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Over the next decades mankind will demand more food from fewer land and water resources. This study
quantifies the food production impacts of four alternative development scenarios from the Millennium
Ecosystem Assessment and the Special Report on Emission Scenarios. Partially and jointly considered
are land and water supply impacts from population growth, and technical change, as well as forest
and agricultural commodity demand shifts from population growth and economic development. The
income impacts on food demand are computed with dynamic elasticities. Simulations with a global, par-
tial equilibrium model of the agricultural and forest sectors show that per capita food levels increase in
all examined development scenarios with minor impacts on food prices. Global agricultural land
increases by up to 14% between 2010 and 2030. Deforestation restrictions strongly impact the price of
land and water resources but have little consequences for the global level of food production and food
prices. While projected income changes have the highest partial impact on per capita food consumption
levels, population growth leads to the highest increase in total food production. The impact of technical
change is amplified or mitigated by adaptations of land management intensities.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Land and water are essential resources for the production of
food and thus constitute two of the most fundamental resources
for mankind. These resources are under pressure by population
growth, economic development, and environmental change. Essen-
tially, tomorrow’s farmers need to produce more food with fewer
resources. Beyond meeting market demands, global food produc-
tion has important links to several fundamental objectives of
societies including the reduction of malnutrition and poverty,
improved access to a healthy diet, better management and alloca-
tion of fresh water resources, increased use of renewable energy,
and the protection of climate, ecosystems, and biological diversity.
Thus, insights into the future development of the agricultural
sector are of great concern to society and policymakers. To
adequately capture the complex links between food production
and overall development, integrated scientific model based
assessments are needed.
All rights reserved.

).
A variety of past studies have examined the impacts of global
development on food production. These studies involve a wide
spectrum of scientific disciplines, methods, models, and data.
Geographic and biophysical assessments often focus on the
heterogeneity of production conditions and their consequences.
Engineering assessments in the land use sector deal primarily with
technological development and associated opportunities.
Economic assessments attend to farm level and/or commodity
market implications of development. In addition, there are policy
oriented assessments which examine legal instruments and chal-
lenges for the regulation of land use and land use externalities.
Studies which combine the economic, technical, biophysical, and
legal aspects of agricultural development fall within the realm of
integrated assessment studies (e.g., Bouwman et al., 2006; Rose-
grant et al., 2002a,b, 2004). These relatively comprehensive studies
are able to quantify the net impacts of development over a diverse
set of individual drivers and are a clear advancement over single
factor based studies. Regarding development, the integrated stud-
ies attempt to simultaneously represent economic development,
population growth, technical progress, environmental change,
and possible policy pathways. However, integrated assessments
are only valuable if their results can be adequately understood,
interpreted, and compared to other studies. Different studies
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which lead to the same aggregated results but differ greatly in indi-
vidual components do not promote confidence in scientific assess-
ments and modeling.

In this study, we use an integrated land use assessment model
to quantify and decompose the impacts of four commonly used
development scenarios on global food production. The global agri-
cultural and forest sector optimization model combines at a rela-
tively high resolution the heterogeneity of agricultural conditions
and choices with the feedback from internationally linked, global
commodity markets. In analyzing the food production implications
of three Millennium Ecosystem Assessment scenarios and the re-
vised B1 scenario from the Special Report on Emission Scenarios,
we follow several major objectives. First, we want to estimate re-
gional food production impacts for each of the four development
scenarios on per capita food supply and the average ratio between
plant and animal based food. This ratio has received increasing
attention for its effects on land scarcity, greenhouse gas emissions,
and human health. However, quantitative projections of dietary
changes with integrated assessment models are rare. Furthermore,
our study results can be used to crosscheck the consistency of
assumptions made for the Millennium Ecosystem Scenarios and
thus, provide methodological insights for the design of future
development scenarios. As a second major objective, we want to
decompose the total food production impacts of five exogenous
drivers (population growth, gross domestic product development,
technical change, land scarcity, water scarcity) and two alternative
policies on deforestation of primary forests. To our knowledge,
such decomposition has not been done for integrated assessments
of global food production but is useful for several purposes. It in-
creases understanding and facilitates interpretation of the aggre-
gated results of this food production development study. In
addition, decomposition helps to compare and better interpret pre-
vious studies which only provide aggregated results on food pro-
duction development. Knowledge about the partial impacts of
development factors also reveals which factors dominate the over-
all impacts and might therefore be most relevant to national and
international policymakers.
1 If intensification leads to degradation, it can also increase land requirements over
time.
2. Global challenges for food production

Throughout history, human populations have experienced defi-
ciencies in food production. Growing populations in the past have
caused local over exploitation of natural resources leading to the
extinction or collapse of several ancient societies (Diamond,
2005). However, today’s resource scarcity is not only an acute
problem in isolated locations; it is also a global threat. Three argu-
ments may illustrate the global dimension of this threat. First, the
total use of resources for food production over all countries has
reached substantial proportions. In 2005, agriculture occupied
about 38% of the global land area (FAOSTAT, 2007) yielding an
average agricultural land endowment of 0.76 ha per capita. With-
out technical progress and agricultural intensification and with
current rates of population growth, agriculture would need an area
equivalent to one half and two-third of the current terrestrial land
area by 2030 and 2070, respectively, in order to maintain current
food consumption levels per capita. Considering the evolution of
technology, agricultural management, and food consumption pref-
erences; the OECD-FAO Agricultural Outlook projects global in-
creases in cropland requirements of about 9% by 2019. Existing
projections of future irrigation water consumption between 1995
and 2025 (e.g., Molden, 2007; Postel, 1998; Rosegrant et al.,
2002b) differ substantially and range from minus 17% to plus
228%. This variation is due to methodological and data differences
as described in Sauer et al. (2010).
The second argument supporting a global dimension of food
production challenges is that although some regions experience
more problems than others, today’s societies are increasingly con-
nected. Globalization has opened the door to more international
trade. Thus, regional commodity supply shortage or surplus can
be transferred to and mitigated by world markets. Furthermore,
globalization has also influenced governmental regulations. Na-
tional land use related policies are increasingly embedded in inter-
national policies. Since the establishment of the United Nations in
1945, many different international treaties have been adopted,
which may particularly affect global food production and distribu-
tion. Environmental treaties relevant to food production include
the convention on wetlands (RAMSAR convention), the Climate
Change convention, and the convention on biological diversity
(CBD convention). These treaties may limit possible expansion of
agricultural land. However, expansion of cropland might be neces-
sary to fulfill the eight Millennium Development Goals defined by
the world leaders at the United Nations Millennium Summit in
2002 since they include targets for the reduction of hunger and
malnutrition.

A third argument is that the cumulative impacts of local land
use decisions may cause significant global environmental feedback,
foremost through climate change (Alcamo et al., 2003; Foley et al.,
2005; Tilman et al., 2001). There are both positive and negative
agricultural impacts which influence the availability and fertility
of land (Ramankutty et al., 2002), the length of the growing season
(Lobell et al., 2008), fresh water endowments, pest occurrences,
CO2 fertilization, and the frequency of extreme events related to
draughts, flooding, fire, and frost.

Although global commodity trade and environmental policies
are important drivers for resource utilization, a variety of addi-
tional factors influence the net impact of future development on
land use and food supply. These factors include technical progress,
land use intensities, land quality variations, resource endowments,
and food demand characteristics. Technical progress and manage-
ment intensification generally reduce land scarcity.1 While
improved technologies shift the production possibility frontier
outwards, intensification moves production along a frontier by
substituting one resource with another (Samuelson, 1948).
Agricultural production can be intensified by employing more water,
fertilizer, pesticides, machinery, or labor. While intensification is
often measured relative to the fixed production factor land, it may
also be related to output. In contrast to technical change, intensifica-
tion increases at least one input requirement per unit of output.
Irrigation, for example, uses per calorie less land but more water,
fertilizer, and/or capital.

The variation of land quality also interacts with development.
Population growth increases food demand and therefore the de-
mand for agricultural land. Since rationally acting agents use the
economically most suitable resource first, additional agricultural
land is likely to be less profitable. In addition, population growth
increases predominantly urban land areas (United Nations, 2004).
This expansion potentially removes high quality agricultural areas
since cities are usually built on fertile land (von Thünen, 1875).
Furthermore, increased agricultural intensity due to population
growth may increase land degradation over time. This could trigger
a positive feedback loop where increased degradation leads to
more degradation through intensification. Fourth, income growth
especially in low income regions raises demand for animal based
food more than demand for plant based food. Since animal food
production involves an additional element in the food chain, it
may in some cases increase land requirements per calorie by a
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factor of 10 or more relative to plant food (Gerbens-Leenes and
Nonhebel, 2005). Thus, an increased demand of animal food is
likely to increase total agricultural land use and management
intensities with the above described implications.
3. A global agricultural and forest sector optimization model

To assess the complex interdependencies between population
growth, economic and technological development, and the
associated relative scarcities of land and water, we use the Global
Biomass Optimization Model (GLOBIOM). GLOBIOM is a mathe-
matical programming model of the global agricultural and forest
sectors. Data, concept and mathematical structure of this model
are described in Havlík et al. (in press) and at www.globiom.org.
The core model equations are given in mathematical notation in
Appendix. The objective function of GLOBIOM simulates the global
agricultural and forest market equilibrium by maximizing eco-
nomic surplus over all included regions and commodities subject
to restrictions on resource endowments, technologies, and policies.
The scope and resolution of regions, commodities, management
options, and resources is shown in Tables 1 and 2. Particularly,
agricultural and forest product markets are represented by 28
international regions covering the entire world. The definition of
regions is consistent with 11 larger regions used in energy
(Messner and Strubegger, 1995) and pollution abatement models
(Amann, 2004) of IIASA’s Greenhouse Gas Initiative and with the
definition of more detailed regions from the POLES model
(Criqui et al., 1999). Common region definitions facilitate the
linkage of GLOBIOM with energy models in the context of climate
and energy sustainability assessments.

Commodity demand is specified as downward sloped function
with constant own-price elasticities. The model accounts for the
annual net trade between all 28 regions. Demand data include
Table 1
Geopolitical resolution of GLOBIOM.

Model region Contained countries

ANZ Australia, New Zealand
BrazilReg Brazil
CanadaReg Canada
RCAM Bahamas, Barbados, Belize, Bermuda, Costa Rica, Cuba, Dominica,

Antilles, Nicaragua, Panama, St. Lucia, St. Vincent, Trinidad Tobag
ChinaReg China
CongoBasin Cameroon, Central African Republic, Democratic Republic of the C
EU_Baltic Estonia, Latvia, Lithuania
EU_CentralEast Bulgaria, Czech Republic, Hungary, Poland, Romania, Slovakia, Slo
EU_MidWest Austria, Belgium, France, Germany, Luxembourg, Netherlands
EU_North Denmark, Finland, Ireland, Sweden, United Kingdom
RCEU Albania, Bosnia Herzegovina, Croatia, Macedonia, Serbia–Montene
EU_South Cyprus, Greece, Italy, Malta, Portugal, Spain
Former_USSR Armenia, Azerbaijan, Belarus, Georgia, Kazakhstan, Kyrgyzstan, M
IndiaReg India
JapanReg Japan
MexicoReg Mexico
MidEastNorthAfr Algeria, Bahrain, Egypt, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, L

Yemen
Pacific_Islands Fiji Islands, Kiribati, Papua New Guinea, Samoa, Solomon Islands,
ROWE Gibraltar, Iceland, Norway, Switzerland
RSAS Afghanistan, Bangladesh, Bhutan, Maldives, Nepal, Pakistan, Sri La
RSEA_OPA Brunei, Indonesia, Malaysia, Myanmar, Philippines, Singapore, Th
RSEA_PAC Cambodia, North Korea, Laos, Mongolia, Vietnam,
SouthKorea South Korea
SouthAfrReg South Africa
RSAM Argentina, Bolivia, Chile, Colombia, Ecuador, Guyana, Paraguay, P
SubSaharanAfr Angola, Benin, Botswana, Burkina Faso, Burundi, Cape Verde, Chad,

Bissau, Kenya, Lesotho, Liberia, Madagascar, Malawi, Mali, Martin
Senegal, Seychelles, Sierra Leone, Somalia, Sudan, Swaziland, Tanz

TurkeyReg Turkey
USAReg USA
observed price–quantity pairs for domestic demand, imports and
exports, own-price elasticities of demand. For agricultural prod-
ucts, prices and quantities are taken from FAOSTAT (2007). Own-
price elasticities of agricultural commodity demand are taken from
Seale et al. (2003). The specification of demand for forest commod-
ities is based on data developed by Rametsteiner et al. (2007). The
model explicitly depicts factor endowments in each region for (a)
agricultural, forest, and other natural lands and (b) land suitable
for irrigation. Irrigation water supply is depicted as constant elas-
ticity, upward sloped function. The price elasticity of water supply
equals 0.3 for all regions based on estimations by Darwin et al.
(1995).

Agricultural and forest production activities are portrayed in
more detail than commodity markets and distinguish 165 individ-
ual countries with 137 land quality classes, 18 crop and six forest
commodities, seven bioenergy types, and five irrigation alterna-
tives (Table 2). The land quality classes are referred to as homoge-
nous response units (HRU) and are based on differences in altitude,
soil texture, and slope. The highest diversity in land quality is ob-
served in Indonesia with 97 HRUs. Livestock production in each re-
gion is represented as one composite activity keeping production
from major individual activities, their feed and land requirements
in fixed proportions. Crop and livestock production data are taken
from FAOSTAT (2007), where national averages are used as base
reference levels for yields, harvested areas, prices, production, con-
sumption, trade, and supply utilization. Management specific crop
yields and crop specific irrigation water requirements are simu-
lated with the environmental policy integrated climate (EPIC)
model (Williams, 1995). These yields are calibrated such that the
area weighted average yield aggregated over all observed manage-
ment options in a country equals the reported yield from FAO. The
costs and technical restrictions for five irrigation systems are de-
rived from a variety of sources and are described in more detail
in Sauer et al. (2010). Traditional forest management is based on
Dominican Republic, El Salvador, Grenada, Guatemala, Haiti, Honduras, Jamaica,
o

ongo, Republic of the Congo, Equatorial Guinea, Gabon

venia

gro

oldova, Russian Federation, Tajikistan, Turkmenistan, Ukraine, Uzbekistan

ibya, Morocco, Oman, Qatar, Saudi Arabia, Syria, Tunisia, United Arabic Emirates,

Tonga, Vanuatu

nka
ailand

eru, Suriname, Uruguay, Venezuela
Comoros, Ivory Coast, Djibouti, Eritrea, Ethiopia, Gambia, Ghana, Guinea, Guinea-
ique, Mauritania, Mozambique, Niger, Nigeria, Rwanda, São Tomé and Príncipe,
ania, Togo, Uganda, Zambia, Zimbabwe

http://www.globiom.org


Table 2
Scope of GLOBIOM.

Index Elements

Land use types Arable and grass lands, plantations, managed forests, unmanaged forests, other natural vegetation
Explicit resources Land, irrigation land, water
Cost items Production cost, trade cost, land use change cost
Crops Barley, cassava, chickpeas, corn, cotton, dry beans, ground nuts, millet, oil palm fruit, potatoes, rapeseed, rice, soya, sorghum, sugarcane,

sunflower, sweet potatoes, wheat
Livestock products Animal food calories with fixed proportions of bovine meat, pig meat, sheep and goat meat, chicken meat, equine meat, fresh milk, turkey

meat, and eggs from hens and other birds
Forest commodities Primary products: saw logs, pulp logs, fuel wood, other industrial logs, processed products: sawn wood, wood pulp
Other commodities Biodiesel, ethanol (1st and 2nd generation), methanol, heat, power, biogas
Management Subsistence, low intensity rainfed, high intensity rainfed, furrow irrigation, sprinkler irrigation, drip irrigation, surface irrigation
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the 4DSM model developed by Rametsteiner et al. (2007). Produc-
tion costs are compiled from an internal database at IIASA’s For-
estry Program.

When the uncalibrated GLOBIOM is solved for the base period,
it does not closely reproduce observed activity levels. There are a
variety of reasons for deviations. First, some data which influence
land use decisions are difficult or impossible to obtain. These in-
clude impacts of crop rotations on yields, costs, labor, and machin-
ery, which are often not available beyond a number of individual
case studies. Second, some data are inaccurate because of measure-
ment errors, inconsistent data collection methods, or insufficient
resolution of the data. Third, our model operates at the sector level
and does not explicitly portray many farm specific details, com-
modity qualities, and other local differences. Fourth, we assume
competitive markets and rational behavior. To bring base solutions
close to observation, we calibrate the direct costs for land manage-
ment alternatives. Following classical economic theory, we linearly
adjust the cost of each management option such that at base year
commodity and factor prices, marginal revenues equal marginal
costs (Wiborg et al., 2005). Trade costs for observed trading routes
are calibrated with a non-linear cost function such that the solved
trade levels for the base period are close to observed net exports.

The GLOBIOM modeling approach can be put in perspective
with alternative methods. Previous land use assessments may be
distinguished regarding (a) the flow of information in top-down
and bottom-up systems, (b) the dominating analysis technique in
engineering, econometric, and optimization approaches, (c) the
system dynamics in static equilibrium, recursive dynamic, and
fully dynamic designs, (d) the spatial scope in farm level, regional,
national, multi-national, and global representations, and (e) the
sectoral scope in agricultural, forestry, multi-sector, and full econ-
omy models. Additional differences involve various modeling
assumptions about market structure and the applied resolution
over space, time, technologies, commodities, resources, and envi-
ronmental impacts and associated data. For details on existing land
use models, we refer to Lambin et al. (2000), Heistermann et al.
(2006) and van der Werf and Peterson (2007). Applying classifica-
tions (a)–(e), our model can be characterized as bottom-up, opti-
mization, recursive dynamic, global, agricultural and forest sector
model.

4. Scenarios of global development

In this study, we assess and decompose global food production
impacts of four global development scenarios. These scenarios
have been used to study climate and energy sector development
within an exercise organized for the Energy Modeling Forum 22:
Climate policy scenarios for stabilization and in transition. We in-
clude the scenarios Global Orchestration, Order from Strength, and
Adaptation Mosaic of the Millennium Ecosystem Assessment
(MEA, Carpenter and Pingali, 2005) and a revised B1 baseline
emission scenario of the Special Report on Emissions Scenarios
(SRES, Nakicenovic and Swart, 2000). Global Orchestration focuses
on increased globalization emphasizing economic growth and pub-
lic goods provision. The Order from Strength scenario has a region-
alized approach focusing on national security and self sustenance,
whereas the Adapting Mosaic scenario focuses on local adaptation
and flexible governance. The B1 scenario is characterized by
increasing use of clean and efficient technologies with global-scale
cooperation.

Each scenario includes specific values on regional population
growth and migration, gross domestic product development, and
on the combined impacts of technical and environmental change.
These values are exogenous to GLOBIOM and are summarized at
global level in Table 3. Crop and livestock productivity changes
are close to 1% increase per year and decline over time. The values
are country and commodity specific rates compiled by the Interna-
tional Food and Policy Research Institute for each of the four devel-
opment scenarios. The estimates of population growth decline over
time reflecting demographic transition. Population changes are
used to calculate exogenous shifts in resource endowments for
land and water (last two row sections in Table 3). Land endowment
changes are approximated by dividing the decadal change in pop-
ulation by regional specific urban population densities. We assume
that increased urbanization decreases arable land because cities
are usually located in agriculturally productive areas. By 2030,
urbanization acquires an area of about 3% of the current cropland
area. Values differ slightly across development pathways depend-
ing on the assumed rates of population growth. Population growth
is also assumed to shift the agricultural water supply function. The
total non-agricultural water use increases between 228 km3 (Glo-
bal Orchestration) and 277 km3 (Order from Strength) relative to
the year 2000. It should be noted that all aggregates hide the
underlying regional values, which may substantially differ across
the four examined development pathways.

The exogenous development parameters affect five important
parameters in GLOBIOM: (a) the commodity demand function shift
due to population growth, (b) the commodity demand function shift
due to per capita income change, (c) crop and livestock productivi-
ties, (d) changes in regional land endowments due to population
growth, and (e) changes in regional fresh water availability due to
population growth (see Appendix for mathematical representation).
Population growth is assumed to shift the commodity demand func-
tions in equivalent proportions. For example, a 10% population
growth would increase agricultural and forest commodity demand
by 10% at original prices. However, because commodity prices are
endogenous in GLOBIOM and may change, the solved commodity
demand levels may change more or less than 10%.

The identification of income changes on food demand function
shifts is more challenging and income elasticities play a significant
role (Cirera and Masset, 2010). For this study, income elasticities
have been computed to reproduce region-specific Engel curves
reflecting diversity of diet dynamics. Most countries converge to
a final consumption target of 3400–3600 kcal/cap/day after their



Table 3
Exogenous development scenario drivers in GLOBIOM.

Impact Year IIASA rB1b MEA GlbOrc MEA OrdStr MEA AdpMos

Population (Billion) 2000 6.10 6.10 6.10 6.10
2010 6.94 6.76 6.98 6.98
2020 7.67 7.31 7.83 7.81
2030 8.25 7.73 8.55 8.51

Average gross domestic product ($1000/cap) 2000 4.73 4.73 4.73 4.73
2010 5.56 5.79 5.24 5.26
2020 7.23 7.76 6.02 6.16
2030 9.41 10.53 6.81 7.37

Average crop productivity factor (% change relative to year 2000) 2000 0.00 0.00 0.00 0.00
2010 4.81 6.42 4.72 4.96
2020 9.34 12.85 9.31 9.80
2030 11.81 19.00 11.32 12.44

Average livestock productivity factor (% change relative to year 2000) 2000 0.00 0.00 0.00 0.00
2010 4.18 4.91 4.22 4.43
2020 8.02 9.79 8.36 8.76
2030 10.33 14.16 10.57 11.39

Arable land loss from urbanization (Mill ha) 2010 14.32 12.25 15.14 15.14
2020 27.08 23.07 30.00 29.78
2030 37.38 31.99 42.67 42.02

Change in non-agricultural water use (km3) 2010 96.8 85.6 101.7 101.7
2020 182.8 163.8 200.4 199.4
2030 249.5 227.6 276.8 274.8
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nutritional transition but the composition of this target between
vegetal and animal calories is based on the observed trends in each
region for the base year (see Valin et al., 2010 for details). There-
fore, nutritional requirements per habitant change faster with
higher economic growth, which introduces an additional level of
variation across scenarios. Neglecting the dynamics of these
elasticities can lead to strong bias in projections of food demand
(Yu et al., 2004). For instance, growth in meat consumption in
China is likely to slow down drastically for the next decades
(Alexandratos et al., 2006), which requires a highly non-linear
profile for income elasticity on meat for this country. The mathe-
matical implementation of income based commodity demand
function shifts is given in Appendix. It should be noted that all
demand function shifts affect only the location but not the
curvature of the demand function.

To distinguish the partial contribution of individual develop-
ment drivers, we simulate each driver individually and jointly with
others. The five drivers are abbreviated by L indicating the reduc-
tion of regional land endowments due to population growth, W
indicating the shift of the water supply function due to population
growth, P indicating the commodity demand function shift due to
population growth, I indicating the commodity demand function
shift due to income change, and T indicating increased productiv-
ities due to technical change. Furthermore, we separate two set-
tings on possible land use change policies. While the first setting
allows deforestation of unmanaged forests in developing regions
to gain new cropland, the alternative does not. In both settings,
pristine forests can be converted to managed forests and vice versa.
Managed forests cannot be converted to crop land or pasture. In to-
tal, we employ four basic development storylines, two land expan-
sion alternatives, and compare five partial vs. one joint impact
simulation. For each of these 48 combinations, we solve the global
agricultural and forest sector model recursively from 2000 to 2030
in 10 year increments. Land distributions at the end of a period
serve as starting point for the next period.
5. Simulation results

This section summarizes the simulation results from above de-
scribed scenarios. To provide a succinct summary within the scope
of an article, we focus on aggregate measures. The use of aggre-
gates has three additional advantages beyond brevity. First, as ar-
gued in Onal and McCarl (1991), sector models, while using more
resolved data, perform better on the aggregated level. Second,
aggregates implicitly contain many individual measures
simultaneously. Third, the desirability of alternative development
paths – in a potential Pareto optimality sense – can only be judged
at the aggregated level.
5.1. Global impacts of development on land, water, and food

Tables 4 and 5 summarize globally aggregated agricultural pro-
duction parameters from the solution output of GLOBIOM. The re-
ported values are taken from the LWPIT (Table 4) and LPIT (Table 5)
scenarios. In Table 4, all five development drivers are implemented
simultaneously. In Table 5, we only use four drivers and exclude
the impact of the water supply function shift. The two sets of re-
sults should be interpreted as lower and upper bounds on the aver-
age food production impacts of development which are due to a
coarse representation of the agricultural water supply function.
For the scenario LWPIT, we assume that every cubic meter of in-
creased non-agricultural water use shifts the agricultural water
supply function upward and raises the price of irrigation. In sce-
nario LPIT, however, the agricultural water supply function re-
mains unaffected by increases in non-agricultural water use. The
first row section in both tables shows the arable land area in year
2000 and subsequent changes. If agricultural land expansion into
pristine forests is allowed (Def setting), global cropland under both
the LWPIT and LPIT scenarios increases between 10% and 18% until
2030. The revised B1 baseline scenario results in the highest land
use change. In this scenario, productivity change is relatively low
but income and population change is relatively high. Hence, the in-
creased food demand results in the highest expansion of cropland.
For all scenarios with constrained deforestation, total cropland in-
creases less.

Irrigation is an important adaptation option for farmers. The
more water deficient a region, the higher are yield differences be-
tween irrigated and rainfed cropping systems. In GLOBIOM, yield
differences are based on biophysical simulations and differ across
diverse land categories, climate zones, crops, and management



Table 4
GLOBIOM results: Impacts of development on agricultural sector (all development drivers implemented simultaneously, LWPIT scenario).

Agricultural sector impact Year IIASA B1b MEA GlbOrc MEA OrdStr MEA AdpMos

NoD Def NoD Def NoD Def NoD Def

Arable area (Mill ha) 2000 938.77
Change to year 2000 (Mill ha) 2010 21.1 30.6 15.2 25.2 16.9 28.6 18.4 29.2

2020 74.3 90.2 39.3 49.5 59.5 77.3 59.8 78.3
2030 147.8 169.5 83.8 92.9 123.2 141.7 127.6 147.9

Irrigated area (Mill ha) 2000 226.89
Change to year 2000 (Mill ha) 2010 �6.8 �5.3 �6.3 �4.9 �9.6 �7.3 �9.6 �6.2

2020 �8.3 �3.5 �9.2 �6.9 �14.7 �9.3 �15.4 �8.2
2030 �6.2 �3.2 �9.1 �5.0 �10.1 �7.5 �9.1 �7.4

Irrg. water uptake (km3) 2000 408.67
Change to year 2000 (km3) 2010 �8.9 �6.3 �6.9 �4.6 �12.7 �8.1 �12.9 �8.5

2020 �4.7 3.6 �5.2 �2.2 �14.1 �2.3 �14.1 �0.6
2030 2.2 8.9 �2.4 5.4 �2.0 4.7 0.7 4.0

Crop price [2000 = 1] 2010 1.05 1.05 1.03 1.03 1.06 1.05 1.05 1.05
2020 1.06 1.04 1.00 0.98 1.06 1.04 1.05 1.03
2030 1.08 1.04 0.98 0.96 1.08 1.04 1.07 1.03

Livestock price [2000 = 1] 2010 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
2020 0.99 0.99 0.98 0.97 0.99 0.99 0.99 0.98
2030 0.99 0.99 0.97 0.97 0.99 0.98 0.99 0.98

Water price [2000 = 1] 2010 1.11 1.12 1.11 1.12 1.08 1.10 1.09 1.10
2020 1.42 1.39 1.27 1.26 1.29 1.30 1.31 1.32
2030 1.75 1.69 1.52 1.53 1.66 1.60 1.68 1.64

Land price [2000 = 1] 2010 1.43 1.35 1.30 1.22 1.36 1.29 1.36 1.30
2020 3.12 2.08 2.11 1.58 2.46 1.86 2.53 1.91
2030 4.28 2.96 3.14 2.29 3.59 2.61 3.62 2.67

Table 5
GLOBIOM results: Impacts of development on agricultural sector (all development drivers except water supply shift, LPIT scenario).

Agricultural sector impact Year IIASA B1b MEA GlbOrc MEA OrdStr MEA AdpMos

NoD Def NoD Def NoD Def NoD Def

Arable area (Mill ha) 2000 938.77
Change to year 2000 (Mill ha) 2010 20.6 31.2 15.6 25.3 16.4 28.0 18.0 29.0

2020 68.8 90.4 40.4 51.9 55.2 73.1 60.6 79.2
2030 142.5 169.1 84.2 93.1 117.7 138.5 127.5 147.4

Irrigated area (Mill ha) 2000 226.89
Change to year 2000 (Mill ha) 2010 �1.3 0.8 �2.5 �0.4 �3.0 �1.5 �4.1 �0.5

2020 �0.3 5.1 �1.1 1.6 �6.3 �1.4 �6.6 �0.7
2030 3.2 5.7 0.6 4.8 0.5 1.9 1.8 2.8

Irrg. water Uptake (km3) 2000 408.67
Change to year 2000 (km3) 2010 0.8 4.2 �0.4 2.9 �2.6 2.4 �2.8 2.2

2020 9.5 19.5 9.1 13.2 2.4 13.3 2.5 13.9
2030 19.5 25.4 16.4 24.7 18.0 23.5 20.6 24.7

Crop price [2000 = 1] 2010 1.05 1.05 1.03 1.02 1.06 1.05 1.05 1.05
2020 1.06 1.04 1.00 0.98 1.06 1.04 1.05 1.03
2030 1.08 1.04 0.98 0.96 1.08 1.04 1.07 1.03

Livestock price [2000 = 1] 2010 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
2020 0.99 0.99 0.98 0.97 0.99 0.99 0.99 0.98
2030 0.99 0.99 0.97 0.97 0.99 0.98 0.99 0.98

Water price [2000 = 1] 2010 1.08 1.10 1.09 1.10 1.08 1.10 1.08 1.09
2020 1.36 1.35 1.24 1.23 1.24 1.26 1.26 1.27
2030 1.70 1.63 1.42 1.44 1.54 1.53 1.57 1.54

Land price [2000 = 1] 2010 1.44 1.36 1.30 1.21 1.36 1.29 1.37 1.30
2020 3.21 2.08 2.08 1.56 2.47 1.87 2.53 1.90
2030 5.06 3.11 3.11 2.27 3.60 2.63 3.60 2.65
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regimes. However, the decision to irrigate is influenced not only by
local characteristics but also by international commodity market
feedbacks. Marginal revenues from irrigation depend on the prod-
uct of yield differentials and commodity prices. Higher commodity
prices increase the economic attractiveness of irrigation. On the
other hand, increased water scarcity increases the marginal costs
of irrigation. Tables 4 and 5 show the quantitative impacts of
development on two measures: (a) the change in irrigated area
and (b) the change in irrigation water use. For the LWPIT scenario,
we find decreases in irrigated area across all development scenar-
ios by up to 7% relative to the year 2000. However, if the agricul-
tural water supply functions are not shifted (LPIT scenario),
slightly more area is under irrigation by 2030. In this setting, the
relative changes in irrigated area compared to the year 2000 level
remain relatively modest and do not exceed 3%.

The total agricultural irrigation water uptake shows a mixed re-
sponse across scenarios with slightly lower values in 2010 and
2020 but higher values in 2030. This mixed response illustrates
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the complex and diverse interdependency between land and water
for food production. Decreases in agricultural water use indicate
that increasing water opportunity costs from increased water de-
mands outside the agricultural sector outweigh the increased mar-
ginal revenues from irrigation. The negative net impact on
irrigation also contains the effect of productivity change. Increased
productivity decreases land scarcity and therefore reduces agricul-
tural water demands. If agricultural land expansion into pristine
forests is not permitted, irrigated areas and agricultural water
use are smaller than otherwise. This indicates that water is not
only a substitute but also a complement to land. If additional crop-
land is more efficient under irrigation, more land expansion can
imply increased irrigation rates. The highest water use is found un-
der the revised B1 scenario for the same reasons which cause the
comparably high expansion in cropland.

The last four row sections of Tables 4 and 5 show factor and
commodity price impacts of development. All prices have been
converted to indexes relative to the price level in 2000. Changes
in global food prices reflect equilibrium adjustments from supply
and demand shifts aggregated over all regions and food commod-
ities. For all scenarios, both plant and animal food prices change
very little. This indicates that the upward pressure on food prices
from increased food demand and scarcer resources is compensated
by the downward pressure from increased productivity. Restricted
deforestation leads to slightly higher food prices than otherwise. It
should be noted that we do not assess land use policy scenarios re-
lated to afforestation and wetland conservation programs. For bio-
energy production, we use an updated baseline projection by Russ
et al. (2007) on all development scenarios. Stronger land use poli-
cies than the ones we examined could lead to more substantial
price changes.

In contrast to low changes in average global food prices, we find
relatively strong impacts on land and water prices. Water prices in-
crease up to 75% by 2030. There is relatively little difference be-
tween the scenarios which include water supply function shifts
(LWPIT) and those which exclude them (LPIT). This happens be-
cause irrigation water use under LPIT is higher than under the
LWPIT scenario. Land prices more than triple for some develop-
ment scenarios. The highest land price impacts are observed for
the LPIT scenario (Table 5). This implies that for lower irrigation
cost, the average price of land increases because of increased mar-
ginal revenues. While prevention of deforestation has little impact
on water prices, it does notably impact crop land prices. Across all
development scenarios, the price increase is at least 100% less if
expansion of cropland into pristine forests is allowed. The different
sensitivity of land and water relates to the marginal productivity
gains of the two factors. An additional unit of land increases the
marginal revenue by the product of yield and commodity price.
On the other hand, an additional unit of irrigation land increases
the marginal revenue by the yield differential between irrigated
and rainfed yields times commodity price. The smaller the increase
in yield from irrigation, the lower is the value of water relative to
land. Furthermore, the value of water in GLOBIOM may be under-
stated because we do not consider weather uncertainties but
rather use average weather conditions.

5.2. Partial impacts of development on global food production

The qualitative impacts of population growth, economic devel-
opment, and technical progress on food production and consump-
tion are well-known. Particularly, total food production increase as
result of technical progress, positive demand shifts, and increased
availability of agricultural land. Population growth without income
growth will increase total food production but decrease the per ca-
pita level of food production because the required expansion of
agricultural production implies increasing marginal costs.
This section quantifies the partial impacts of individual drivers
of development on global food production for each of the examined
four development storylines. We distinguish between impacts on
plant and animal based food because these two food types differ
in three important aspects. First, plant foods generally require less
land per calorie than do animal foods (Gerbens-Leenes and
Nonhebel, 2005). If the value of land increases significantly, i.e.
because of population growth, the relative share of animal based
food is likely to decrease. Technical progress, on the other hand,
reduces land scarcity and land values, and may therefore increase
the share of animal based food. Second, positive income changes in
developing countries increase the demand for animal food
considerably more than for plant food. Together with the first
argument, this means that the overall net impact of all major
development drivers on the share of animal food is ambiguous.
Third, the ratio between plant and animal food has important
implications on the healthiness of the average diet. In GLOBIOM,
the choice between animal and plant based food is endogenous.
At optimum, the model is indifferent between the consumption
of animal and plant food, i.e. their marginal net benefit is equal.

The partial food consumption impacts are shown in Table 6,
Figs. 1 and 2. All values in the eight rightmost columns of Table 6
give the change in global per capita food calorie consumption rel-
ative to the year 2000. The initial per capita food calorie consump-
tion levels in 2000 equal 2702 kcal per capita and day for all
development scenarios. For all partial impact settings, which in-
clude the effect of population growth (P, LWP, LWPI, and LWPIT),
the projected population values are used. For all other settings (L,
W, LW, T, and I), we assume the year 2000 population values.
Fig. 1 graphically illustrates the absolute 2030 per capita food cal-
orie intake values from Table 6 for the restricted deforestation
setting.

The individual partial effects of land and water scarcity on per
capita food production show moderate decreases in the consump-
tion of plant food across all scenarios hardly exceeding 5%. Animal
food consumption decreases less than 1%. The somewhat counter-
intuitive response toward a slightly higher animal food share has
several possible reasons. First, the impact of land and water scar-
city on commodity prices is relatively small. At base prices, the
marginal value of one additional land unit used to produce plant
food equals the marginal value of one additional land unit used
to produce animal food. This mathematical property implies that
if land becomes slightly more expensive, the cost changes for plant
and animal food are similar. Whether there is a stronger decrease
in plant or animal food consumption then depends on the regional
price elasticities of demand together with changes in the trade
equilibrium. Second, arable land can expand into other land use
categories and thus offset the arable land loss through increased
urbanization or decreased irrigation. Third, in the current version
of GLOBIOM, livestock operations are linked to land only through
feed crop requirements. Changes in pasture requirements are not
considered. Fourth, the costs of feed crops represent only a fraction
of the total livestock production costs. Hence, changes in land
prices affect only this fraction. Table 6 also reveals that the prohi-
bition of deforestation has very little impact. Furthermore, in Fig. 1,
we clearly see that the combined effect of increased land and water
scarcity (LW) is much smaller than the sum of the two individual
effects (L + W). This indicates a relatively complementary relation-
ship between land and water. Such a relationship exists on irri-
gated lands because an urbanization of irrigated lands decreases
water and land simultaneously. The impacts of land and water
scarcity are similar across all development scenarios.

The third individual partial impact relates to the effect of popu-
lation growth on food demand. Technologies, income and resource
levels are held at year 2000 values. While total food calorie produc-
tion increases more under population growth than under income



Table 6
GLOBIOM results: Impacts of development on per capita food energy intake relative to 2000 population (L, W, T, I) or projected population (P, LWPTI) [2000 = 100].

Development impact Food type Year IIASA B1b MEA GlbOrc MEA OrdStr MEA AdpMos

NoD Def NoD Def NoD Def NoD Def

Land scarcity (L) Plant based 2010 95.5 95.6 95.5 95.5 95.5 95.6 95.5 95.6
2020 95.3 95.4 95.4 95.5 95.3 95.4 95.3 95.4
2030 93.6 94.3 95.1 95.2 94.9 95.1 94.9 95.1

Animal based 2010 99.7 99.7 99.7 99.7 99.7 99.7 99.7 99.7
2020 99.7 99.7 99.7 99.7 99.7 99.7 99.7 99.7
2030 99.2 99.3 99.7 99.7 99.7 99.7 99.7 99.7

Water scarcity (W) Plant based 2010 95.6 95.5 95.5 95.6 95.5 95.6 95.6 95.5
2020 95.5 95.5 95.5 95.5 95.5 95.5 95.5 95.5
2030 94.6 94.7 95.4 95.3 95.4 95.4 95.4 95.4

Animal based 2010 99.7 99.7 99.7 99.7 99.7 99.7 99.7 99.7
2020 99.7 99.7 99.7 99.7 99.7 99.7 99.7 99.7
2030 99.6 99.6 99.8 99.8 99.8 99.8 99.8 99.8

Population growth (P) Plant based 2010 94.8 94.8 95.1 95.2 94.9 94.9 94.9 94.9
2020 93.0 93.4 94.6 94.7 93.3 93.7 93.4 93.7
2030 91.2 91.9 93.5 93.7 91.9 92.3 91.9 92.4

Animal based 2010 95.8 95.8 97.0 97.0 95.7 95.7 95.7 95.7
2020 92.4 92.5 95.3 95.3 92.3 92.4 92.4 92.5
2030 90.3 90.3 94.1 94.2 89.1 89.1 89.5 89.6

Technical progress (T) Plant based 2010 97.4 97.4 98.2 98.3 97.3 97.4 97.5 97.5
2020 99.2 99.3 100.8 100.9 99.0 99.2 99.3 99.4
2030 99.9 100.1 103.4 103.5 100.0 100.0 100.4 100.5

Animal based 2010 100.6 100.6 100.7 100.7 100.6 100.6 100.6 100.6
2020 101.1 101.2 101.5 101.5 101.1 101.2 101.2 101.2
2030 101.4 101.4 102.5 102.5 101.6 101.6 101.8 101.8

Income change (I) Plant based 2010 100.1 100.2 100.2 100.2 98.6 98.6 99.0 99.1
2020 104.5 104.5 104.4 104.5 101.5 101.6 102.5 102.6
2030 106.7 107.4 107.2 107.4 103.5 103.6 104.9 105.0

Animal based 2010 108.9 108.9 108.2 108.2 105.5 105.5 106.2 106.2
2020 118.0 118.0 116.8 116.8 110.8 110.8 112.6 112.6
2030 124.0 124.0 123.4 123.8 115.1 115.1 118.5 118.5

Joint impact (LWPIT) Plant based 2010 100.9 101.1 102.0 102.2 99.3 99.5 99.8 100.0
2020 105.4 106.5 108.1 108.8 101.7 102.7 103.1 104.0
2030 109.3 111.1 113.3 114.5 103.1 104.6 105.4 106.9

Animal based 2010 105.3 105.3 106.2 106.2 101.8 101.8 102.9 102.9
2020 110.8 111.2 113.3 113.4 103.7 104.0 105.8 106.0
2030 114.7 115.3 119.2 119.4 104.6 105.1 108.6 108.8
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or technical change, the per-capita values decrease below the val-
ues of all other impacts. Fig. 2 illustrates this tradeoff graphically.
The left arrangement of bars shows the per capita food intake val-
ues for each development driver but projected to a population of
the year 2000. For example, for the impact of population growth,
this means that the total food consumption level corresponds to
GLOBIOM solutions with food demand functions of the population
in 2030. The per capita consumption level, however, is then com-
puted by dividing the total food consumption level with the popu-
lation in 2000. The decrease in per capita food consumption from
population growth results from increasing marginal costs of food
production. For most scenarios with the exclusive population
growth setting, we find a small shift towards food of plant origin.

At first glance, the benefits of technical change on per capita
food production seem to low. However, technical progress inter-
acts with management intensities. GLOBIOM results contain the
net impact of exogenous technical change and endogenous man-
agement intensities. Economically speaking, if there is a general
yield increase, land would become less valuable. This could trigger
a shift towards less intensive management, which partially offset
the yield increase. Thus, the impacts of technical change as single
driver may be much smaller than it would be in combination with
other drivers which increase land scarcity. Technical change also
increases the animal food share in the food diet. While theoreti-
cally consistent, the magnitude of this increase is small. The Global
Orchestration scenario has the highest productivity increases and
hence increases per capita food consumption more than all other
development scenarios.
The last of the examined partial impacts of development is de-
mand growth due to income (GDP) change. We observe a substan-
tial increase in per capita food consumption, with highest values
under the revised B1 and the Global Orchestration scenario. For
the Order from Strength and the Adapting Mosaic scenarios, the in-
come effects are lower. The income change has the highest impact
among all exogenous development parameters on the animal food
share reaching about 5% by 2030 (Fig. 1). For all development sce-
narios, we find that the income based increase in total food calorie
production would not be sufficient for the per capita food calorie
consumption levels of the year 2000 with a population size of
2030. This can be seen in Fig. 2. For example, for the B1 scenario,
the income based increase in food calorie consumption projected
increases the average per capita food calorie consumption from
2700 kcal per day to 3000. If the total consumption increase would
be divided by the 2030 population, per capita food calorie con-
sumption would decrease to levels below 2400 kcal per day.

The joint implementation scenario (LWPIT) shows the net im-
pact on per capita global food calorie consumption, when all devel-
opment impacts are combined. With few exceptions, all net
impacts are positive implying that the global average food avail-
ability per capita will increase until 2030. There is a clear ranking
between the four development scenarios. The Global Orchestration
scenario leads to the highest per capita food availability followed
by the revised B1 scenario. Adapting Mosaic yields the third high-
est overall per capita consumption level. The Order of Strength sce-
nario achieves the lowest increase in food availability with less
than 5% relative to the year 2000. Deforestation restrictions have



 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

 2200

 2400

 2600

Plant Food Animal Food Animal Food Share
 0

 10

 20

 30

 40

 50

 60

Fo
od

 C
on

su
m

pt
io

n 
[k

ca
l/c

ap
ita

/d
ay

]

Pe
rc

en
t

2000 Data
Land (L)

Water (W)
LW

Population (P)
Technical Progress (T)

Income (I)
LWP

LWPI
LPIT

LWPIT

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

 2200

 2400

 2600

Plant Food Animal Food Animal Food Share
 0

 10

 20

 30

 40

 50

 60

Fo
od

 C
on

su
m

pt
io

n 
[k

ca
l/c

ap
ita

/d
ay

]

Pe
rc

en
t

2000 Data
Land (L)

Water (W)
LW

Population (P)
Technical Progress (T)

Income (I)
LWP

LWPI
LPIT

LWPIT

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

 2200

 2400

 2600

Plant Food Animal Food Animal Food Share
 0

 10

 20

 30

 40

 50

 60

Fo
od

 C
on

su
m

pt
io

n 
[k

ca
l/c

ap
ita

/d
ay

]

Pe
rc

en
t

2000 Data
Land (L)

Water (W)
LW

Population (P)
Technical Progress (T)

Income (I)
LWP

LWPI
LPIT

LWPIT

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

 2200

 2400

 2600

Plant Food Animal Food Animal Food Share
 0

 10

 20

 30

 40

 50

 60

Fo
od

 C
on

su
m

pt
io

n 
[k

ca
l/c

ap
ita

/d
ay

]

Pe
rc

en
t

2000 Data
Land (L)

Water (W)
LW

Population (P)
Technical Progress (T)

Income (I)
LWP

LWPI
LPIT

LWPIT

a

c d

b

Fig. 1. Global average food energy intake of plant and animal based food in 2030 under different development impacts. Panel A: revised SRES B1. Panel B: Global
Orchestration. Panel C: Order from Strength. Panel D: Adapting Mosaic.
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little influence and do not change per capita food availability by
more than 1%. We can also compare the results from the joint
implementation scenario (LWPIT) with the sum of results from
independent assessments of individual development impacts. This
is done in the last row section of Table 6. However, this comparison
is biased because the per capita income shift in the joint imple-
mentation scenario is applied to a larger population.

5.3. Regional food consumption impacts

While the previous section has shown overall positive food sup-
ply impacts of all four examined storylines, this section takes a
look at regional differences. To ease this task, we aggregate the
28 consumption regions of GLOBIOM into 11 broader region
groups (Table 7). The initial per capita food calorie intake values
in year 2000 are given in brackets on the left most columns. The
values in the eight right columns are expressed in percent relative
to the energy intake in 2000. Thus, a value of 100 implies no
change in total per capita food calorie intake relative to the intake
in year 2000. All values are from simulations with all development
drivers simultaneously implemented.

As Table 7 reveals, in most cases the per capita food calorie intake
increases. Across all cases, changes range from a 5% decrease to a 34%
increase relative to the situation in year 2000. While regions with
high food consumption levels such as North America and Western
Europe experience relatively little change in their average food cal-
orie intake, only some of the less developed regions show higher in-
creases. For example, the increase in per capita food consumption in
South Asia, which has the second lowest food intake levels in 2000, is
substantially below the increase in Latin America and the Caribbean,
a region whose average food calorie intake is already 19% higher in
year 2000. The region with the lowest food intake values in year
2000 is Sub-Saharan Africa. It increases average food calorie intake
values by 2030 between 11% and 32%. African and Latin American
countries have the highest change in the revised B1 scenario. Asian
countries fare best under the setting of Global Orchestration. The Or-
der from Strength scenario achieves the smallest gains in per capita
food consumption in all regions. The impact of deforestation restric-
tions on per capita food consumption is small for most regions. Only
for Sub-Saharan Africa and Other Pacific Asia, the differences are
notable and range between 3% and 7%.

There are notable differences between the four alternative
development scenarios. The revised B1b scenario has a high global
benefit with the highest food intake improvements in Latin Amer-
ica, Sub-Saharan Africa, and Other Pacific Asia. Relatively balanced
benefits across regions are found for the Global Orchestration path-
way. Across the four alternatives, Global Orchestration produces
the also highest gains in many regions including the developed re-
gions, Central Eastern Europe, the former Soviet Union, Planned
Asia and China, Other Pacific Asia, and South Asia. The Order from
Strength pathway shows for most regions only a moderate increase
in food demand. Hence, the per capita availability of food remains
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Fig. 2. Global average per capita food consumption in 2030 under different development impacts and different reference populations. The reference population is the
population of 2000 (left series) and the projected population for 2030 (right series). The middle series uses the projected population of 2030 only if the development impact
includes population growth (P); otherwise the population of 2000 is used. Panel A: revised SRES B1. Panel B: Global Orchestration. Panel C: Order from Strength. Panel D:
Adapting Mosaic.
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fairly unchanged. Only in four regions, increases in food intake ex-
ceed 10% by 2030. In South Asia average food calorie intake de-
creases slightly. The fourth examined development pathway is
called Adapting Mosaic and is characterized by relatively severe
impacts of global change and a focus on local strategies. The food
production impacts of Adapting Mosaic are similar to the Order
from Strength scenario. However, the relatively local approach also
yields a few regions with somewhat better results, i.e. Planned Asia
and China and Other Pacific Asia.
6. Summary and conclusions

International development has been feared to impose consider-
able challenges to global food production because more food has to
be produced with fewer agricultural resources. This paper uses a
global, partial equilibrium, and bottom-up model of land use to as-
sess the interdependencies between land, water, and food in the
context of different global development scenarios. The chosen
modeling approach differs from relatively coarse macroeconomic
assessments using top-down, computable general equilibrium
models by depicting detailed land qualities and agricultural
management adaptations. The approach also differs from data rich
geographic analyses, which keep important international market
feedbacks through price changes exogenous. In contrast to previ-
ous assessments, we use dynamic GDP elasticities depicting an
empirically estimated Engel curvature between food consumption
and income. This leads to strongly decreasing income elasticities of
food consumption beyond 3000 kcal food intake per person and
day. Another novel feature of this analysis is the decomposition
of food production and consumption impacts into partial effects
of different drivers.

From the application of this model to four alternative develop-
ment scenarios, we gain several insights. First, total global food
production, consumption, and price levels are relatively stable
across all scenarios and within the investigated time horizon until
2030. Decreases in per capita consumption are rare and do not ex-
ceed 5%. Relatively insensitive results are also obtained for a policy
scenario, where deforestation of pristine forests is prohibited. The
downside of this inertia is that in some regions it implies a contin-
uation of malnutrition problems. In other regions with inadequate
nutrition levels, improvements are likely. Furthermore, the com-
plex interactions between different drivers of land use decisions
cause non-linear impacts. Regional changes deviate considerably
from average global changes.

A second important insight is that restricted arable land expan-
sion into unmanaged forests has little impact on food prices be-
cause of intensification and because of increased expansion of
arable lands into other land cover types. Additional food demand
from population or income growth along with reduced resource



Table 7
GLOBIOM results: Impact of development and regional per capita total food energy intake based on projected population (LWPIT scenario) [2000 = 100].

Region (kcal/cap/day of 2000) Year IIASA B1b MEA GlbOrc MEA OrdStr MEA AdpMos

NoD Def NoD Def NoD Def NoD Def

North America (3635) 2010 99.7 99.7 100.3 100.3 99.9 99.9 100.0 100.0
2020 99.7 100.0 101.2 101.7 99.7 100.0 99.7 100.0
2030 99.6 99.6 101.6 102.0 99.2 99.5 99.7 99.7

Western Europe (3361) 2010 101.8 101.8 102.3 102.3 101.5 101.5 101.4 101.4
2020 103.3 103.5 105.0 105.0 103.2 103.3 103.1 103.2
2030 103.8 104.5 107.2 107.5 103.9 104.4 104.1 104.5

Pacific OECD (2743) 2010 100.0 100.3 101.0 101.0 100.4 100.4 100.4 100.4
2020 101.6 101.7 102.8 103.0 102.0 102.0 102.0 102.0
2030 101.7 101.9 103.1 103.3 103.4 103.5 103.4 103.4

Central Eastern Europe (3171) 2010 106.5 106.5 105.8 105.8 104.1 104.1 104.6 104.6
2020 108.7 108.9 109.8 110.4 106.9 107.0 107.4 107.5
2030 109.8 110.1 112.6 112.9 108.4 108.9 109.1 109.7

Former Soviet Union (2743) 2010 97.8 97.8 108.0 108.0 104.0 104.0 105.0 105.0
2020 108.7 109.6 115.6 115.6 110.1 110.2 111.6 111.6
2030 112.8 113.2 118.6 118.6 111.9 112.4 113.5 113.6

Planned Asia and China (2785) 2010 101.8 101.8 101.7 101.8 99.4 99.4 100.0 100.0
2020 106.3 107.3 108.6 108.8 101.6 102.3 103.2 103.7
2030 110.2 110.9 114.1 114.7 103.2 103.9 106.5 106.9

South Asia (2395) 2010 96.3 96.1 98.9 98.9 95.6 95.5 96.1 95.9
2020 101.7 101.7 105.7 105.6 97.6 98.0 99.7 99.9
2030 105.9 105.9 111.0 111.2 98.9 99.2 102.1 102.4

Other Pacific Asia (2669) 2010 106.2 107.7 111.6 112.5 106.3 107.7 107.7 109.1
2020 113.1 116.8 121.3 125.3 111.7 115.1 114.6 118.0
2030 116.8 124.2 127.9 134.1 113.9 120.3 117.9 124.9

Middle East and Northern Africa (2662) 2010 102.1 102.1 102.2 102.2 101.0 101.0 101.3 101.3
2020 106.1 106.2 106.4 106.4 102.8 102.9 103.6 103.6
2030 111.0 111.2 110.5 110.6 104.7 104.7 105.7 105.9

Latin America and Caribbean (2857) 2010 115.2 115.2 108.2 108.2 104.4 104.4 105.4 105.4
2020 126.1 127.4 120.1 120.5 112.3 113.1 114.4 115.4
2030 129.6 131.1 127.9 128.8 117.3 118.4 119.9 121.2

Sub-Saharan Africa (2091) 2010 106.1 106.6 105.6 106.5 102.3 103.5 103.0 103.8
2020 113.8 116.6 114.7 116.4 106.9 109.3 108.1 110.1
2030 126.8 132.1 127.6 129.9 111.1 114.7 113.7 117.2
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endowments increase both food commodity prices and factor
prices for food production. Technical progress in agriculture, on
the other hand, decreases food commodity prices but increases
production factor prices. Particularly, higher crop yields per ha in-
crease marginal revenues of land. Thus, while the investigated
development impacts put only upward pressure on land and water
prices, food prices are mitigated through technical change. The sec-
ond insight also suggests that the environmental benefits from re-
duced deforestation benefits may not severely threaten food
availability. If land expansion is limited, farmers could adapt by
intensifying production on existing lands.

A third insight from this study relates to the partial contribution
of individual drivers to food production and consumption levels.
Across all four examined development scenarios, the per capita in-
come changes have the highest positive impact on per capita food
consumption levels and exceed the individual impacts of technical
change. Population growth without income and technical change
leads to the strongest decline in per capita food consumption.
Model results also show that the combined effects are often quite
different from the sum of individual effects.

Several limitations and simplifications to this work need to be
mentioned. First, GLOBIOM is a data intensive bottom-up mathe-
matical programming model of the agricultural and forestry sec-
tors and its results are influenced by the scope and quality of
data. The reported solution values are point estimates without con-
fidence interval. Our analysis does not portray adjustments in
industrial sectors beyond the impacts contained in the exogenous
GDP values. Livestock production systems are linked to land only
through feed crop requirements. We do not consider homogenous
response unit specific water endowments. Agricultural water avail-
ability is represented through regional supply functions and in-
creases in non-agricultural water demand are fully competitive
with agricultural water uptakes. Furthermore, crop yields are re-
sults from a simulation model with average weather conditions.
The impacts of extreme weather events are not included. Water
management adaptations do not consider water storage options.
The change between production systems may not adequately re-
flect a sometimes observed inertia. Furthermore, our analysis
ignores the dynamics of soil quality and the benefits of soil resto-
ration and the losses from soil degradation. Possible climate
change impacts on agriculture until 2030 are neglected. Finally,
we only include a bioenergy demand baseline. The inclusion of
stronger bioenergy policies may substantially reduce global food
production potentials.
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