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[1] An increasing demand for agricultural goods affects the pressure on global water
resources over the coming decades. In order to quantify these effects, we have developed a
new agroeconomic water scarcity indicator, considering explicitly economic processes in
the agricultural system. The indicator is based on the water shadow price generated by an
economic land use model linked to a global vegetation-hydrology model. Irrigation
efficiency is implemented as a dynamic input depending on the level of economic
development. We are able to simulate the heterogeneous distribution of water supply and
agricultural water demand for irrigation through the spatially explicit representation of
agricultural production. This allows in identifying regional hot spots of blue water scarcity
and explicit shadow prices for water. We generate scenarios based on moderate policies
regarding future trade liberalization and the control of livestock-based consumption,
dependent on different population and gross domestic product (GDP) projections. Results
indicate increased water scarcity in the future, especially in South Asia, the Middle East,
and north Africa. In general, water shadow prices decrease with increasing liberalization,
foremost in South Asia, Southeast Asia, and the Middle East. Policies to reduce livestock
consumption in developed countries not only lower the domestic pressure on water but also
alleviate water scarcity to a large extent in developing countries. It is shown that one of the
two policy options would be insufficient for most regions to retain water scarcity in 2045 on
levels comparable to 2005.

Citation: Schmitz, C., H. Lotze-Campen, D. Gerten, J. P. Dietrich, B. Bodirsky, A. Biewald, and A. Popp (2013), Blue water scarcity
and the economic impacts of future agricultural trade and demand, Water Resour. Res., 49, 3601–3617, doi :10.1002/wrcr.20188.

1. Introduction

[2] More than ever before, the question of water scarcity
shapes debates on current and future food production
[Rosegrant et al., 2009; Hanjra and Qureshi, 2010;
Godfray et al., 2010]. Water scarcity is mainly driven by
population growth [Falkenmark et al., 1989; Vörösmarty
et al., 2000] and is, from this perspective, a relatively new
phenomenon in human history [Kummu et al., 2010]. As

global population is expected to grow to 9–10 billion by
the middle of the 21st century [Lutz et al., 2001], water
scarcity is expected to increase. Furthermore, disposable
incomes in developing countries will continue to rise [Rose-
grant and Cline, 2003] and recent changes in diets of indus-
trial countries will likely be adopted by many developing
societies in the near future [Pingali, 2006]. This will lead to
higher consumption of livestock products [Delgado, 2003]
and aggravate stress on water resources, as animal-based
calories are produced in a much more water-intensive way
than plant-based calories [Hoekstra and Chapagain, 2007].

[3] The focus of this study is on blue water located in
surface water and aquifers, which is defined as the rainfall
water escaping evaporation [Falkenmark et al., 2007]. Sev-
eral indicators have been evolved to measure blue water
scarcity. Calculations of water scarcity started with the Fal-
kenmark indicator, relating total freshwater resources to
per capita requirements [Falkenmark, 1989]. In contrast to
the absolute Falkenmark indicator, several relative indicators
compute the water withdrawal-to-availability (WTA) ratio
[Vörösmarty et al., 2000; Alcamo et al., 2003; Oki and
Kanae, 2006; Islam et al., 2006; Hanasaki et al., 2008b].
Smakhtin et al. [2004] went a step further by adding environ-
mental aspects to the WTA analysis. Another group of indi-
cators emphasizes the social dimension of water scarcity.
Ohlsson [2000] uses an indicator based on an aggregation of
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established hydrological indices and the U.N. human devel-
opment index (HDI) as an approximation for the social
adaptive capacity of a society. More comprehensiveness is
provided by the watershed sustainability index [Chavez and
Alipaz, 2007], where in addition to HDI, the water poverty
index and the environmental sustainability index (ESI) are
considered. A first attempt of a rather simple economic water
scarcity indicator has been designed by the International
Water Management Institute [Molden, 2007]. A region is
called economic water scarce, if a lack of investment in
water infrastructure or a lack of human capacity to satisfy
the demand for water is observed.

[4] In our study, we look explicitly on agricultural fresh
water use, since around 70%–80% of human freshwater
withdrawals [Gleick et al., 2009] and around 90% of the
consumed blue water [Shiklomanov and Rodda, 2003] are
used for agriculture. A specific indicator for agricultural
water stress has been recently developed by Vörösmarty
et al. [2010]. The authors have estimated the burden that
crop production places on renewable water resources by
considering water supply and irrigation water demand.
Gerten et al. [2011] follows a similar approach but calcu-
lates the WTA ratio based on blue and green water avail-
ability; with green water defined as water originating
directly from precipitation.

[5] Although all of those indicators have different perspec-
tives on water scarcity, they consistently lack crucial eco-
nomic processes. None of the indicators has an integrated
view based on the interplay between biophysical availability
of water and economic-driven demand [Sauer et al., 2010].
As de Fraiture [2007] points out, current indicators solely
focus on the water and biophysical sector and largely ignore
macroeconomic drivers, such as income, trade, and economic
policy as well as microeconomic drivers, such as production
costs and productivity growth. To fill large parts of this gap,
we have developed a new agroeconomic water scarcity indi-
cator on grid cell level, which considers blue water used for
irrigation agriculture. The indicator is based on the water
shadow price (WSP) generated uniquely through the coupling
of a global biophysical vegetation model and an economic
land use model. The indicator has the advantage of including
economic processes and drivers, such as production costs,
technological change (TC), and international trade. This
allows for analyzing policies in an international context by
taking economic processes related to land use endogenously
into account. The IMPACT-WATER model [Cai and Rose-
grant, 2002], the related WATERSIM model [de Fraiture,
2007], and the Global Trade Analysis Project - Water
(GTAP-W) model [Calzadilla et al., 2011b] are approaches
to integrate the economics of water into an agricultural mod-
eling framework. Although the first two models are partial
equilibrium models, focusing on the agricultural sector,
GTAP-W is a computable equilibrium model (CGE) taking
all economic sectors into account. These models are well
suited for the short- and medium term and have the strength
to be very detailed on economic parameters. However, in
contrast to our approach, they are neither working on a high
spatial resolution nor are they directly linked to a biophysical
model. Both features are essential for analyzing local phe-
nomena, such as water scarcity.

[6] In our analysis, we focus on two possible policy areas
and their interaction. The first is the option of increased food

trade via trade liberalization. Agricultural goods contain a
significant amount of so-called virtual water, which is
defined as the amount of freshwater embedded in the pro-
duction process [Hoekstra and Chapagain, 2007)]. Trading
goods internationally plays an important role for increasing
the global efficiency of water use [Fader et al., 2011]. Sev-
eral studies have quantified the importance of current virtual
water trade and demonstrated that some water-scarce regions
are major importers of water-intensive products [Konar
et al., 2011; Fader et al., 2011; Hanasaki et al., 2010; Cha-
pagain and Hoekstra, 2008; Hoekstra and Hung, 2005; Oki
and Kanae, 2004]. In contrast to virtual water assessments,
we explicitly analyze the effects of different trade liberaliza-
tion scenarios on agroeconomic water scarcity and assess the
impact on future water scarcity.

[7] The second policy parameter enforces a changing
diet toward lower consumption of animal products. At the
turn of the millennium, around 2 billion people based their
diets largely on animal products, whereas more than 4 bil-
lion people lived primarily on a plant-based diet [Pimentel
and Pimentel, 2003]. No global study has assessed the
impact of changing diets on global water resources in
detail. Gerten et al. [2011] has assessed the sensitivity of
their results by calculating the likelihood of water scarcity
under a scenario of lower animal calorie intake. Renault
and Wallender [2000] have analyzed in a simple regional
model the percentage of additional water that could be
saved according to different scenarios until 2025. Apart
from those studies, the influence of changing diets has been
either shown globally on land use [Wirsenius et al., 2010]
and greenhouse gas emissions [Popp et al., 2010; Stehfest
et al., 2009] or regionally on water consumption [Liu and
Savenije, 2008]. Finally, in order to evaluate the sensitivity
of the simulations, we run the model with different popula-
tion and gross domestic product (GDP) scenarios.

[8] We start our analysis by describing the involved
models, the creation of the agroeconomic water scarcity in-
dicator, and the scenario implementation. Furthermore,
water-related input data, i.e., water discharge and irrigation
demand from the dynamic global vegetation and water bal-
ance model Lund-Potsdam-Jena managed Land (LPJmL)
[Bondeau et al., 2007], are compared with the outcome of
the global water resources model H08 [Hanasaki et al.,
2008a, 2008b]. In section 3, we present the outcome of the
scenarios with a special attention to WSPs, TC rates, and
land use changes as well as the sensitivity of the results.
Subsequently, we discuss methods and results in relation to
previous studies. In the last section, we draw conclusions
and policy implications from our analysis.

2. Modeling Approach and Methods

2.1. Model Descriptions

2.1.1. MAgPIE Model
[9] For the analysis, we use model of agricultural pro-

duction and its impact on the environment (MAgPIE), a
nonlinear recursive dynamic optimization model [Lotze-
Campen et al., 2008; Schmitz et al., 2012]. It is linked to
the dynamic vegetation model LPJmL on a 0:5

�
resolution

(see section 2.1.2), to simulate spatially explicit land and
water use patterns. This approach provides a high flexibility
to integrate various types of biophysical constraints into an
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economic decision-making process. The dual solution of
the economic optimization model MAgPIE allows for com-
puting shadow prices (or implicit economic values) for
binding constraints on grid cell basis. The shadow prices
define the potential cost savings the model would achieve
by relaxing the constraint by one unit. In this study, we
focus on the WSP, which reflects the implicit economic
value for one additional cubic meter of water in a particular
grid cell (see section 2.2.3).

[10] Each grid cell is assigned to 1 of the 10 economic
world regions (Appendix A, Table A1). The initialization
year is 1995 with data on income (GDP) [World Bank,
2001], population [Center for International Earth Science
Information Network (CIESIN), 2000], demand for food
energy [Food and Agriculture Organization (FAO), 2010],
average costs for different production activities [Nar-
ayanan and Walmsley, 2008], and food self-sufficiency
ratios [FAO, 2010]. All activities on the supply side are
specific for each grid cell (0:5

�
resolution), whereas activ-

ities on the demand side are aggregated to the regional
level. Future demand of calories and the share of livestock
products are dependent on income and population, and they
are based on a detailed regression analysis (Figure 1 and
Appendix B).

[11] With flexible minimum self-sufficiency ratios,
MAgPIE is able to represent international trade and allo-
cates global food demand to the supply regions. Agricul-
tural self-sufficiency ratios describe the ability of countries
to produce as much food as they demand. As an example, a
country with a self-sufficiency of 0.75 for wheat produces
75% of its demand by itself and imports 25%. In MAgPIE,
two virtual trading pools are implemented, which distribute
the demand to the 10 regions in a different way (Figure 1).
The fixed trade pool (first pool) allocates the demand
according to self-sufficiency ratios based on Food and
Agriculture Organization (FAO) food balance sheets [FAO,
2010]. The self-sufficiency ratios assign the quantity that is
produced domestically, and the corresponding export
shares [FAO, 2010] define the share of the regions in global
exports. The free trade pool (second pool) distributes the
demand to the supply regions according to comparative
advantage criteria. This means that the region with the low-
est production costs per ton will export. The parameter ptb

determines the share of demand for each of the two pools.
If ptb equals 1, total demand will be allocated according to
the predefined self-sufficiency ratios and the export shares
to the supply regions. If ptb is equal to 0, all trading quan-
tity will hit the second pool and is allocated according to
comparative advantages. More details of the implementa-
tion are provided in Schmitz et al. [2012] and in the mathe-
matical description in Appendix C.

[12] The resulting demand calories are produced by 16
cropping activities and 5 livestock activities (see Appendix
A). The five livestock activities depend on specific feed
energy requirements derived from Wirsenius [2000], which
consist of a mixture of pasture, fodder, and food crops. All
these inputs are specific for each region and animal type
and are on the basis of preconditions for lactation, mainte-
nance, reproduction, growth, and various other biological
needs. Inputs for the calculation of feedstock (crops, by-
products, and pasture) and livestock-related greenhouse gas
emissions in MAgPIE are calculated in Weindl et al. [2010].

[13] For future projections, the model works on time
steps of 10 years in a recursive dynamic mode. The land
use pattern of each period is used as the initial land pool for
the consecutive period. MAgPIE minimizes global costs,
consisting of four different cost categories: First, produc-
tion costs, containing factor costs for labor, capital, and in-
termediate inputs, are taken from GTAP [Narayanan and
Walmsley, 2008]. Production costs per area unit evolve
with the yield level in a linear relationship [Schmitz et al.,
2010]. Second, investments in yield-increasing TC increase
exponentially based on the state of agricultural develop-
ment of a region [Dietrich et al., 2012; Dietrich et al.
2013]. This endogenous implementation allows MAgPIE to
project future yield increases and the costs involved. In
terms of water, TC increases demand for blue water, since
water requirements are dependent on yield. Third, costs for
land expansion which is the other alternative for MAgPIE
to increase food production [Krause et al., 2009; Popp
et al., 2011] and costs for irrigation area expansion are con-
sidered. Land conversion costs (for the conversion of forest
into cropland) are based on marginal access costs on coun-
try level from the global timber model [Sohngen et al.,
2009]. Additionally, expansion of irrigation area involves
regional costs, which were aggregated from the AQUA-
STAT-Database [FAO, 2011]. Fourth, intraregional trans-
port costs accrue for every commodity unit as a function of
the distance to intraregional markets, the quality of the
infrastructure (both based on a detailed data set on travel
time [Nelson, 2008]) and average transport costs (based on
GTAP [Narayanan and Walmsley, 2008]). A mathematical
description of the model is provided in the supporting
information.
2.1.2. LPJmL Model

[14] Biophysical inputs for MAgPIE, such as potential
crop productivity and related water use as well as land and
water constraints, are supplied for each grid cell (0:5

�
reso-

lution) by the Lund-Potsdam-Jena dynamic global vegeta-
tion and water balance model with managed Land (LPJmL)
[Bondeau et al., 2007]. LPJmL models dynamic processes
linking biophysical processes like soil and climate condi-
tions, plant growth and water availability, and directly con-
siders the impacts of CO2, temperature and radiation on
agricultural yields. For this study, however, those inputs
are not subject to any climate change impacts. LPJmL also
covers surface and subsurface water flows (though without
explicit distinction of groundwater), as carbon and water-
related processes are closely linked in plant physiology.
Also, blue and green water consumption is separated, with
the former occurring on areas equipped for irrigation [Döll
and Siebert, 2000], which allows for the distinction of
rainfed and irrigated yields. Green water originates directly
from precipitation and is taken up by plants and soil. Blue
water is the amount of evapotranspiring irrigation water
originating from rivers, lakes, aquifers, and reservoirs
[Gerten et al., 2004]. The computation of blue water stocks
and flows and the separation of blue and green water flows
on irrigated areas in LPJmL are illustrated in detail in Rost
et al. [2008]. The river-routing module in LPJmL distrib-
utes the natural runoff and its downstream movement as
additional water to irrigated areas (see Rost et al. [2008]
for a detailed description of this module). The water dis-
charge value for each grid cell from LPJmL is used as a
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constraint for irrigation in MAgPIE. From a modified ver-
sion of the MIRCA2000 land use data set [Portmann et al.,
2010], the information about rainfed and irrigated land use
fractions is derived [Fader et al., 2010].

2.2. Blue Water Implementation and Related Shadow
Price

[15] The implementation of blue water in MAgPIE is
based on data inputs from LPJmL. LPJmL delivers two rel-
evant cell-specific water inputs for MAgPIE: First, blue
water discharge available to the agricultural sector, and
second, the water requirement per plant and cell that is
needed for irrigation. For this analysis, we compared those
inputs with the outcome of an independent hydrology

model (section 2.2.1). The water discharge from LPJmL is
reduced in MAgPIE by an efficiency factor that represents
the losses in the water and irrigation system (section 2.2.2).
Finally, the WSP can be determined based on the water
consumption per cell calculated in MAgPIE (section 2.2.3).
2.2.1. Comparison of Water Inputs

[16] Both LPJmL inputs blue water discharge and water
requirement per plant are crucial factors for the analysis.
Therefore, for an evaluation use analogous results from the
H08 model, which similar to LPJmL provides water-with-
drawal values specifically for agriculture on a grid cell
level (Hanasaki et al. [2008a] and applied in Hanasaki
et al. [2008b]). For comparison, we computed the WTA ra-
tio from both models, where the model runs are based on

Figure 1. Simplified MAgPIE flowchart of key processes highlighted in this study (demand and trade
implementation, data inputs from LPJmL and spatially explicit WSP). With exogenous data about popu-
lation and GDP development, we calculate regional demand and the livestock share. The former is then
translated to regional supply depending on the international trade scenario. Further inputs for MAgPIE
are socioeconomic data like production costs and biophysical inputs from LPJmL. After the optimization
of MAgPIE, one of the outputs is cropping patterns of the different crops, which is the basis for the WSP.
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climate projections from the general circulation model Eu-
ropean Centre Hamburg Model 5 (ECHAM5) [Roeckner
et al., 2003] and special report on emission scenarios
(SRES A2) [Nakicenovic and Swart, 2000]. We followed
the approach by Vörösmarty et al. [2010] and ranked it rel-
atively to the highest value. This means the highest value is
equal to 1, whereas the lowest value is almost 0. In total,
14,382 cells of 59,199 cells contain a WTA ratio in both
models. With the help of the map comparison kit [Visser
and de Nijs, 2006], which allows for the numerical compar-
ison of two different maps, we compared both maps. The
comparison index c is calculated by taking the difference
of both model indices on cell level j.

cj ¼ H08j � LPJmL j: (1)

[17] Figure 2a illustrates the ranked agricultural WTA
ratio calculated for the LPJmL model and the graph in the
middle for the H08 model. Highest values are modeled for
southeast Australia, northern China, north India, Pakistan,
the Middle East, north Africa, southern Europe, and parts
of the United States and Mexico. The map in the middle
shows the same for H08 model (Figure 2b).

[18] Figure 2c shows the difference of the ranked WTA
ratio between the H08 model and the LPJmL model. Larg-
est differences are in Southern Europe and Turkey, where
LPJmL has higher WTA values and for southern China,
where LPJmL has lower values than H08. The validation
discloses that both data sets, although independently derived
(LPJmL is primarily a vegetation model, while H08 is a spe-
cialized hydrology model), the outcomes are very similar.
Comparing the LPJmL outputs with the recently published
indicator by Vörösmarty et al. [2010], it appears that the
LPJmL values are higher in Western United States and Mid-
dle East and lower in Central Asia and Argentina, whereas
the remaining regions are similar.
2.2.2. Irrigation Efficiency

[19] Improving irrigation efficiency is one of the main
options to reduce water consumption [Molden, 2007]. More
than 50% of global water resources, which are intended for
irrigation, are lost due to bad management, losses in the con-
veyance system, and inefficient application to the plant [Rog-
ers et al., 1997]. In MAgPIE, irrigation efficiency is
implemented through an efficiency factor that comprises
management, conveyance, and application efficiency. The
data are from Rohwer et al. [2007], who calculated specific
efficiency levels for 134 countries for the year 1995. In con-
trast to most other studies, irrigation efficiency in MAgPIE is
a dynamic input. In order to project future irrigation efficien-
cies, we tested several hypotheses concerning the relationship
between the efficiency factor and independent variables, such
as GDP per capita [Heston et al., 2011], irrigation area share
[Döll and Siebert, 2000], and the level of agricultural inten-
sity [Dietrich et al., 2012]. Cross-sectional regression analy-
ses with different functional forms reveals that only GDP per
capita is significant as an explanatory variable for irrigation
efficiency. For the analysis, we included 149 countries with
documented irrigation areas. However, in order to reduce
data errors by small countries (with respect to irrigated agri-
culture), those below an irrigation area share 5% of total crop-
land, and an absolute irrigation area of 3 million hectare was

clustered together to nine world regions. Together with the 13
countries, which fulfilled the minimum criteria, 22 data points
have been used for the regression.

[20] The regression determines the following linear rela-
tionship between the level of economic development (meas-
ured in GDP per capita gdp i=pop iÞ and irrigation efficiency
� on regional level i :

�i ¼ 0:381þ gdp i

pop i

� �
5:28� 10�6: (2)

[21] The results of the weighted linear regression gave
an adjusted R2 of 0.55, but highly significant P-values of
the t-tests for the constant and the slope (P¼ 0.000).
The conducted regression specification error test (RESET)

Figure 2. Upper and central map: (a) Relative ranked ra-
tio of water WTA of the LPJmL model and the (b) H08
model in 1995. Values of both graphs are displayed as
share compared to the highest rank with 1 as the highest
value and 0 the lowest. Lower map: (c) Comparison
between ranked WTA ratio of LPJmL and H08 model.
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[Ramsey, 1969] offers a high significance level, which
means that no important variables seem to be omitted
(F 3; 18½ � ¼ 1:59 and F0:05 ¼ 3:16). Figure 3 shows the
graph of the regression analysis with the corresponding
countries and regions.

[22] The irrigation efficiencies increase over time due to
increasing GDP per capita in all regions (Figure D1 in Ap-
pendix D). Highest efficiencies are achieved in developed
regions, like North America (NAM) (from 56% in 2005 to
67% in 2045) and Europe (EUR) (from 48% to 60%), and
Pacific OECD (PAO) (from 51% to 62%). Europe is behind
NAM, since the Eastern European countries have very low
values. Sub-Saharan Africa (40%) and South Asia (42%)
have the lowest efficiencies in 2045.

[23] Finally, in MAgPIE available water for irrigation,
pwater is calculated on cell level j by the product of water
discharge pdischarge and the regional specific irrigation effi-
ciency �i.

pwater
j � pdischarge

j � �i: (3)

2.2.3. Water Shadow Price
[24] Since MAgPIE is an economic optimization model

operating under constrained conditions, it is possible to
generate a shadow price for every independent constraint.
The shadow price is defined as an achievable rate of
increase in the objective function per unit increase in
resource x [Aucamp and Steinberg, 1982]. Because our
objective function minimizes costs, we have to reframe the
definition to ‘‘the achievable rate of decrease in the objec-
tive function if the constraint x is relaxed by one unit.’’ For
our analysis we, use the available water constraint pwater

j .

wsp j ¼
@g�t
@pwater

j

; (4)

where wspj stands for the water shadow price in each cell j
and g�t denotes the optimal value of the goal function
(defined in the supporting information). The water con-
straint for each cell j is defined as

X
v

xarea
t;j;v;0ir0p

yield t c
t;j;v;0ir0p

watreq
j;v þ

X
l

xprod
t;j;l pwatreq

j;l � pwater
j ; (5)

where xarea
t;j;v;0ir0 is the total irrigated area of each crop v, each

cell j, and each time step t ; p
yield tc
t;j;v;0ir0 is the irrigated yield

(including TC) for each time step, each cell, and each crop;
pwatreq

j;k is the cellular water requirements for product (v for

crops and l for livestock); xprod
t;j;l is the total production of

each livestock product l, for each cell at each time step.
From the constraint specification, it follows that the
required amount of water is proportional to the production
volume. The cellular water available for production sets the
limit for the consumption for water in each cell.

[25] In economic terms, wsp is defined as the saved mar-
ginal costs, when one additional unit of water would be
available in a particular grid cell. With cell-specific WSPs
we are able to generate maps in order to define hot spots of
water scarcity under different future scenarios.

2.3. Scenario Definition and Sensitivity Analysis

[26] We consider one reference scenario and three policy
scenarios which are based on medium population and GDP
projections. The reference scenario is based on the descrip-
tion in section 2.1.1. It is assumed that 50% of the intact
and frontier forest (which is mainly the rainforest in South
America, central Africa, and Pacific Asia) must be saved
until 2045. Furthermore, we do not model different climate
change scenarios in this study. The three policy scenarios
differ from the reference scenario in their policies regard-
ing trade liberalization and the consumption of livestock
products (Table 1). We created those scenarios with the
aim to consider a range of future policies, and, therefore,
we chose moderate scenarios. This contrasts with many
other studies, which usually present extreme scenarios in
order to characterize the theoretical range.

[27] We assume two different trade policies [cf. Schmitz
et al., 2012]. The bilateral trade implementation reflects the
case that no new global trade agreement is implemented. It
reflects largely the situation under the Doha World Trade
Organization (WTO) Negotiation Round of the past dec-
ade, during which a joint trade agreement could not be
agreed upon. In contrast, our global trade policy scenario
follows a historically derived pathway of trade liberaliza-
tion, considering the two decades before the Doha Round
(1980–2000). The trade study by Dollar and Kraay [2004]
found out that between the 1980s and 1990s nonglobalizing
countries have cut tariffs by 22%, globalizing countries by
11%, and rich countries by 0%. Hence, as a plausible

Figure 3. Regression between irrigation efficiency and
GDP per capita (in $PPP/capita). a ¼ Vietnam, b ¼ Pakistan,
c ¼ Thailand, d¼ Central America, e ¼ Turkey, f¼ Bangla-
desh, g ¼ Indonesia, h ¼ India, i ¼ Philippines, j ¼ Central
Asia (including China), k ¼ rest of South Asia, l ¼ rest of
former Soviet Union, m ¼ Malaysia, n ¼ Middle East/north
Africa, o ¼ Sub-Saharan Africa, p ¼ South America, q ¼
Ukraine, s ¼ Spain, r ¼ North America, t ¼ France, u ¼ rest
of Europe, v ¼ Pacific OECD Countries

Table 1. Scenario Definition

Scenarios Demand Pattern

Trade liberalization BAU Diet Healthy livestock diet
Bilateral Reference (0) Livestock (2)
Global Trade (1) Trade-livestock (3)
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policy scenario, we chose a 10% trade barrier reduction in
each decade until 2045. This is supported by various other
literature sources [Healy et al., 1998; Conforti and Salva-
tici, 2004], which assume that global trade agreements are
successful in the future. Table 2 displays the development
of the trade balance parameter over time in the different
trade implementations.

[28] In the business-as-usual diet scenario (BAU diet),
the continuation of current trends in animal consumption is
assumed and the share of consumed livestock products
depends on the GDP per capita scenarios (see Appendix B).
In the second scenario, all regions continuously develop
their dietary habits toward an average livestock calorie con-
sumption of 20% per capita until 2045. The 20% share of
livestock-based calories is taken as a policy threshold, since
it is considered as a nutritionally balanced and healthy diet
for society [Pimentel and Pimentel, 2003]. Although there
is a lively scientific debate around this topic and other stud-
ies suggest that a pure vegetal-based diet would be even the
healthiest [Campbell and Campbell, 2006], we take the
20% share as a policy target, which might be realistic to
achieve in 2045. Figure B2 in Appendix B shows the ani-
mal-based calorie share for the period 2005–2045 in both
scenarios.

[29] Both policy scenarios, trade liberalization and the
reduction of animal-based calories, are applied to the 10
regions in MAgPIE. Although this regional aggregation is
quite broad, the countries within the regions are quite ho-
mogenous in terms of trade policy and the consumption of
animal products. An exception is the region PAO compris-
ing Australia, New Zealand, and Japan, which differ con-
siderable in terms of trade policy and the composition of
diets. The outcome of the model depend to a large extent
on the food demand requirements, which in turn depend on
the respective population scenarios and on a regression
with GDP per capita (see Appendix B). In order to reveal
the sensitivity and variation in the results, we apply a com-
bination of three different U.N. population [United Nations
(UN), 2011] and three different GDP scenarios which result
in nine different scenarios for food demand (Table B1).
From these, we take one (scenario E) as default scenario
for the analysis and the remaining eight as sensitivity sce-
narios. For the methodology, we refer to Appendix B.

3. Scenario Results

3.1. Water Shadow Price

[30] The cell-specific WSP of MAgPIE is plotted for the
years 2005 (Figure 4a) and 2045 (Figure 4b) on a 0.5 grid
basis. We note three regions, South Asia (India, Bangla-
desh, Pakistan, and Afghanistan), north Africa (Morocco,
Algeria, and Egypt), and the Middle East (with Israel,
Saudi Arabia, and Iran), where the WSP is expected to
reach much higher levels in the future. Foremost, blue

water scarcity in countries such as Morocco, Israel, and
Iran increases from around 0.7 US$/m3 in 2005 to up to 2
US$/m3 in 2045. Almost the whole area of South Asia is
predicted to face an increase in water scarcity within the
coming decades given the fact that the WSP is growing to
values of 0.6 US$/m3 or even higher. Significant higher
levels can also be expected in southeastern Australia, north-
east and southeast China, Japan, and Europe. In Europe, the
highest WSPs are supposed to appear in countries such as
France or Germany, and also in Southern Europe, water
scarcity is supposed to worsen. The southeast of Australia
and Japan as well as the eastern part of China are expected
to experience an explicit increase in WSP up to 0.3–0.4
US$/m3. On the other hand, the results in some regions,
like large parts of South America or the southeast of Africa,
indicate that enough freshwater would be available for irri-
gation in the future, resulting in a WSP equal to zero.

[31] Figure 5 presents the differences in cell-specific
WSPs in the three policy scenarios (1–3) compared to the
reference scenario (0) in the year 2045 (lower graph in Fig-
ure 5). Starting with the trade scenario (1), four regions
(South Asia, Middle East/north Africa, southeast Australia,
and Japan) reveal striking results. In South Asia and Middle
East/north Africa, the WSP is expected to decrease in
almost the whole region by up to 0.3 US$/m3. In contrast,
in southeast Australia and Japan, the price is going to rise
by around 0.1 or 0.2 US$/m3, respectively. Furthermore, in
central Asia (mainly Kazakhstan) and some parts of China,
the United States, and southern Africa, small rises are
obtained. In Europe, WSPs moderately drop and even less
so in large parts of mid and western United States.

[32] In the livestock scenario (2), the WSP decreases in all
countries, except for Japan and to a small extent in countries
of southern Africa. Highest decreases are obtained particu-
larly in Europe and western United States as well as in south-
ern China. This means that the WSP in Australia and Central
Asia increases in the trade scenario (1) and decreases in the
livestock scenario (2). However, in the combined trade-live-
stock scenario (3), southern Africa reveals decreasing WSPs,
and only in Japan, prices increase even further. Comparing
the third with the second scenario shows that in South Asia
with countries like India, Afghanistan, and Bangladesh, the
price decrease is highest, followed by southern China,
whereas in Europe, the United States, Latin America, north
China, and Australia, the differences are only marginal.

[33] In order to stress the differences of the WSP in the
different scenarios in 2045 and the sensitivity of those sim-
ulations, we aggregated the price on a regional level. The
regional WSP in the reference scenario in 2045 (Figure 6)
is highest in South Asia (SAS) with a price of almost 0.38
US$/m3, followed by Middle East and north Africa (MEA)
with almost 0.22 US$/m3, EUR with 0.16 US$/m3, and
centrally planned Asia (CPA) with 0.08 US$/m3. All other
regions have WSPs below 0.04 US$/m3. Considerable low
WSPs are projected for sub-Sahara Africa (AFR) and Latin
America (LAM) with less than 0.01 US$/m3. The boxplots
display the variation (minimum, lower quartile, median,
upper quartile, and maximum) due to the nine different
population and GDP sensitivity scenarios. The variations
are rather moderate, given the large variation in the applied
sensitivity scenarios, and the order of regions is almost not
influenced by them. Largest variations are obtained for the

Table 2. Trade Barrier Reduction Factor in the Two Trade Sce-
narios Over Time

Scenario 2005 2015 2025 2035 2045

Bilateral trade liberalization 1 0.975 0.951 0.927 0.904
Global trade liberalization 1 0.9 0.81 0.729 0.656
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three regions with the highest WSP (EUR, MEA, and
SAS). In the case of SAS, the maximum value is 0.53 US$/
m3 and the lowest value is 0.26 US$/m3.

[34] Figure 7 emphasizes the difference in regional WSP
in 2045 in the three policy scenarios (1–3) versus the refer-
ence scenario (0). Presenting absolute changes in all regions
and all scenarios, the shadow price decreases or stays con-
stant. The only exception is the region PAO, where the price
increases by 0.02 US$/m3 in the trade scenario (1). We
obtain again for SAS and MEA the highest decreases. In
both regions, the trade scenario (1) shows stronger reductions
of the WSP than the livestock scenario (2). The opposite is
found for EUR, CPA, PAO, and NAM. In these regions, the
combined trade-livestock scenario (3) demonstrates a lower
reduction than in the livestock scenario (2) with only bilat-
eral trade liberalization. In contrast, SAS with �0.31 US$/
m3 and MEA with �0.21 US$/m3 have the highest reduc-
tions in the combined scenario (3). Pacific Asia (PAS)
resembles SAS and MEA as the livestock scenario (2) causes
the lowest decrease and the combined scenario the strongest
decrease (�0.02 US$/m3), but with much lower rates. For
former Soviet Union (FSU), we observe only minor changes,

and values in AFR and LAM do not change at all. The sensi-
tivity of the results is generally moderate, except for MEA
and SAS in the first scenario, for EUR in the second scenario
and for all three in the third scenario. The highest reduction
is found for SAS in the combined scenario (3) with a value
of�0.41 US$/m3.

3.2. Technological Change and Land Use Change

[35] Figure 8 displays average annual TC rates for the 10
world regions in the reference scenario. MEA has the high-
est TC rates over this period with an average annual rate of
1.9%. AFR, CPA, and SAS have high rates as well values
more than 1%. EUR and PAO have the lowest values. The
rate depends to a considerable extent on the future popula-
tion and GDP growth as the boxplots show; in some
regions less (e.g., LAM and FSU) in some regions more
(e.g. MEA, SAS, and PAS).

[36] In Figure 9, we present the differences in the re-
gional TC rates (presented in percentage points (pp)) of the
three policy scenarios compared to the reference scenario
over the period 2005–2045. The most notable region is
MEA showing decreases of up to 1 pp in the two global

Figure 4. Cell-specific WSP for the reference scenario in (a) 2005 and (b) 2045 on a 0.5 grid basis.
White cells do not consist of any cropland equipped for irrigation. Gray cells contain irrigation area but
the WSP is zero.
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trade liberalization scenarios. In the livestock scenario (2),
however, TC rates are reduced by less than 0.5 pp. A simi-
lar behavior can be expected in SAS, although the reduc-
tions in TC are not as high as in MEA, reaching up to 0.84
pp in the combined trade-livestock scenario (3). In CPA,
EUR and NAM TC rates are estimated to decrease stronger
in the livestock scenario (2) than in the trade scenario (1).
In contrast, FSU faces a similar decline of between 0.32
and 0.35 pp in all three policy scenarios. Two regions, AFR
and PAO, show rising TC rates within specific scenarios. In
AFR, the healthy livestock consumption implies rising TC
rates of almost 0.2 pp from 2005 to 2045, whereas in the
two scenarios involving trade liberalization decreasing
rates of 0.25 pp occur. PAO, however, encounters increas-
ing TC rates (þ0.5 pp) for the trade scenario (1) and con-
stant rates for the other two scenarios. Finally, PAS is the
only region where the trade scenario causes the lowest TC
rates compared with the reference scenario and the other

two policy scenarios. The sensitivity due to different popu-
lation and GDP scenarios is lowest in the trade scenario,
where only LAM and PAO show high variations and high-
est in the combined scenario, where all regions except
AFR, CPA, and LAM face considerable variations.

[37] Another option for MAgPIE to increase total pro-
duction, besides TC, is to expand cropland. Table 3 illus-
trates the change in total cropland over time and the total
cropland in 2045 (in million hectares). In 2005, the differ-
ence of a livestock control policy becomes apparent. With
lower livestock consumption cropland expansion is only
half compared to the scenarios with business-as-usual con-
sumption. However, in 2015 and 2025, the expansion
increases further in the livestock scenario but decreases
from 2035 on. Highest total expansion (þ348 million hec-
tare) is obtained in the reference scenario and lowest in the
combined trade-livestock scenario (þ156 million hectare).
The sensitivity of those values against different GDP per

Figure 5. Differences in the cell-specific WSP in the scenarios 1-trade (upper map), 2-livestock (cen-
tral map), and 3-trade-livestock (lower map) compared to the reference scenario (0) in 2045 on a 0.5 grid
basis.
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capita scenarios is low. The highest value for total cropland
in the reference scenario in 2045 is 1711 million hectare
and the lowest is 1591 million hectare. The variations in
the policy scenarios are slightly higher. For instance, in the
combined scenario, the highest value is 1537 million hec-
tare and the lowest is 1372 million hectare. In terms of area
equipped for irrigation, we obtain an increase of 14% in the
reference scenario until 2045, 11% in the trade scenario,

7% in the livestock scenario, and only 1% in the combined
scenario.

4. Discussion

[38] The increasing pressure of agriculture on water
availability has its origin in the extensive population
growth and the resulting increase in food production during
the last century [Falkenmark et al., 1989; Vörösmarty
et al., 2000; Kummu et al., 2010]. As we expect a further

Figure 6. Sensitivity of the regional WSP (in US$/m) in
2045 for the trade, livestock and combined scenario under
consideration of nine different population and GDP sensi-
tivity scenarios. The boxplots display minimum, lower
quartile, median, upper quartile, and maximum. Above the
boxplots, the value of the default scenario is given.

Figure 7. Sensitivity of the difference in regional WSP in 2045 under nine different population and
GDP sensitivity scenarios. The boxplots display minimum, lower quartile, median, upper quartile, and
maximum. Above the boxplots, the value of the default scenario is given.

Figure 8. Sensitivity of the TC rates in 2045 under nine
different population and GDP sensitivity scenarios. The
boxplots display minimum, lower quartile, median, upper
quartile, and maximum. Above the boxplots, the value of
the default scenario is given.
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increase in population and an even more dramatic increase
in agricultural demand, the pressure on water resources will
rise considerably throughout the coming decades. In order
to quantify this relationship, we have developed an agroe-
conomic water scarcity indicator, the WSP.

4.1. Water Shadow Price

[39] The WSP is the outcome of coupling a biophysical
vegetation model and an economic land use model. It links
spatially explicit water withdrawal and availability with
economic processes in the land use and agricultural sector.
Hence, the WSP considers explicitly economic processes
of water demand in an optimization approach, which has
been consistently neglected by previous indicators [Sauer
et al., 2010]. It takes important economic drivers, such as
income, trade, production costs, and productivity growth,
into account which are crucial for assessing water scarcity.
In general, the WSP provides a more comprehensive pic-
ture of water scarcity than purely biophysically based
indicators.

[40] Before calculating the WSP, the amount of available
irrigation water in MAgPIE is derived from water discharge
(from LPJmL) reduced by an irrigation efficiency parame-
ter. In most studies, irrigation efficiency is a static input or
it changes only due to exogenous scenarios [i.e., Fischer
et al., 2007]. An exception is the model created by Sauer
et al. 2010, which is able to invest endogenously in an
improved irrigation system based on population growth. In
contrast to this approach, we have implemented irrigation

efficiency as a dynamic input depending on the level of
economic development (GDP per capita). Although income
does not explain the whole variation, we demonstrate with
the regression analysis that it is strongly correlated to effi-
ciency improvement (also confirmed by Sauer et al. [2010]
and Calzadilla et al. [2011a]). Our irrigation efficiencies
increase between 2% and 12% points from 2005 to 2045.
Fischer et al. [2007] assume exogenous increases in effi-
ciency of 10% per decade, whereas Sauer et al. [2010] are
in line with our rather moderate estimates.

[41] The projected WSP of MAgPIE ranges between
0 and 0.3 US$/m3 for 2005 and between 0 and 2 US$/m3

for 2045. Comparing these values with real market prices
of water led to biases since market prices are often highly
determined by local policies (subsidies), market distortions
(environmental externalities), or missing information. For
instance, real prices in Europe vary between 0.01 US$/m3

in Bulgaria and 1.4 US$/m3 in Netherlands [Berbel et al.,
2007]. Studies about WSPs are rare. One study assessed
WSPs for Spain for 2005 and found a shadow price in aver-
age of 0.19–0.39 US$/m3 [Novo et al., 2009], which fits
well to our results for 2005.

4.2. Limitations of the Indicator

[42] The WSP has certain limitations to serve as an agro-
economic water scarcity indicator. First of all, it is based
on blue water, ignoring the interactions and influences of
green water on the agricultural system. Those are especially
important in the livestock sector, where the differences of
green and blue water use are huge [Hoekstra and Chapa-
gain, 2007], comparing, for instance, extensive beef pro-
duction on grasslands (mainly green water) with industrial
livestock farming (partially fed with imported irrigated
feed crops). Hence, more detailed water-related studies
with a focus on the future development of livestock sys-
tems are needed. Further limitations are related to the
MAgPIE model, since the shadow price itself is directly
linked to the overall goal function of minimizing produc-
tion costs. Important shortcomings of the model are miss-
ing direct production distortions like tariffs and subsidies
as well as the consideration of only intraregional but no

Figure 9. Sensitivity of the difference in TC rates in 2045 under nine different population and GDP
sensitivity scenarios. The boxplots display minimum, lower quartile, median, upper quartile, and maxi-
mum. Above the boxplots the value of the default scenario is given.

Table 3. Total Cropland Expansion (in Million Hectare) From
2005 Until 2045 and Total Cropland (in Million Hectare) in 2045

Scenario

Expansion
Total

Cropland

2005 2015 2025 2035 2045 2045

0-refernce 104 74 60 59 51 1648
1-trade 103 37 49 51 39 1580
2-livestock 53 69 60 36 7 1526
3-trade-livestock 53 41 40 11 10 1456
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interregional transport costs. Although those limitations
reduce the WSP, others increase it. One is the demand rep-
resentation in MAgPIE, which is exogenously given by
regressions between income and calorie consumption
(described in Appendix B). The exogenous implementation
implies that price elasticities of demand are zero, i.e., con-
sumption cannot be adjusted endogenously to changing pri-
ces. As a consequence, the model has less flexibility to
substitute the demand, which results in higher shadow pri-
ces. Another limitation is irrigation efficiency. While it is a
dynamic input dependent on economic development, it can-
not be changed endogenously by investments. This may
lower efficiency levels in the future, although the study by
Sauer et al. [2010] reveals rather low levels/low rates of
investment-related efficiency improvements.

4.3. Scenario Assessment and Uncertainty

[43] The most general finding of our scenario analysis is
that water scarcity in all regions increases until 2050. In
Sub-Saharan Africa and Latin America, it increases with
low rates, whereas in South Asia and the Middle East/north
Africa region with high rates. Although no other study has
examined an agroeconomic water scarcity at high spatial
resolution, we can at least compare our results with studies
displaying regional values. Rosegrant et al. [2002] project
water scarcity levels with the IMPACT-WATER model up
to 2025 and show generally moderate increases with
decreasing rates in developed countries. As in our study,
they found strong increases in north Africa, Middle East,
China, and India. In contrast to our findings, they also pro-
ject high increases in Latin America.

[44] Our simulations indicate that with trade liberaliza-
tion, the reallocation of agricultural land use can help to
reduce regional water scarcity in the long run. This holds
especially in world regions where water will become
extremely scarce over the coming decades. The only excep-
tions to this rule are Australia, Japan, and parts of Central
Asia (mainly Kazakhstan), where water becomes a bit
scarcer. Other trade studies, like the CGE analysis by Ber-
rittella et al. [2008], found rather small effects (changes in
water use below 10%). In contrast to our results, trade lib-
eralization leads to higher water use in the United States
and China and lower water use in Japan, whereas the
remaining regions encounter similar trends. Since the study
highlights only the period 1997–2010, comparability is lim-
ited. The same model, GTAP-W, is used by Calzadilla
et al. [2011b] for analyzing trade liberalization scenarios
until 2050. Compared to our model, Australia has the high-
est increase in water scarcity due to liberalization, whereas
Southeast Asia, South Asia, Middle East, and Former
Soviet Union benefit from lower pressure on water resour-
ces. Simulations by the WATERSIM model confirm that
increased trade between water-abundant regions and water-
scarce regions avoid further stress on water scarcity [de
Fraiture et al., 2007]. The comparison with our simulations
has to be interpreted with caution since they assume perfect
free trade, which is a more extreme scenario than ours.

[45] Agricultural trade is largely driven by economic
forces. Local water prices, indicating the level of water scar-
city, lead to more economic appreciation of water as a
scarce resource and to more water-efficient trade from abun-
dant to scarce regions. An improved system of agricultural

trade also addresses the issue of local production risks as
those will likely increase in the future due to climate
change. Production failure in certain regions due to extreme
weather events could be balanced out through trade from
other production regions [Fraser and Rimas, 2010]. Exam-
ples for national policies are the reduction of export and
import barriers for agricultural products, or on international
level, the WTO negotiations, where the consequences of
further trade liberalization and protection are discussed.
Besides, chances for beneficial trade liberalization, which
relax pressure on regional water scarcity, should not be
overestimated in the short to medium term. As experiences
from the WTO Doha Round show, political processes on
the global level are slow and dominated by national inter-
ests instead of efficient resource use from global perspec-
tives. Furthermore, developing countries would have to
finance imports by foreign exchange [Seckler et al., 2000],
which have to be generated by the export of other products.
In the past, many countries in Africa and South Asia have
not been successful in developing competitive products.

[46] The second policy option is a shift from a business-
as-usual diet to a healthy livestock diet, which contains the
same share of animal-based products for every world
region. If this shift is simulated, the pressure on water scar-
city in all regions is reduced, as plant-based calories con-
tain less water in its production than animal-based calories.
This is an unexpected outcome since the livestock share in
some regions, for instance, in SAS and MEA, increases in
the healthy livestock diet scenario. The reason behind the
lower WSP is the linkage between regions through trade.
Trade translates less animal-based consumption in the
developed countries into lower pressure in water-scarce
regions like India or the Middle East. As a consequence,
the effects on WSP in developing regions are highest in the
combined scenario of trade liberalization and diet shift,
whereas in developed countries, the diet shift effects
largely outweigh the trade effects. Possible policies to
reduce consumption of animal products include the intro-
duction of a tax on animal based products, a qualified ban
on consumption or awareness raising and knowledge trans-
fer through educational programs [Deckers, 2010]. An
example for this is Denmark, which has recently introduced
a tax on saturated fat to achieve a lower consumption of
livestock products [Smed, 2012].

[47] To our knowledge, there is no other study that has
quantified the effects of lower animal-based consumption in
spatial detail. Yet, Gerten et al. [2011] found out that the
likelihood for a country to be water scarce would be
reduced, particularly in African countries, if animal calories
were halved. Renault and Wallender [2000] analyzed the
percentage of additional water, which is saved according to
different scenarios until 2025. The scenario that replaces
50% of meat by vegetal products counts water savings of
23% and the one that replaces 50% of animal products yields
in 39% savings. Comparing this to our healthy livestock diet
scenario (scenario 2) without any trade changes, we calcu-
lated savings of 40% until 2025 and 28% until 2050. Liu and
Savenije [2008] found positive effects of lower meat con-
sumption for China and concluded that virtual water trade and
improvement of rainfed agriculture are the more promising
strategies. Other studies, examining livestock reducing sce-
narios, found positive effects on the reduction of greenhouse
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gas emissions [Popp et al., 2010; Stehfest et al., 2009]) and
the pressure on cropland [Wirsenius et al., 2010].

[48] The MAgPIE model has the unique feature of generat-
ing TC rates endogenously based on investments in agricul-
tural research and development. Our analysis reveals a lower
pressure on agricultural productivity due to the aforemen-
tioned policies. The average global annual rate of TC in agri-
culture until 2045 is 0.9% in the reference scenario, compared
to 0.6% in the trade scenario, 0.7% in the healthy livestock
diet scenario, and 0.5% in the combined scenario. At the re-
gional level, those effects are much higher in regions like
MEA and SAS but also NAM. We can state that increased
trade and a healthy livestock diet not only help to reduce
water scarcity but also to lower the pressure for intensification
in agriculture. Furthermore, the policy scenarios lead to lower
cropland expansion globally. As shown in Schmitz et al.
[2012], this differs on a regional level, and trade liberalization
leads to further deforestation in tropical regions like South
America, with negative implications for greenhouse gas emis-
sions. Area equipped for irrigation expands by 14% until
2045, which is roughly in line with the study by Sauer et al.
[2010], who estimate an increase of 14% of the irrigated area
until 2030. In this context, we have to emphasize again that
no impacts of climate change are considered in this study.
Those impacts are mainly changing temperature and precipi-
tation patterns and have heterogeneous effects on the regional
water balance. Especially in many developing regions, this
implies further threats on water availability [Gerten et al.,
2011; Rockström et al., 2009; Vörösmarty et al., 2000]. A
detailed study by Fischer et al. [2007] concluded that climate
change causes globally up to 20% more irrigation until 2080,
which is of similar magnitude than the expansion required
due to socioeconomic drivers in this time span.

[49] Our sensitivity analysis is focused on different popu-
lation and GDP scenarios. Although we used extreme sensi-
tivity scenarios, the variation in results is rather moderate.
Water scarce regions like South Asia and the Middle East are
most affected, but the ranking order is hardly affected by dif-
ferent demand projections. The study by Schmitz et al. [2012]
estimates the sensitivity of MAgPIE regarding TC and land
expansion and finds changing results in the range of �10%
and þ16% in terms of emissions and production costs. How-
ever, since only a limited number of model parameters have
been tested, a more comprehensive sensitivity analysis would
be necessary to reveal the whole range of possibilities.

[50] Overall, our analysis indicates that only one of the
considered policy measures in this study is not enough to
keep water scarcity at levels observed in 2005. Only the com-
bination of both policies can reduce global WSPs in 2045 in
most regions below the values in 2005. This does not hold for
China, Australia, Japan, and countries in Sub-Saharan Africa,
where additional strategies have to be developed in order to
keep the pressure on water resources at current levels. Exam-
ples, which could be picked up by subsequent studies, are
options to increase irrigation efficiency, improvements in
infrastructure, institutional reforms, and also the issue of water
pricing.

5. Conclusion and Policy Implications

[51] In many regions of the world, water is a scarce
resource. Due to insufficient price signals, this is not yet

recognized in all its consequences by many social factors.
Many developing countries, which are heavily dependent
on the agricultural sector and located in dry areas, are espe-
cially affected by water shortage. Water shortage is likely
to lead to higher food prices threatening regional food secu-
rity further.

[52] Under different GDP and population scenarios, the
MAgPIE model computes food demand and generates spa-
tially explicit projections of WSPs and regional TC rates.
As water scarcity is increasing and severe in regions like
South Asia, Middle East, and north Africa, trade liberaliza-
tion and policies to control livestock consumption are
promising measures to curtail water scarcity. The pressure
to intensify is particularly reduced in importing regions,
which are the regions with higher water scarcity. In the
case of further trade liberalization, we found that intensifi-
cation is less effective in terms of reducing water scarcity
for developed countries than for developing countries. This
is particularly important since developed countries have
hampered further liberalization efforts in the past.

[53] Lower animal-based consumption in developed
countries, as a second policy option, does not only reduce
the domestic pressure on water but also reduce water scar-
city in developing countries. However, as Ridoutt et al.
[2011] points out, production of livestock-based goods is
very diverse in terms of water consumption. Rather than
condemning the whole animal sector, a focus on low-water
input systems should be an alternative policy strategy in
developed countries.

[54] In order to reach a level of water consumption that
does not increase water scarcity in developing regions in
the future despite population growth, it is not sufficient to
count on trade liberalization and reduced livestock con-
sumption in developed countries. Measures to improve
water-use efficiency, such as investment in breeding of
water-saving plants, the promotion of water-saving produc-
tion systems, or improved irrigation infrastructure, are
needed. Furthermore, incentives for improved water man-
agement have to be institutionalized. In many regions,
water is seriously undervalued and lacking defined property
rights, especially in the agricultural sector.

Appendix A: Regions and Products in MAgPIE

[55] The regional disaggregation of MAgPIE is shown in
Table A1.

[56] MAgPIE distinguishes 16 different cropping activ-
ities and 5 livestock activities (Table A2).

Table A1. World Regions in MAgPIE

Abbreviation Regions

AFR Sub-Sahara Africa
CPA Centrally planned Asia (including China)
EUR Europe (including Turkey)
FSU Former Soviet Union
LAM Latin America
MEA Middle East and north Africa
NAM North America
PAO Pacific OECD (Australia, Japan, and New Zealand)
PAS Pacific Asia
SAS South Asia (including India)
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Appendix B: Future Demand in MAgPIE and
Sensitivity Scenarios

[57] In MAgPIE, demand for agricultural products is fixed
for every region and every time step and cannot be influ-
enced by the optimization process. Future trends in food
demand are computed as a function of income (measured in
terms of GDP) per capita based on a cross-country regres-
sion. The underlining GDP scenarios are calculated by fol-
lowing the methodology proposed by Hawksworth [2006],
who model the output with a Cobb-Douglas production func-
tion based on investment data from Heston et al. [2011]. We
combine the GDP output scenarios with the three different
U.N. population scenarios to get, in total, nine different GDP
per capita scenarios (Table B1), which result in nine differ-
ent scenarios for food demand. The scenario with the label E
is taken as the default scenario in our study, whereas the
other eight scenarios are used for the sensitivity analysis.

[58] For the calculation of food demand, we use the rela-
tion between total calories CT and income IMER (measured
in market exchange rate per capita). This relation is defined
by a power function and estimated with a fixed effect
model with time-dependent variables. Equation (B1) shows
the estimated function

CT ¼ exp 2:83� 10�3 þ 2:13� 10�3years
� �

� I0:16þ �3:12�10�5yearsÞ:ð
MER

(B1)

[59] The results in 1995 were calibrated to food demand
by FAO [2010]. Figure B1 illustrates the total consumption
(in GJ) for the 10 world regions in MAgPIE until 2045. In
Figure B1, it is differentiated between the business-as-usual
diet scenario and the healthy livestock diet scenario, where

livestock consumption converts to a maximum share of
20%. Highest total consumption is projected for SAS, CPA,
and AFR. In CPA, the growth rate stagnates after 2025 and
the difference to the healthy livestock diet scenario is largest
compared to the other regions.

[60] The drivers for the share of livestock products in
total caloric intake are income, population growth, and
time. In order to calculate the animal calorie consumption,
the share of animal based calories CAS is estimated by
equation (B2).

CAS ¼ exp �36:73þ 4:5 � ln IMERð Þ þ 0:016 � year � 0:0021ð
� ln IMERð Þ � year Þ

:

(B2)

[61] The results in 1995 were corrected by a constant
share of fish products and calibrated to the livestock share
by FAO [2010]. Figure B2 displays the resulting livestock
consumption as a share of total consumption. The live-
stock-consumption share in CPA increases most, whereas
the share decreases in regions, such as EUR or NAM.
Applying the healthy livestock diet scenario, all regions
move continuously to around 19%, the exception is PAO,
where the share of fish products is comparatively large and
the rate is reduced to around 14%. The share of fish is held

Table A2. Cropping and Livestock Activities in MAgPIE

Cropping Activities Livestock Activities

Temperate cereals Oil palm Ruminant meat
Maize Pulses Pig meat
Tropical cereals Potato Poultry meat
Rice Cassava Eggs
Soybean Sugar beet Milk
Rapeseed Sugarcane
Groundnut Cotton
Sunflower Others

Table B1. Composition of the Nine Population and GDP Sensi-
tivity Scenarios

Label U.N. Population GDP Growth

A Low Slow
B Low Moderate
C Low Fast
D Medium Slow
E (default) Medium Moderate
F Medium Fast
G High Slow
H High Moderate
I High Fast

Figure B1. Food demand (in GJ) in the different world
regions under the U.N. scenario (solid line) and the healthy
livestock diet scenario (dashed line).
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constant over time since, in the current version of MAgPIE,
we are not able to capture the dynamics of future fish
demand in the model. Although this is a simplified assump-
tion, the effect on the results is expected to be small as fish
account only for 0%–2% of total calories and 4%–8% of
animal calories across the regions [FAO, 2012].

Appendix C: Trade Implementation in MAgPIE

[62] The global food balance

X
i

f prod
t;i;k xtð Þ

1þ pseed
i;k

	
X

i

f dem
t;i;k xtð Þ; (C1)

with x as the variable for production, i as region, t as time,
and k as production activity, shows the aggregated regional
supply f prod, which has to be equal or bigger than the
aggregated regional demand f dem. The supply is adjusted
by the seed share pseed, which accounts for the seeds used
for the next farming season.

[63] Subsequently, we introduced excess demand and
supply equations.

pxd
t;k ¼

X
i

f dem
t;i;k xtð Þ � 1� psf

i;k

� �
: psf

i;k < 1: (C2)

[64] The quantity of global excess demand pxd for each
production activity k is calculated by subtracting domestic

demand (f dem) from domestic production for the importing
countries (for self-sufficiency ratio psf ¡ 1). Multiplying
domestic demand with the self-sufficiency ratio (f dem � psf )
results in domestic production.

pxs
t;i;k ¼ pxd

t;k � pexshr
t;i;k : (C3)

[65] The export shares pexshr determine the amount of
excess demand that is produced by the exporting regions.

[66] The trade balance equation

f prod
t;i;k xtð Þ

1þ pseed
i;k

	 ptb f dem
t;i;k xtð Þ þ pxs

t;i;k : psf
i;k 	 1

f dem
t;i;k xtð Þpsf

i;k : psf
i;k < 1

(
(C4)

ensures the regional balance of supply and demand. For
exporting regions, regional supply has to be at least equal
to domestic demand plus the exported quantity. For import-
ing regions, the regional supply has to be at least equal to
domestic demand times the self-sufficiency. This holds true
if the trade barrier reduction factor ptb is equal to one. If ptb

is equal to zero, the equation becomes zero and everything
is solved via the global trade balance (equation (B1)).

Appendix D: Irrigation Efficiencies in MAgPIE

[67] Figure D1 shows the irrigation efficiencies as result
of the cross-country regression with income per capita. The
values are based on population and income data of the
default scenario E.
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Figure B2. Livestock share of total demand in the differ-
ent world regions under the U.N. scenario (solid line) and
the healthy livestock diet scenario (dashed line).

Figure D1. Irrigation efficiency in the 10 aggregated
world regions from 1995 to 2045 based on the cross-coun-
try regression.
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