertilizer applica-
tions are relative to a zero base, rather than current levels of fertilizer use and water extractions. The food
supply results represent estimates for only the 19 major cereal-producing countries and then summed for
all these 19 countries.

3.1. Food Surpluses/Deficits to 2050

In 2010, the actual food supply of the 19 countries was 7,501 trillion kcals, while we calculate a supply of
7,863 trillion kcals. Figure 2 presents from 2010 to 2050 the difference between the food surplus from the 19
countries included in the GFWS platform and the global food requirements for all countries in the world as a
percentage of the world’s food requirements. Results are provided for two scenarios of per capita kilocalories
intake over time: first, a scenario from the Food and Agriculture Organization of the United Nations [2006]
and, second, a higher rate of growth in per capita kilocalorie intake that is a 62% increase above the FAO
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——CYI=0.5% per capita kilocalorie (FAO 2006)
——CYI=1.0% per capital kilocalorie (FAO 2006)
——CYI=0.5% per capita kilocalorie (1.38%annual increase on FAO 2006)

CYI-1.0% per capita kilocalorie (1.38%annual Increase on FAO 2006)
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Figure 2. Ratio (as a %) of the difference in the food supply from the 19 countries in the Global Food and Water Systems platform and
global food requirements over global food requirements 2010-2050 assuming F = 200 kg N/ha and irrigated agricultural water
consumption of 200 mm. The scenarios differ in terms of the assumed annual crop yield improvements from 2010 to 2050 (0.5 and 1.0%)
and the projected rate of increase in per capita kilocalorie consumption [FAO, 2006] and projection for a linear 1.38% per annum increase
on FAO [2006] projections.

projection by 2050 that is consistent with data (low-income countries group E in Figure 2b) from Tilman et al.
[2011]. When applied to UN median population projections, these two food demand scenarios generate a
51 and 128% increase, respectively, in global demand for crop calories by 2050, which are levels consistent
with those presented in Table 1 of Keating et al. [2014].

For each global food requirement, we provide food supply under two annual CYls: first, a CYl of 1.0% per
annum which is our “base case” and, second, a lower CYI of 0.5% per annum that represents our worst case
effect of climate change even accounting for carbon fertilization. In all cases, we assume water consumption
on irrigated land of 200 mm, which requires water application of 334 mm, and a nitrogen fertilizer applica-
tion rate of 200 kg/ha N. All scenario calculations begin at the same base food requirement and food supply
in 2005.

At the specified levels of irrigation and fertilization (/=200 mm and F =200 kg/ha N) and the FAO per calo-
rie projections, we observe there is an insufficient food surplus from the world’s 19 largest food-producing
nations alone to meet the global food requirements of all countries by 2030 (CYl=0.5%). In the case of
higher per capita calorie consumption, representing a 1.38% linear annual increase on FAO [2006] projec-
tions, there is an almost immediate food deficit (CYI=0.5% and CYI=1.0%) if the only food available is
produced by the 19 countries in the GFWS platform. Only in the case of the FAO-projected food require-
ments and an annual CYI of 1.0% is there a small food surplus of about 8% of global food requirements, or
about half of its current level by 2050.

The key insights from the scenarios in Figure 2 are: first, the gap between food surplus in the 19 largest
food-producing nations and global food requirements from all countries is increasing to 2050. This implies
that future food production in countries, other than the 19 nations modeled and especially in nations
with current food deficits and rapidly growing populations, needs to increase at a faster rate than those
we calculate in 19 major food-producing countries to avoid a decrease (increase) in the global food
surplus (deficit) in coming decades. Second, an average CYI of less than 1% per year, and that might
arise with the negative effects of climate change, may result in large global food deficits. Third, the need
for food exports from the world’s 19 largest food-producing nations to other countries in the world to
help ensure there is sufficient food available globally. Fourth, dietary trends as a result rising per capita
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incomes that lead to much greater per capita calorie requirements will make global food deficits much
3
worse.

3.2. Food Surpluses/Deficits and Water Applications

To put current global water extractions for irrigation into context, only about 12,500 km? is geographically
and temporally accessible as renewable groundwater or base river flow [Postel et al., 1996]. While this vol-
ume is several times larger than what is extracted for irrigation, the volume of water in rivers and river
channels is, on average, at any point in time only about 2,120 km? [Korzun, 1974], which is less than the
global annual water extracted for irrigation. Notwithstanding the importance of annual run-off as a mea-
sure of water availability, inter-annual variability and unpredictable timing of extreme events (floods and
droughts) also pose important risks to water scarcity in some parts of the world [Hall et al., 2014].

7,000 Figure 3 provides, for the 19 countries
included in the analysis, the rela-
tionship between water applications
required for irrigation in cubic kilo-
meters and the food surplus/deficit
(food supply less food requirement, in
trillions of kcal for the 19 countries) for
2,000 2050 using the current area of rain-fed
and irrigated crop land. The scenarios
differ in terms of the assumed annual
crop yield increase (CYI) from 2010 to
-1,000 2050 (0.5 and 1.0%) for a specified fer-
oo tilizer application of 200 kg/ha N while
0 1000 00 0 00 5000 809 noting that FAO data for 2005 for the
Water application for irrigation (Km?3) R

19 countries averaged 175.5kg/haN

for rain-fed cropping with a range from
16kg/haN in Russia to 548kg/haN
Figure 3. Food deficit or surplus in 2050 in the 19 countries with increasing water i China. Collectively, these 19 coun-
application using the current area of irrigated and rain-fed crop land. The

scenarios differ in terms of the assumed rate of fertilizer application (200 kg/ha N) m'es generate from both Imgamd and
and assumed crop yield increases (0.5 and 1.0%/year) and assume the FAO [2006] rain-fed cropping a food surplus for

per capita food requirement projection. themselves. In the absence of water
extractions, the yields from irrigated
agricultural land are calculated to be

6,000

5,000

4,000

Additional food from
water application

3,000

1,000

0

Food surplus or deficit (Trillions kcals)

—Rainfed only, CYI=1.0 —Rainfed plus irrigation CYI=1.0
=—Rainfed only, CYI=0.5 Rainfed plus irrigation,CYI=0.5

the same as rain-fed agriculture.

Figure 3 highlights the importance of irrigation, when combined with adequate fertilizer inputs and crop
yield productivity, to achieve a food surplus. For instance, in some scenarios, irrigation increases the food
surplus by up to 50%, which is similar to the findings of top-down models [Siebert and Déll, 2010].

Figure 3 shows that the food supply from additional water applied for irrigation purposes rises from zero to
between 1,500 and 2,000 km?3, depending on the scenario, and then reaches a plateau between 2,000 and
2,500 km?3. In the case of an annual CYI of 1.0%, this results in an additional 2,000 trillion kcal relative to the
case with no water extractions for irrigation, or about 35% of the total food requirements of the 19 countries.

The generic food-water response in Figure 3 is well known at the individual plot or field level, e.g., Payero
etal. [2008] in Figures 6 and 8a, but not at an aggregate level. As far as we are aware, our results are the
first to identify a food surplus/deficit-water consumption plateau effect using a bottom-up crop production
model for multiple countries. This plateau in food supply from irrigated agriculture arises, in part, because
the yield per unit of water declines at high levels of water applications [Elliott et al., 2014] for the level of N
fertilization and crop evapotranspiration. The plateau in crop production with increasing water application
arises, with a given level of nutrient input, from potential evapotranspiration (ETp) and crop genetics. This is

3We acknowledge that our analysis does not allow for price responsiveness such that both producers and consumers
may respond to changes in resource availability, and consequent changes in prices and technology, over time.
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becauseyield is linearly related to crop
Vietnam | | evapotranspiration (ETc) and once ETc
satisfies the ETp requirement any fur-
ther water applied cannot be not tran-
spired and, therefore, contribute to
yield. As a result, increasing irriga-
tion for crop season beyond ETc =ETp
does not resultin any further increased
crop yield, e.g., Zwart and Bastiaanssen
[2004] and Payero et al. [2008].

Thailand ‘
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Mexico

The plateaus in Figure 3 highlight the
beneficial effects of water on food
supply up to the plateau, but the
diminishing returns of water applied
beyond 2,000 km? unless the area of

||
|

India h irrigation land is increased. Impor-
0

Indonesia L

tantly, the water volume where the
plateau occurs is comparable to the
current global estimates of water
applied for irrigation. In other words,
for a given crop yield increase and fer-
tilizer application, applying additional
water to the world’s current irrigated
cropland would appear to deliver little
in extra food supply. Thus, if more
water were to be used in irrigated
agriculture, our results suggest that
this would only increase food supply
if the total area of irrigated cropland
were also to rise in a manner consis-

Figure 4. Water deficit or surplus for a selection of key cereal-producing countries  tent with projections of Jdgermeyr
. R o

in 2050 whep the area of |rr|gat'|o'n |sg|ven és zero, SF)A; of current area, current etal. [2016]. Further, unless annual
area, and twice current area of irrigation while applying 200 mm and 200 kg/ha N . . .

and a crop yield improvement of 0.5% per annum. crop yield increases were to rise from

their current rate of 1% for wheat,

rice and soybeans (1.5% for maize), as

reported by Fischer etal. [2014], or N
fertilizer were to be applied at a higher rate, then reductions in current water extractions would lower food
production, especially for the scenarios where there is a high food surplus.

China [

Brazil

Bangladesh q

-1000 -500 0 500 1000
Water Deficit or Surplus (km3)

200% Current irrigation area M Current irrigation area

W 50% of current Irrigation area m Zero Irrigation area

An indication of climate change impacts on the food surplus/deficit can be seen in Figure 3 by comparing
the surplus for rain-fed plus irrigation cropping at 200 kg/ha N at a rate of CYl of 1.0% per annum to a CYI of
0.5% per annum. The reduction in food surplus attributable to a worst case climate change scenario (0.5%
per annum CYI) for the 19 countries examined is of the order of 1,800 trillion kcal, or equivalent by 2050 to
about 30% of the food requirements in these 19 countries.

3.3. Cross-Country Water Surpluses/Deficits

Figure 4 highlights the water surplus/deficit for key cereal-producing countries where the fresh water
supply represents the annual volume of water that can be currently extracted from lakes, rivers, storages,
and aquifers to meet the annual water demand from the existing water infrastructure. For all 19 countries,
the fresh water supply is less than the annual renewable fresh water resource which is the total natural
renewable surface and groundwater that is available over 1 year. For instance, China’s water supply is some
550 km?3, but its total annual renewable water resource is about 2,800 km?3. China is also an example of a
country with highly variable spatial water availability, which has reduced the potential of irrigation for food
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production in the north and led to
the south-north water project that
transfers water from the Yangtze River
in southern China to the northern part

Thailand L of China [Pohlner, 2016].

A country’s fresh water supply can, in
principle, be augmented by capital
Pakistan 1 investments in water infrastructure
so long as it is sufficiently below
the annual renewable fresh water

Vietnam

Mexico
h resource. A larger annual renewable
water resource than the annual water
supply means that, with additional
Indonesia . .
infrastructure investments, the fresh
water supply can be increased. How-
ever, this can only be accomplished
India 1 Y P

| with large capital investments—of at

least $200 billion/year on a global basis

China [Addams etal., 2009]. Such massive
L investment in water-scarce countries,

such as in China, will likely come at the

B expense of water flows that generate
angladesh ) )
ecosystem services [Welling, 2015].

-500 0 500 1,000 1,500 2,000 The water surplus/deficit in 2050 is
Food Deficit or surplus (Trillion kcal) the current fresh water supply less the

Zero Irrigation area B 50% Current irrigation area calculated volume of water applied

® Current irrigation area W 200% current irrigation area to irrigation. The water surplus or

deficit in Figure 4 depends greatly on

Figure 5. Food deficit or surplus for a selection of key cereal-producing countries the area irrigated with Iarge deficits

in 2050 when the area of irrigation is given as zero, 50% of current area, current
area, and twice current area of irrigation while applying 200 mm of irrigation and identified for most countries, should
200kg/ha N, and a crop yield improvement of 0.5% per annum while assuming the  the irrigation area double in size. The
FAO [2006] per capita food requirement projection. water deficit for Bangladesh, China,
Indonesia, Thailand, and Vietnam for
the current area of cropland irrigated
exists because current levels of water application in cropland irrigation are less than 200 mm. Our results
highlight the “knife-edge” nature of the tension faced by such countries in terms of meeting their own
food requirements domestically while not compromising their own water security including the healthy
ecological function of the rivers, wetlands, lakes, and estuaries. These findings do not suggest that options
to overcome water deficits and meet domestic food requirements do not exist, which include reductions
in the area irrigated and improved irrigation practices [Dalin et al., 2015; Jdgermeyr et al., 2016], but that in

the absence of sustainable pathways acute food and water tensions will continue [Zhuo et al., 2016].

3.4. Cross-Country Food Surpluses/Deficits

Figure 5 presents the differences between national food supply and food requirements for the same coun-
tries given in Figure 4 assuming the FAO [2006] projection on future per capita kilocalories requirements. In
this case, increasing the area in irrigated cropland raises food supply and reduces (increases) existing food
deficits (surpluses). For both India and Pakistan, under the assumed scenarios, food deficits in 2050 exist for
all cases except when India has its irrigation area doubled. In Figure 5, the results show food surpluses for
Bangladesh, Thailand, and Vietnam in 2050 when there is zero irrigation. This arises because the crop yield
from rain-fed agriculture is assumed for the irrigated land area and because in these countries the yield
for rain-fed agriculture is relatively high. The high yield predicted under rain-fed conditions is a factor why
these countries avoid a food deficit without irrigation and points to the importance of green water in food
production, despite large areas under irrigation.
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3.5. Food and Water Nexus

The nexus between food supply and water extractions for irrigation for the selected countries in 2050 is
shown in Figure 6 assuming the current national irrigation area using 200 mm, 200 kg/ha N, and with a
more optimistic annual CYI of 1.0% than used in Figures 4 and 5. In Figure 6, the location of the spheres
for each country is jointly determined by a nation’s water surplus/deficit, the difference between national
fresh water supply and the fresh water extractions from irrigation, and the food surplus/deficit, the differ-
ence between a country’s domestic food production and its projected domestic food requirements. Thus,
in Figure 6, Pakistan has a food deficit, but a water surplus, while China has a water deficit, but a food sur-
plus. It is important to note that with the CYI of 1.0% in Figure 6, instead of the 0.5% in Figure 5, the food
deficits in India, Indonesia, and Mexico displayed in Figure 5 do not occur. Again, our results show the critical
importance of maintaining CYI of at least 1.0% per annum.

250 The size of each sphere for the coun-
tries in Figure 6 represents water stress
or the ratio of fresh water extractions
from irrigation to the annual fresh
water resource of the country [Gleick
etal., 2009] and is sized relative to Pak-
istan which has the highest ratio of all
countries.* The larger is the sphere, all
else equal, the less able is a country to
increase its water supply to overcome a
water deficit or to increase the amount
of water extracted for irrigation, or
for other purposes. For instance, the

Figure 6. Food and water deficit and surplus in 2050 for a selection of key relative large-sized spheres for Pak-

cereal—prod‘uc'lng.countnes for the curre|.1t area of |rr.|gat'|on while applying istan and India show that they each
200 mm of irrigation and 200 kg/ha N using a crop yield improvement of 1.0% per . . )
annum and assuming the FAO [2006] per capita kilocalories projection of food have relatively high water stress which,
requirements and the current annual fresh water resource. all else equal, limits their options to
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increase their overall water supply to
meet increased water demands.

Figure 6 shows the apparent water surplus of about 250 km3 in India and is a best case scenario. For instance,
the 2030 Water Resource Group, under business as usual, projects total water extractions in India to approx-
imately double to about 1,500 km3, which would be close to India’s total renewable fresh water resource.
Given that we treat water extractions for non-agricultural uses as fixed, our water surplus/deficit calcula-
tions in 2050 for countries, such as India, with rapidly growing economies and populations almost certainly
obscures water security issues beyond the irrigation sector.

Additional water risks may also arise for the countries in Figure 6 if the area irrigated were to increase or the
amount of water consumed per hectare were to rise. For instance, if India’s irrigation area were to double by
2050, under existing crop yield output per volume of water consumed, India would have an annual water
deficit of some 300 km3.

By contrast to India, China in 2050 is calculated to have a food surplus, but a water deficit of some 140 km?3.
This discrepancy for China and other countries where there is a food surplus, but with a water extraction
deficit, can only be reconciled by increased food imports and/or additional investments to increase the
sustainable fresh water supply. This may also be true for countries where we have calculated a water surplus
should there be a substantial increase in water extractions, other than for irrigation.

4The fresh water supply represents the annual volume of water that can be currently extracted from lakes, rivers, stor-
ages, and aquifers to meet the annual water demand from the existing water infrastructure. The annual renewable fresh
water resource represents the total natural renewable surface and groundwater that is available over 1 year. The annual
renewable fresh water resource represents a fixed natural limit of total fresh water, but the fresh water supply can, in prin-
ciple, be augmented by capital investments in water infrastructure so long as it is sufficiently below the annual renewable
fresh water resource.
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Our results highlight, from a bottom-up crop-hydrological model platform, the importance of how water
is extracted and consumed in irrigated agriculture to meet food requirements. Our scenarios show, first
and foremost, that increasing water extractions on current irrigated crop areas, but without a concomitant
increase in nitrogen, will do little to increase food supply. Thus, effectively managing how water and fertilizer
are used to increase yields, along with better farm practices that do not degrade soils or water quality that
lower crop yields, is critical to reconciling food and water gaps out to 2050 [Wichelns and Oster, 2006; Tilman
etal.,,2011; Pingali,2012; Carberry et al., 2013; Keating et al., 2014; Zhuo et al., 2016]. Importantly, we highlight
the critical importance of irrigated agriculture in supplying global food requirements, and also a global
plateau effect for food surplus/deficit above 2,000 km? of water extractions beyond which additional water
use will do little to increase food supplies unless there is an increase in the irrigated land area.

4, Discussion: Possible Pathways to Tensions in the Food and Water Nexus

Our results highlight, using a bottom-up crop-hydrological model platform, the tension at the food and
water nexus to meet future food requirements within the constraint of current fresh water supplies. The
dilemma of physical limits in terms of water extractions, coupled with the need to increase food produc-
tion, is already sufficiently pronounced at a global level that “business as usual,” at least in terms of water
applications for agriculture, appears unsustainable. For instance, under reasonable assumptions in terms
of CYI (1.0%/year), fertilizer application (200 kg/ha N) and water consumption on irrigated land (200 mm),
there is a substantial reduction in food surplus from the world’s largest 19 food-producing countries by
2035. Given a lower CYI (0.5%/year), there could be a global food deficit by 2030.

In this section, we highlight five possible food supply pathways to respond to this global challenge.”

4.1. Water Productivity

The GFWS platform considers the on-farm irrigation efficiency for three methods of irrigation, namely, sur-
face, sprinkler, and drip where 60, 75, and 90% of water applied is consumed in transpiration by the crop.
Thus, depending on the method of irrigation, some 40, 25, or 10% of water applied on-farm is evaporated
by the soil or drains to surface water and or groundwater systems in the landscape. By contrast, expected
improvements in water productivity, the ratio of crop produced to water consumed in crop transpiration
would be modest—about 10% [Perry et al., 2009].

Reduced water extractions from both off-farm irrigation system and on-farm irrigation efficiency can help to
reconcile food and water trade-offs [Wada et al., 2014], but neither resolve the overuse of water in the con-
text of ecosystem losses, nor is it necessarily associated with maximum farmer net revenue or crop yields
[Wichelns, 2015]. Notably, an increase in beneficial water consumption, all else equal, may be associated with
reductions in water movement to deep drainage, groundwater recharge and also return flows to streams
that can negatively affect riverine ecosystems [Grafton et al., 2013]. Thus, while on-farm irrigation efficiency
improvements can be important, they must also be considered in terms of impact on river and groundwa-
ter ecosystems. This is because more water efficient irrigation technologies may also result in lower return
flows at the hydrology of the basin and reduced aquifer recharge unless the water saved through irrigation
efficiency translates to a reduction in fresh water extractions. To illustrate, based on modeling on the Lower
Rio Grande in New Mexico, the higher the capital subsidies for more water-use efficient irrigation technolo-
gies, the lower the downstream flows [Ward and Pulido-Velazquez, 2008]. Thus, at best, improvements in
water productivity coupled with increases in on-farm and irrigation system efficiencies, are only a partial
response to the multiple tensions of the food-water nexus.

4.2.Food Trade

As shown in Figure 2, we find a growing gap between the food supply in the world’s largest food-producing
countries and the food requirements for the entire world. Much of this gap is explained by a rapidly growing
population in Africa over the coming decades. While Africa can do much to feed itself [World Bank, 2012],

>There are also pathways to reduce food demand, such as dietary shifts that involve eating less meats [Tilman and
Clark, 2014] and ways to increase the more effective utilization of the food produced, such as reducing on- and off-farm
food losses [Gustavsson et al., 2011], but these fall outside our focus on food supply and resource constraints.
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it will need to do much better in terms of increasing its food supply than it has done in the past.® Given
our calculated deficit in either food or water in key cereal-producing and -consuming countries (such as
Bangladesh, China, and Pakistan), food trade will be essential [Liu et al., 2014] to effectively respond to food
risks out to 2050.

4.3. Crop Yield Improvements

As highlighted in our scenario results, which are consistent with top-down modeling [Baldos and Hertel,
2014], sufficiently high enough CYIs are required to feed the world by 2050. In particular, CYls of 0.5% per
annum, which we associate with the worst case scenario with climate change, will be inadequate to ensure
that food supply satisfies food requirements. What is also needed are increases in crop yields without con-
comitant rises in agricultural inputs, such as fertilizer and water, and that collectively represents growth in
agricultural total factor productivity (TFP).”

Encouragingly, [Fuglie and Wang, 2012] show that globally over the past five decades the source of growth
in agricultural output has shifted from identifiable resources or inputs towards TFP growth. For instance,
over the past 50 years TFP growth accounted for about 40% of the output growth, but over the period
2001-2009, they estimate that TFP growth accounted for about 75% of the global agricultural production
increase.

Our findings indicate that much more is required, given the resource limits in water and other resources,
than increases in the TFP of farmers. There must also be what we term “sustainable TFP” growth that is con-
sistent with the sustainable intensification of agriculture [Chartres and Noble, 2015; Rockstrém et al., 2017]
where not only TFP growth occurs, but also in ways that reduce agriculture’s environmental impact [Phalan
etal., 2016]. Sustainable TFP growth requires multiple actions, locally adapted, to support the delivery of
ecosystem services from the whole of the landscape perspective [McKenzie and Williams, 2015; Rockstrém
etal.,, 2017].

Possible approaches to promote sustainable TFP growth include precision agriculture whereby fer-
tilizers, pesticides, and water are only applied when they are absolutely needed [Bongiovanni and
Lowenberg-DeBoer, 2004], and in innovative ways to reduce water use [Brauman et al., 2013] and nitro-
gen use [Mueller et al., 2014]. To ensure such approaches are sustainably applied, along with precision
agriculture [Schimmelpfennig and Ebel, 2011], relevant and effective agro-ecological practices at a local
level will need to be up-scaled to a regional and national dimension [Horlings and Marsden, 2011]. This
requires on-going research and development into the adoption, or otherwise, of precision agriculture
technologies [Tey and Brindal, 2012], and also demand-driven research on innovation systems [Harley et al.,
2015], including on the incentives for farmers to adopt sustainable TFP practices.

4.4. Water Supply Infrastructure

As shown in Figures 4 and 6, we calculate water deficits in key food-producing countries should the irrigated
land area increase or the water consumed for the existing irrigated land rise. While improvements in water
productivity may help to bridge these gaps, it is also possible to increase the available water supply though
investments in water infrastructure, and in particular water storages. Storages and water transfer projects
already provide a response to either temporal or spatial variability in water availability and represent an
important strategy in some countries, such as China, in response to water insecurity.

At a global level, additional or enlarged water storages could provide an increased water supply, in terms
of increased reservoir capacity, equivalent to 600 km? [Wada et al., 2014]. While the building of new water
storages or the expansion of existing water storages poses environmental challenges [Vérésmarty et al.,

5The World Bank [2012] observes that “If African farmers were to achieve the yields that farmers are attaining in other
developing countries then output of staples would easily double or even triple. On top of this, barely a fraction of fertile
agricultural land is being cultivated — just 10% of the 400 million hectares of agricultural land in the Guinea Savannah
zone that covers a large part of Africa.”

’Growth in TFP represents the difference between the growth in outputs and the growth in inputs such that if the
growth in the outputs is the same as the growth inputs, TFP remains unchanged. Thus, even if agricultural output were
to double, but the amount of inputs used were to triple, agricultural TFP would have declined.
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2010], it does offer greater security of water supply to farmers and may provide ancillary benefits, such as
reduced risks of flooding [Sadoff et al., 2015].

Apart from the high capital costs and possible negative environmental consequences, another key chal-
lenge to investing in water storages is that it does not increase the overall water resource available, but
simply changes the inter-temporal availability or where the water supply is delivered. Thus, in countries
with already high levels of water stress where the ratio of water use to the renewable fresh water resource
is already high, or in excess of 0.4 [Vérésmarty et al., 2000], the ability of water infrastructure to overcome
large water deficits will remain a challenge.

4.5. Integrative Polices and Decision Processes

A key pathway to respond to the food-water nexus are changes in institutions or the “rules of the game”
so as to better align short- and long-term goals [Guerry et al., 2015] and to make better decisions about
what food gets produced, and where, and what water is extracted and for what purposes. Any changes
to promote both food and water security, however, must be locally adapted to both the bio-physical and
socio-economic circumstances and constraints. Whatever the chosen policy or decision approach, there is
also a need to consider a range of other issues such as equity in food and water use, the links to sustainability
and ecosystem services, and the incentives to promote desired behaviors and practices in the production
of food and extraction and application of fresh water [Zeitoun et al., 2016].

Given the consequences of either food or water deficits, as identified in our results, a risk-based approach
to institutional change is required. Key to such an approach are participatory processes [Brouwer et al.,
2016], given the atomistic nature of farming, and also causal risk assessment [World Economic Forum, 2011;
Grafton et al., 2016] so as to improve decisions and promote sustainable outcomes at multiple scales. A “soft”
approach [Gleick, 2002] to resolving challenges in the food —water nexus should also consider tools such as
retrospective analysis, monitoring, and strategic risk management [Cai et al., 2015], in addition to systems
modeling [World Economic Forum, 2011]. Further, to ensure private and social incentives align,and whererel-
evant, signals need to be provided to reflect water scarcity such as in the form of water pricing [OECD, 2015].

5. Conclusions

Using “bottom-up” field-based, crop-hydrological models that include both blue and green water, and with
no growth in water use for domestic and industrial purposes, our results show that while there may be
sufficient land there will be inadequate fresh water supplies for irrigated agriculture to satisfy national food
requirements in key food-producing countries. This poses key food —water nexus tensions given that world
food requirements are, according to the FAQ, likely to increase by at least 60% to 2050 and that irrigation
currently accounts for 70% of global water extractions, and some 40-50% of food production.

To manage the interplay of issues at the global food - water nexus, we propose five possible interconnecting
pathways that include: (1) increased water productivity; (2) food trade; (3) improvements in both crop yield
increases and sustainable TFP; (4) investments in water infrastructure; and (5) integrative policies and deci-
sion processes. These possible pathways, when appropriately combined and locally adapted to bio-physical
and socio-economic circumstances, offer the potential to increase food production, while avoiding the
deterioration of water quality, increased water stress, and the diminishment of ecosystem services.
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