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Abstract Based on predicted changes in the magnitude and distribution of global precipitation, temperature and river flow under the IPCC SRES A1B and A2 scenarios, this study
assesses the potential impacts of climate change and CO2 fertilization on global agriculture.
The analysis uses the new version of the GTAP-W model, which distinguishes between
rainfed and irrigated agriculture and implements water as an explicit factor of production for
irrigated agriculture. Future climate change is likely to modify regional water endowments
and soil moisture. As a consequence, the distribution of harvested land will change,
modifying production and international trade patterns. The results suggest that a partial
analysis of the main factors through which climate change will affect agricultural productivity provide a false appreciation of the nature of changes likely to occur. Our results show
that global food production, welfare and GDP fall in the two time periods and SRES
scenarios. Higher food prices are expected. No matter which SRES scenario is preferred,
we find that the expected losses in welfare are significant. These losses are slightly larger
under the SRES A2 scenario for the 2020s and under the SRES A1B scenario for the 2050s.
Electronic supplementary material The online version of this article (doi:10.1007/s10584-013-0822-4)
contains supplementary material, which is available to authorized users.

A. Calzadilla (*) : K. Rehdanz
Kiel Institute for the World Economy, Hindenburgufer 66, 24105 Kiel, Germany
e-mail: alvaro.calzadilla@ifw-kiel.de

K. Rehdanz
Department of Economics, Christian-Albrechts-University of Kiel, Kiel, Germany
R. Betts : P. Falloon : A. Wiltshire
Met Office Hadley Centre, Exeter, UK
R. S. J. Tol
Department of Economics, University of Sussex, Brighton, UK
R. S. J. Tol
Institute for Environmental Studies, Vrije Universiteit, Amsterdam, The Netherlands
R. S. J. Tol
Department of Spatial Economics, Vrije Universiteit, Amsterdam, The Netherlands
R. S. J. Tol
Tinbergen Institute, Amsterdam, The Netherlands

358

Climatic Change (2013) 120:357–374

The results show that national welfare is influenced both by regional climate change and
climate-induced changes in competitiveness.
1 Introduction
Most economic activities require water as an input of production but in many regions of the
world, there are no markets for water. Water is also often underpriced, free or even
subsidized. Because there is often no economic transaction, water use is not commonly
reported in the national economic accounts, which hampers the analysis of water resources
with economic models. We use the new version of the GTAP-W model, which accounts for
water use in the agricultural sector, to analyze expected climate change impacts on global
agricultural production. The GTAP-W model (Calzadilla et al. 2011) distinguishes between
rainfed and irrigated crop production; therefore, is able to assess the role of green (effective
rainfall) and blue (irrigation) water resources in agriculture. This distinction is crucial,
because rainfed and irrigated agriculture face different climate risk levels.
Agriculture is by far the biggest global user of freshwater resources and consequently
highly vulnerable to climate change. In most developing countries, the agricultural sector
provides the main livelihood and employment for most of the population and contributes
considerably to national GDP. Therefore, reductions in agricultural production caused by
future climate change could seriously weaken food security and worsen the livelihood
conditions for the rural poor (Commission for Africa 2005).
The World Bank (2007) identifies five main factors through which climate change will
affect the productivity of agricultural crops: changes in precipitation, temperature, carbon
dioxide (CO2) fertilization, climate variability, and surface water runoff. Increased climate
variability and droughts will affect livestock production as well. Crop production is directly
influenced by precipitation and temperature. Precipitation co-determines the availability of
freshwater and the level of soil moisture, which are critical inputs for crop growth. Higher
precipitation or irrigation will reduce the yield gap between rainfed and irrigated agriculture,
but it may also have a negative impact if extreme precipitation causes flooding.
Temperature and soil moisture determine the length of growing season and control the
crop’s development and water requirements. In general, higher temperatures will shorten the
frost period, promoting cultivation in cool-climate marginal croplands. However, in arid and
semi arid areas, higher temperatures will shorten the crop cycle and reduce crop yields
(IPCC 2007). A higher atmospheric concentration of carbon dioxide enhances plant growth,
particularly of C41 plants, and increases water use efficiency (CO2 fertilization) and so
affects water availability (e.g. Betts et al. 2007).
Climate variability, especially changes in rainfall patterns, is particularly important for
rainfed agriculture. Soil moisture limitations reduce crop productivity and increase the risk of
rainfed farming systems. Although the risk of climate variability is reduced by the use of
irrigation, irrigated farming systems are dependent on reliable water resources, therefore they
may be exposed to changes in the spatial and temporal distribution of river flow (CA 2007).
The aim of our paper is to assess how climate change impacts on water availability might
influence agricultural production world-wide. As climate variables we use predicted changes
in global precipitation, temperature and river flow under the two IPCC SRES A1B and A2
1
Called C4 because the CO2 is first incorporated into a 4-carbon compound. C4 plants photosynthesize faster
than C3 plants under high light intensity and high temperatures, and are more water-use efficient. They include
mostly tropical plants, such as grasses and agriculturally important crops like maize, sugar cane, millet and
sorghum.
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scenarios from Falloon and Betts (2006) and Johns et al. (2006) and include the effect of
CO2 fertilization as well. All these variables play an important role in determining agricultural outcomes. Temperature and CO2 fertilization affect both rainfed and irrigated crop
production. While precipitation is directly related to runoff and soil moisture and hence to
rainfed production; river flow is directly related to irrigation water availability and hence to
irrigated production.2
The analysis is carried out using the new version of the global computable general
equilibrium (CGE) model GTAP-W which includes water resources and allows for a rich
set of economic feedbacks and for a complete assessment of the welfare implications of
alternative development pathways. Therefore, our methodology allows us to study the
impacts of future availability of water resources on agriculture and within the context of
international trade taking into account a more complete set of climate change impacts (see
Section 2 for more details on the literature).
The remainder of the paper is organized as follows: the next section briefly reviews the
literature on economic models of water use including studies of climate change impacts.
Section 3 describes the revised version of the GTAP-W model. Section 4 describes the data
used and lays down the simulation scenarios. Section 5 discusses the principal results and
Section 6 concludes.

2 Economic models of water use
Economic models of water use have generally been applied to look at the direct effects of
water policies, such as water pricing or quantity regulations, on the allocation of water
resources. Partial and general equilibrium models have been used to do this. While partial
equilibrium analysis focus on the sector affected by a policy measure assuming that the rest
of the economy is not affected (e.g. Rosegrant et al. 2002), general equilibrium models
consider other sectors or regions as well to determine the economy-wide effect. Most of the
studies using either of the two approaches analyze pricing of irrigation water only (for an
overview of this literature see Johansson et al. 2002).
Studies of water use using general equilibrium approaches are generally based on data for
a single country or region assuming no effects for the rest of the world of the implemented
policy (for an overview of this literature see Dudu and Chumi 2008). All of these CGE
studies have a limited geographical scope. Berrittella et al. (2007) and Calzadilla et al.
(2011) are an exception.
Using a previous version of the GTAP-W model, Berrittella et al. (2007 and 2008)
analyze the economic impact of various water resource policies. Unlike the predecessor
GTAP-W, the revised GTAP-W model, used here, distinguishes between rainfed and irrigated agriculture. The new production structure of the model introduces water as an explicit
factor of production and accounts for substitution possibilities between water and other
primary factors. Applications of the model include an analysis of the economy-wide impacts
of enhanced irrigation efficiency (Calzadilla et al. 2011) and the investigation of the role of
green (rainfall) and blue (irrigation) water resources in agriculture (Calzadilla et al. 2010).

2

Runoff and river flow are closely related and its distinction can be vague. Runoff is the amount of
precipitation which flows into rivers and streams following evaporation and transpiration by plants, usually
expressed as units of depth over the area of the catchment. River flow or streamflow is the water flow within a
river channel, usually expressed as a rate of flow past a point (IPCC 2001).
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Despite the global scale of climate change and the fact that food products are traded
internationally, climate change impacts on agriculture have mostly been studied at the farm
(e.g. Abler et al. 1998), the country or the regional level (e.g. Darwin et al. 1995; Verburg et
al. 2008). Early studies of climate change impacts on global agriculture analyzed the
economic effects of doubling the atmospheric carbon dioxide concentration based on
alternative crop response scenarios with and without CO2 effects on plant growth. Results
indicate that the inclusion of CO2 fertilization is likely to offset some of the potential welfare
losses generated by climate change (e.g. Tsigas et al. 1997; Darwin and Kennedy 2000).
Global CGE models have also been used to study the role of adaptation in adjusting to
new climate condition. The results suggest that farm-level adaptations might mitigate any
negative impacts induced by climate change (e.g. Darwin et al. 1995; Parry et al. 1999;
Tubiello and Fischer 2007).
However, none of these studies have water as an explicit factor of production. Our GTAPW model is the first global model to do this. Moreover, most of these studies are based on
scenarios related to a doubling of CO2 concentration, not taking into account the timing of
the expected change in climate. Despite the considerable uncertainty in future climate
projections (IPCC 2007), detailed information on the impacts of changes in precipitation,
temperature and CO2 fertilization on crop yields is available, as well as the benefits of
adaptation strategies. However, there is a lack of information about potential impacts of
changes in river flow on irrigated agriculture. Our approach, based on the global CGE model
GTAP-W, allows us to distinguish between rainfed and irrigated agriculture as well as to
analyze how economic actors in one region/sector might respond to climate-induced economic changes in another region/sector.

3 The GTAP-W model
In order to assess the systemic general equilibrium effects of climate change impacts on
global agriculture, we use a multi-region world CGE model, called GTAP-W. The model is a
further refinement of the GTAP model (Hertel 1997), and is based on the version modified
by Burniaux and Truong3 (2002) as well as on the previous GTAP-W model introduced by
Berrittella et al. (2007).
The new GTAP-W model is based on the GTAP version 6 database, which represents the
global economy in 2001, and on the IMPACT 2000 baseline data. The IMPACT model is a
partial equilibrium agricultural sector model combined with a water simulation model
(Rosegrant et al. 2002), it provides detailed information (demand and supply of water,
demand and supply of food, rainfed and irrigated production and rainfed and irrigated area)
to the GTAP-W model for a robust calibration of the baseline year and future benchmark
equilibriums.
The GTAP-W model has 16 regions and 22 sectors, 7 of which are agricultural crops.4
The most significant change and principal characteristic of version 2 of the GTAP-W model
is the new production structure, in which the original land endowment in the value-added
3
Burniaux and Truong (2002) developed a special variant of the model, called GTAP-E. The model is best
suited for the analysis of energy markets and environmental policies. There are two main changes in the basic
structure. First, energy factors are separated from the set of intermediate inputs and inserted in a nested level of
substitution with capital. This allows for more substitution possibilities. Second, database and model are
extended to account for CO2 emissions related to energy consumption.
4
See Table S1 in the supplemental material for the regional, sectoral and factoral aggregation used in GTAPW.
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nest has been split into pasture land (grazing land used by livestock) and land for rainfed and
for irrigated agriculture. The last two types of land differ as rainfall is free but irrigation
development is costly. As a result, land equipped for irrigation is generally more valuable as
yields per hectare are higher. To account for this difference, we split irrigated agriculture
further into the value for land and the value for irrigation. The value of irrigation includes the
equipment but also the water necessary for agricultural production. In the short-run the cost
of irrigation equipment is fixed, and yields in irrigated agriculture depend mainly on water
availability [see supplemental material, Figure S1, for the tree production structure].
Land as a factor of production in national accounts represents “the ground, including the
soil covering and any associated surface waters, over which ownership rights are enforced”
(United Nations 1993). To accomplish this, we split for each region and each crop the value
of land included in the GTAP social accounting matrix into the value of rainfed land and the
value of irrigated land using its proportionate contribution to total production.5 The value of
pasture land is derived from the value of land in the livestock breeding sector. In the next
step, we split the value of irrigated land into the value of land and the value of irrigation
using the ratio of irrigated yield to rainfed yield. These ratios are based on IMPACT data.6
The procedure we described above to introduce the four new endowments (pasture land,
rainfed land, irrigated land and irrigation) allows us to avoid problems related to model
calibration. In fact, since the original database is only split and not altered, the original
regions’ social accounting matrices are balanced and can be used by the GTAP-W model to
assign values to the share parameters of the mathematical equations. For a detailed description of the adjustment process and economic behavior in GTAP-W see supplemental
material.
The distinction between rainfed and irrigated agriculture within the production structure
of the GTAP-W model allows us to study expected physical constraints on water supply due
to, for example, climate change. In fact, changes in rainfall patterns can be exogenously
modelled in GTAP-W by changes in the productivity of rainfed and irrigated land. In the
same way, water excess or shortages in irrigated agriculture can be modelled by exogenous
changes to the initial irrigation water endowment.

4 Data input and design of simulation scenarios
We analyze climate change impacts on global agriculture based on predicted changes in the
magnitude and distribution of global precipitation, temperature and river flow from Falloon
and Betts (2006) and Stott et al. (2006). They analyze data from simulations using the
Hadley Centre Global Environmental Model version 1 (HadGEM1: a version of the Met
Office Unified Model, MetUM) including a dynamic river routing model (HadGEM1-TRIP)
(Johns et al. 2006; Martin et al. 2006) over the next century and under the IPCC SRES A1B
and A2 scenarios. Their results are in broad agreement with previous studies (e.g. Arnell
2003; Milly et al. 2005). HadGEM1 was the version of the Hadley Centre GCM used in the
Intergovernmental Panel on Climate Change’s (IPCC) Fourth Assessment Report (Solomon
et al. 2007) and HadGEM1 is described in detail by Johns et al. (2006) and Martin et al.
5

Let us assume that 60 percent of total rice production in region r is produced on irrigated farms and that the
returns to land in rice production are 100 million USD. Thus, we have for region r that irrigated land rents in
rice production are 60 million USD and rainfed land rents in rice production are 40 million USD.
6
Let us assume that the ratio of irrigated yield to rainfed yield in rice production in region r is 1.5 and that
irrigated land rents in rice production in region r are 60 million USD. Thus, we have for irrigated agriculture in
region r that irrigation rents are 20 million USD and land rents are 40 million USD.
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(2006). HadGEM1 has a horizontal latitude–longitude resolution of 1.25°×1.875° for the
atmosphere and 1.0°×1.0° for the ocean. Compared to observations, HadGEM1 has too
much annual precipitation over the Southern Ocean and high latitudes of the North Atlantic
and North Pacific; over land, HadGEM1 is too wet over India and too dry over Southeast
Asia, Indonesia, and the coast of western South America (Johns et al. 2006). Falloon et al.
(2011) compare river flows simulated with HadGEM1-TRIP to observed flow gauge data, in
general finding reasonable simulation of annual flows but much more variable skill in
reproducing monthly flows.
Future changes in temperature and precipitation projected by HadGEM1 are generally
similar to those projected by the range of models presented in Solomon et al. (2007). For
example, HadGEM1 projects increases in precipitation over land for the Northern
Hemisphere high latitudes, across southern to eastern Asia and central Africa, while decreases in precipitation are projected across the Mediterranean region, the southern United
States and southern Africa (Nohara et al. 2006). Under the IPCC SRES A1B and A2
scenarios (Johns et al., 2006; Stott et al., 2006), the global mean atmospheric surface
temperature rises projected by HadGEM1 between 1961–1990 and 2070–2100 were approximately 3.4 K and 3.8 K, respectively, slightly warmer than the IPCC multi-model
ensemble mean (Solomon et al. 2007). Globally, future precipitation changes projected by
HadGEM1 are similar to, or slightly smaller than the IPCC multi-model ensemble mean. For
consistency, we note here that while these HadGEM1 simulations did include the impact of
elevated CO2 concentrations on runoff, they did not include explicit representations of crops,
irrigation, groundwater or dams.
In our analysis we contrast a relatively optimistic scenario (A1B) with a relatively
pessimistic scenario (A2), covering in this way part of the uncertainty of future climate
change impacts on water availability. As described in the SRES report (IPCC 2000), the
A1B group of the A1 storyline and scenario family considers a balance between fossil
intensive and non-fossil energy sources. It shows a future world of very rapid economic
growth, global population peaks in mid-century and declines thereafter. There is rapid and
more efficient technology development. It considers convergence among regions, with a
substantial reduction in regional differences in per capita income. The SRES A2 scenario
describes a very heterogeneous world. It considers self-reliance and preservation of local
identities, and continuously increasing global population. Economic development is primarily regionally oriented and per capita economic growth and technological change are more
fragmented and slower than in other storylines. To estimate the expected impacts of these
emission scenarios in global agricultural production, we only incorporate predicted changes
in climate-related variables affecting agricultural productivity. That is, precipitation, temperature, river flow and CO2 concentrations.
The analysis is carried out at two time periods: the 2020s (medium-term) and 2050s
(long-term). Both time periods represent the average for the 30-year period centred on the
given year; the 2020s represents the average for the 2006–2035 period and the 2050s
represents the average for the 2036–2065 period. Predicted changes in precipitation, temperature and river flow under the two emission scenarios are compared to a historicanthropogenic baseline simulation, which represents the natural variability of these variables. It is the 30-year average for the 1961–1990 period. We use annual regional average
precipitation, temperature and river flow data. Therefore, in the current study we do not
consider local scale impacts nor changes in seasonality or climatic extremes.
The economy-wide climate change impacts are compared to alternative no climate change
benchmarks for each period. To obtain a future benchmark equilibrium dataset for the GTAP-W
model we impose a forecast closure (see Dixon and Rimmer 2002) exogenizing macroeconomic
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variables for which forecasts are available. See the supplemental material for a detailed description of the future baseline simulations.
4.1 River flow
Compared to the average for the 1961–1990 period (historic-anthropogenic simulation),
Falloon and Betts (2006) find large inter-annual and decadal variability of the average global
total river flow, with an initial decrease until around 2060. For the 2071–2100 period, the
average global total river flow is projected to increase under both SRES scenarios (around
4 % under the A1B scenario and 8 % under the A2 scenario). The A2 scenario produced
more severe and widespread changes in river flow than the A1B scenario.
Large regional differences are observed [supplemental material, Figure S2]. For both
emission scenarios and time periods, the number of countries subject to decreasing river
flow is projected to be higher than those with increasing river flow. In general, similar
regional patterns of changes in river flow are observed under the two emission scenarios and
time periods. Significant decreases in river flow are predicted for northern South America,
southern Europe, the Middle East, North Africa and southern Africa. In contrast, substantial
increases in river flow are predicted for boreal regions of North America and Eurasia,
western Africa and southern Asia. Some exceptions are parts of eastern Africa and the
Middle East, where changes in river flow vary depending on the scenario and time period.
Additionally under the A1B-2050s scenario, river flow changes are positive for China and
negative for Australia and Canada, while opposite trends were observed for other scenarios
and time periods.
River flow is a useful indicator of freshwater availability for agricultural production.
Irrigated agriculture relies on the availability of irrigation water from surface and groundwater sources, which depend on the seasonality and interannual variability of river flow.
Therefore, river flow limits a region’s water supply and hence constrains its ability to irrigate
crops. Table 1 shows for the two time periods and emission scenarios regional changes in
river flow and water supply according to the 16 regions defined in Table S1 [see supplemental material]. Regional changes in river flow are related to regional changes in water
supply by the runoff elasticities of water supply estimated by Darwin et al. (1995) (Table 1).
The runoff elasticity of water supply is defined as the proportional change in a region’s water
supply divided by the proportional change in a region’s runoff. That is, an elasticity of 0.5
indicates that a 2 % change in runoff results in a 1 % change in water supply. Regional
differences in elasticities are related to differences in hydropower capacity, because hydropower production depends on dams, which enable a region to store water that could be
withdrawn for irrigation or other uses during dry and rainy seasons.
4.2 Precipitation and temperature
Falloon and Betts (2006) point out that predicted changes in river flow were largely driven
by changes in precipitation, since the pattern of changes in precipitation were very similar to
the pattern of changes in river flow, and the changes in evaporation opposed the changes in
river flow in some regions [supplemental material, Figure S3]. Decreases in both river flow
and precipitation were predicted for northern South America and southern Europe while
evaporation was reduced – hence the reduction in river flow was driven mostly by the
reduction in rainfall. In high latitude rivers, increases in river flow and rainfall were
predicted along with increases in evaporation, so the river flow changes here were mostly
driven by changes in rainfall. In tropical Africa, increases in river flow and rainfall were
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predicted along with decreases in evaporation, so changes in rainfall and evaporation both
contributed to the river flow changes.
The regional patterns of temperature increases were similar for the two emission scenarios and time periods [supplemental material, Figure S4]. Larger temperature increases are
expected at high latitudes and under the SRES A1B scenario.
4.3 Crop yield response
The exposure of irrigated agriculture to the risk of changes in climate conditions is more
limited compared to rainfed agriculture which depends solely on precipitation. Temperature
and soil moisture determine the length of growing season and control the crop’s development and water requirements. Regional crop yield responses to changes in precipitation and
temperature are based on Rosenzweig and Iglesias (1994) [see supplemental material, Table
S6]. They used the International Benchmark Sites Network for Agrotechnology Transfer
(IBSNAT) dynamic crop growth models to estimate climate change impacts on crop yields at
112 sites in 18 countries, representing both major production areas and vulnerable regions at
low, mid and high latitudes. The IBSNAT models have been validated over a wide range of
environments and are not specific to any particular location or soil type. Rosenzweig and
Iglesias (1994) use the IBSNAT crop models CERES (wheat, maize, rice and barley) and
SOYGRO (soybeans) to analyze crop yield responses to arbitrary incremental changes in
precipitation (+/− 20 %) and temperature (+2 °C and +4 °C).
This data set has been widely used to assess potential climate change impacts on world
crop production (e.g. Parry et al. 1999, 2004). In 2009, Iglesias and Rosenzweig (2009)
updated this dataset by linking biophysical crop model and statistical models. However, they
report the individual effect on crop yields only for the CO2 fertilization effect, which limits
its use in our analysis, because we are interested in assessing the individual impacts of
changes in precipitation, temperature, river flow, CO2 fertilization and adaptation on agricultural production. Besides neglecting the combined effect of these climate variables on
crop yields, our analysis face an additional uncertainty related to the use of crop yield
responses from only one study.
New studies based on statistical models of observed yield responses to current climate
trends made an important contribution and provided useful insights on crop yield changes
induced by climate change (e.g. Lobell and Field 2007; Lobell and Burke 2010). However,
statistical models are data intensive which limits its application. For instance, Lobell and
Field (2007) analyze the impact of recent warming on crop yields at the global scale; and
Lobell and Burke (2010) and Schlenker and Lobell (2010) project crop yield changes only in
Sub-Saharan Africa by 2050. Statistical models are also dependent on data quality.
4.4 CO2 fertilization
Our estimates of the CO2 fertilization effect on crop yields are based on information
presented by Tubiello et al. (2007). They report yield response ratios for C3 and C4 crops
to elevated CO2 concentrations in the three major crop models (CERES, EPIC and AEZ).
The yield response ratio of a specific crop is the yield of that crop at elevated CO2
concentration, compared by the yield at a reference scenario. In our analysis, we use the
average crop yield response of the three crop models. The CO2 concentrations levels in 2020
and 2050 are consistent with the IPCC SRES A1B and A2 scenarios. Thus, for 2020 and
under the SRES A1B scenario crop yield is expected to increase by 5.5 and 2.4 % at
418 ppm for C3 and C4 crops, respectively. For the same period, crop yield increases under
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the SRES A2 scenario are expected to be slightly lower, 5.2 and 2.3 % at 414 ppm for C3 and C4
crops, respectively. CO2 concentration levels in 2050 are expected to be similar for both SRES
scenarios (522 ppm), increasing C3 crop yields by 12.6 % and C4 crop yields by 5.2 %.
4.5 Simulation scenarios
Based on the regional changes in river flow (water supply), precipitation and temperature
presented in Table 1, we evaluate the impact of climate change on global agriculture
according to six scenarios. Each scenario is implemented for the two time periods and
emission scenarios presented above. Table 2 presents the main characteristics of the six
simulation scenarios.
The first three scenarios are directly comparable to previous studies. They show the
impacts of changes in precipitation, temperature and CO2 fertilization on crop yields. These
scenarios are implemented in such a way that no distinction is made between rainfed and
irrigated agriculture, as was common in previous work. The precipitation-only scenario
analyzes changes in precipitation, the precipitation-CO2 scenario analyzes changes in
precipitation and CO2 fertilization, and the precipitation-temperature-CO2 scenario analyzes
changes in precipitation, temperature and CO2 fertilization.
The last three scenarios distinguish between rainfed and irrigated agriculture—the main
feature of the new version of the GTAP-W model. Thus, the water-only scenario considers
that climate change may bring new problems to irrigated agriculture related to changes in the
availability of water for irrigation. Reductions in river flow diminish water supplies for
irrigation increasing the climate risk for irrigated agriculture. In addition, climate change is
expected to affect rainfed agriculture by changing the level of soil moisture through changes
in precipitation. In this scenario, changes in precipitation modify rainfed crop yields, while
changes in water supply modify the irrigation water endowment for irrigated crops.
Future climate change would modify regional water endowments and soil moisture, and
in response the distribution of harvested land would change. Therefore, the water-land
scenario explores possible shifts in the geographical distribution of irrigated agriculture. It
assumes that irrigated areas could expand in regions with higher water supply, for simplicity
we assume that this land has the same productivity as the currently irrigated land. Similarly,
irrigated farming can become unsustainable in regions subject to water shortages. In this
scenario, in addition to changes in precipitation and water supply, irrigated areas in GTAP-W
are adjusted according to the changes in regional water supply presented in Table 1. That is,
the relative change in the supply of irrigated land equals the relative change in water supply.
Table 2 Summary of inputs for the simulation scenarios
Changes in
Precipitation

CO2

Scenario
Precipitation-only

X

Precipitation-CO2

X

X

Precipitation-temperature-CO2

X

X

Water-only

X

Water-land

X

All-factors

X

Temperature

River flow

Land

X
X

X

X

X

X

X

X

Results for the 2020s
Total production (thousand mt)
Rainfed production (thousand mt)
Irrigated production (thousand mt)
Total area (thousand ha)
Rainfed area (thousand ha)
Irrigated area (thousand ha)
Total water used (km3)
Green water used (km3)
Blue water used (km3)
Change in welfare (million USD)
Change in GDP (million USD)
Change in GDP (percentage)
Results for the 2050s
Total production (thousand mt)
Rainfed production (thousand mt)
Irrigated production (thousand mt)
Total area (thousand ha)
Rainfed area (thousand ha)
Irrigated area (thousand ha)
Total water used (km3)
Green water used (km3)
Blue water used (km3)
Change in welfare (million USD)
Change in GDP (million USD)
Change in GDP (percentage)

Description

0.03
0.09
−0.04
–
–
–
−0.01
0.03
−0.14
1,064
1,064
0.00

0.03
1.15
−1.43
–
–
–
0.21
1.00
−1.97
−32,189
−31,956
−0.03

13,664,884
7,749,674
5,915,210
1,315,381
851,036
464,345
8,068
5,910
2,158
–
–
–

0.54
−2.30
4.33
–
–
–
1.27
0.21
4.19
17,027
17,041
0.03
2.85
−1.94
9.12
–
–
–
4.30
3.05
7.70
191,633
193,057
0.20

−0.04
0.41
−0.65
–
–
–
−0.10
0.09
−0.64
−58
−57
0.00
−0.09
1.14
−1.70
–
–
–
0.10
0.85
−1.95
−35,220
−34,958
−0.04
2.74
−1.93
8.86
–
–
–
4.19
2.91
7.69
190,634
192,083
0.20

0.46
−1.85
3.54
–
–
–
1.13
0.26
3.51
15,488
15,503
0.03

A2

A1B

A1B

A2

Precipitation-CO2

Precipitation-only

9,466,600
5,413,975
4,052,625
1,293,880
851,843
442,036
6,156
4,511
1,645

–
–
–

Baseline

−2.64
1.31
−7.83
–
–
–
−2.81
−0.72
−8.53
−327,288
−322,895
−0.33

−0.36
1.68
−3.08
–
–
–
−1.17
−0.07
−4.17
−15,669
−15,651
−0.03

A1B

−2.46
1.39
−7.50
–
–
–
−2.44
−0.44
−7.91
−310,173
−306,087
−0.32

−0.42
2.08
−3.76
–
–
–
−1.16
0.09
−4.59
−17,245
−17,229
−0.03

A2

Precip.-Temp.-CO2

0.02
−0.47
0.66
–
–
–
0.50
0.55
0.35
−16,771
−16,684
−0.02

0.00
−0.07
0.09
–
–
–
0.00
−0.04
0.11
1,053
1,053
0.00

A1B

Water-only

−0.13
−0.38
0.20
–
–
–
0.22
0.28
0.06
−15,752
−15,688
−0.02

−0.06
0.06
−0.22
–
–
–
−0.08
−0.03
−0.21
174
174
0.00

A2

0.24
−0.81
1.62
0.79
–
2.25
0.77
0.52
1.43
−6,641
−6,555
−0.01

−0.04
−0.11
0.04
0.04
–
0.11
−0.09
−0.18
0.17
1,303
1,304
0.00

A1B

−0.09
−0.35
0.23
0.28
–
0.79
0.26
0.17
0.51
−14,542
−14,476
−0.01

−0.13
0.48
−0.96
−0.30
–
−0.88
−0.25
−0.10
−0.65
−452
−451
0.00

A2

Water-land

−2.28
−0.28
−4.89
0.79
–
2.25
−2.19
−1.04
−5.33
−282,929
−279,560
−0.29

−0.45
1.54
−3.10
0.04
–
0.11
−1.27
−0.30
−3.95
−15,333
−15,314
−0.03

A1B

All-factors

Table 3 Summary of the climate change impacts on agricultural production by simulation scenario, percentage change with respect to the baseline simulations

−2.38
0.09
−5.63
0.28
–
0.79
−2.31
−1.10
−5.64
−268,788
−265,699
−0.28

−0.53
2.16
−4.12
−0.30
–
−0.88
−1.33
−0.12
−4.64
−17,530
−17,513
−0.04

A2
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The last scenario, called all-factors, shows the impacts of all climate variables affecting
agricultural production. Temperature and CO2 fertilization affect both rainfed and irrigated
crop yields, precipitation affects rainfed crop yields and water supply influences both the
irrigation water endowment and the distribution of irrigated crop areas.

5 Results
Climate change is expected to decrease global agricultural production. The decline is quite
modest in the medium term, around 0.5 %, but reaches around 2.3 % in the long term
(Table 3, all-factors scenario). However, large regional differences are expected [see supplemental material, Table S7]. We did not find marked differences between the two SRES
scenarios. The decline in global agricultural production is slightly more pronounced under
the SRES A2 scenario.
Expected changes in water supply for rainfed and irrigated agriculture lead to shifts in
rainfed and irrigated production. In the 2020s, a moderate precipitation increase reduces the
yield gap between rainfed and irrigated crops increasing global rainfed production (Table 3,
all-factors scenario). However, in the 2050s, rainfed crop production declines due to heat
stress in a warmer climate. Global irrigated production declines in both periods. At the
regional level (results not shown), irrigated production declines mainly in the United States,
the Middle East, North Africa and South Asia. These are regions with high negative yield
responses to changes in temperature and where irrigated production contributes substantially
to total crop production.
Aggregation hides important sectoral differences. Figure 1 shows the percentage changes in
sectoral crop production and world market prices for the all-factors scenario compared to the
baseline simulations. Sectoral crop production decreases and market prices increase under both
emission scenarios and time periods. With the exception of vegetables, fruits and nuts, larger
declines in sectoral production and hence higher food prices are expected under the SRES A2
scenario in the 2020s. Changes in sectoral production and food prices are more pronounced in
the 2050s and vary according to the crop type and SRES scenario. Higher market prices are
expected for cereal grains, sugar cane/beet and wheat, between 39 % and 43 % depending on
the SRES scenario. Production for these crops declines between 3 % and 5 %.
Changes in agricultural production and prices induce changes in welfare. For the allfactors scenario, global welfare losses in the 2050s (around 283 and 269 billion USD under
the SRES A1B and A2 scenario, respectively) are more than 15 times larger than those
expected in the 2020s. Global welfare losses are slightly larger under the SRES A2 scenario
in the 2020s and under the SRES A1B scenario in the 2050s (Table 3). The largest loss in
global GDP due to climate change is estimated under the SRES A1B scenario at 280 billion
USD, equivalent to 0.29 % of global GDP (Table 3).
Disaggregating welfare losses according to the contribution of the individual climate
variables, Fig. 2 shows changes in global welfare by scenario and individual input variable.
Comparing the differences between the scenarios water-land and all-factors or alternatively
between precipitation-only and precipitation-temperature-CO2, we can see that adding
carbon dioxide fertilization and warming to the mix has a clear negative effect on welfare.
Analyzing the individual effects of the input variables on welfare, we find that there is a
small positive effect of carbon dioxide fertilization and a large negative effect of warming.
However, the negative effect of warming is much smaller if we distinguish between rainfed
and irrigated agriculture (by considering changes in river flow) and let irrigated areas adjust
to the new situation.
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For both time periods, changes in precipitation-only slightly increase world food production under the SRES A1B scenario and decrease under the SRES A2 scenario (Table 3).
As expected, the addition of CO2 fertilization in the analysis causes an increase in world
food production. However, the CO2 fertilization effect is not strong enough to compensate
world food losses caused by higher temperatures (compare precipitation-CO2 and precipitation-temperature-CO2 scenarios, Table 3). For the 2050s and under the precipitationtemperature-CO2 scenario, world food production is expected to decrease by around
2.5 % under both emission scenarios. Our results are thus comparable to Parry et al.
(1999), probably because we used roughly the same input data. Other studies foresee an
increase in the world food production due to climate change.
Comparing the scenarios precipitation-only and water-only, we highlight the advantage
of the GTAP-W model that differentiates between rainfed and irrigated agriculture. As the
risk of climate change is lower for irrigated agriculture, the initial decrease in global irrigated
crop production under the precipitation-only scenario turns into an increase under the wateronly scenario (Table 3). That is, changes in precipitation do not have a direct effect on
irrigated crop production but changes in river flow do (water-only scenario). Therefore,
irrigated crop production is less vulnerable to changes in water resources due to climate
change. While global irrigated production decreases and rainfed production increases under
the precipitation-only scenario, an opposite trend is observed under the water-only scenario
(except for the SRES A2 scenario in the 2020s). However, changes in total world crop
production under both scenarios are similar. This implies that whenever irrigation is possible
(water-only scenario) food production relies on irrigated crops. As a result, global water use
increases or decreases less and global welfare losses are less pronounced or even positive
(Table 3). For the 2050s, global welfare losses are about half those under the precipitationonly scenario.
Climate change impacts are expected to be unevenly distributed across world regions,
because regional production and welfare are not only influenced by regional climate change,
but also by climate-induced changes in competitiveness. The decomposition of welfare
changes (Fig. 3) shows that changes in agricultural productivity detriment welfare in most
regions. However, as regional impacts are mixed, only the most adversely affected regions
suffer a deterioration in its terms of trade and a decline in welfare (mainly the former Soviet
Union, South Asia and the Middle East).7 Other regions, such as South America, SubSaharan Africa, Australia and New Zealand, which are less affected by climate change, may
experience welfare gains, because their relative competitive position improves with respect
to other regions. Therefore, climate change is expected to generate new opportunity cost and
modify comparative advantages in food production.
Figure 4 shows that welfare losses are associated with a negative change in trade balance
(X-M) in agricultural products. The former Soviet Union has the largest decrease in welfare
and a negative trade balance in all agricultural products. As soon as regions are able to
increase food exports (or decrease food imports) of agricultural commodities, regional
welfare becomes positive. Regions like South America, Sub-Saharan Africa and China have
welfare gains and a positive trade balance in all agricultural products. These regions are able
to grow more food and benefit from international trade.

7

A decomposition of the terms-of-trade effect by sector and region reveals that changes in agricultural
production can explain most of it. An exception is the Former Soviet Union. Here, changes in other sectors
including oil and gas mostly determine the size of the effect.
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Fig. 1 Changes in total agricultural production (negative) and world market price (positive) by crop, all-factors
scenario. Own calculations

6 Discussion and conclusions
In this paper, we use a global computable general equilibrium model including water
resources (GTAP-W) to assess climate change impacts on global agriculture. The distinction
between rainfed and irrigated agriculture within the production structure of the GTAP-W
model allows us to model green (rainfall) and blue (irrigation) water use in agricultural
production. While previous studies do not differentiate rainfed and irrigated agriculture, this
distinction is crucial, because rainfed and irrigated agriculture face different climate risk
levels. Thus, in GTAP-W, changes in future water availability have different effects on
rainfed and irrigated crops. While changes in precipitation are directly related to runoff and
soil moisture and hence to rainfed production, changes in river flow are directly related to
irrigation water availability and hence to irrigated production.
We use predicted changes in precipitation, temperature and river flow under the IPCC
SRES A1B and A2 scenarios to simulate climate change impacts on global agriculture at two
time periods: the 2020s and 2050s. We include in the analysis CO2 fertilization as well. Six
scenarios are used to assess the combined and individual effects of the main climate variables affecting agricultural productivity.
The results show that when only projected changes in water availability are considered
(precipitation-only and water-only scenario), total agricultural production in both time
periods is expected to slightly increase under the SRES A1B scenario and decrease under
the SRES A2 scenario. As expected, the inclusion of CO2 fertilization in the analysis causes
an increase in world food production and generates welfare gains (precipitation-CO2
scenario). However, it is not strong enough to offset the negative effects of changes in
precipitation and temperature (precipitation-temperature-CO2 scenario). For the 2050s and
under the SRES A1B scenario, global agricultural production is expected to decrease by
around 2.64 % and welfare losses reach more than 327 billion USD. Results for the SRES
A2 scenario are less pronounced.
Distinguishing between rainfed and irrigated agriculture (that is, including changes in
rainfall and irrigation water in GTAP-W), we find that irrigated production is less vulnerable
to changes in water availability due to climate change. When irrigation is possible, food
production relies on irrigated crops, thus welfare losses are less pronounced. For the 2050s,

Combined
Effect
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Fig. 2 Changes in global welfare by scenario (combined effect) and input variable (individual effect), results
for the 2050’s. Note: Individual effects on welfare are computed as follows: Precipitation is the precipitationonly scenario. Temperature is the difference between the precipitation-temperature-CO2 and precipitationCO2 scenarios. Carbon dioxide fertilization (CO2) is the difference between the precipitation-CO2 and
precipitation-only scenarios. River flow is the difference between the water-only and precipitation-only
scenarios. Irrigated land area is the difference between the water-land and water-only scenarios

global welfare losses account for less than half of the initially drop (compare precipitationonly and water-only scenario).
A joint analysis of the main climate variables affecting agricultural production (precipitation, temperature, river flow and CO2 fertilization) shows that global food production
declines by around 0.5 % in the 2020s and by around 2.3 in the 2050s. We did not find
marked differences between SRES scenarios. Despite the increase in irrigated crop areas
promoted by a higher irrigation water supply, global irrigated production declines between
3 % and 6 %, depending on the SRES scenario and time period. Irrigated crop production
declines mainly in regions with high negative yield responses to changes in temperature as
well as regions where irrigated production contributes substantially to total crop production
(the United States, the Middle East, North Africa and South Africa).
Declines in food production rise food prices. Higher market prices are expected for all
crops, mainly for cereal grains, sugar cane/beet and wheat (between 39 % and 43 %
depending on the SRES scenario). Changes in agricultural production and prices induce
changes in welfare and GDP. Global welfare losses in the 2050s are expected to account for
more than 265 billion USD, around 0.28 % of global GDP (all-factors scenario). Regional
production and welfare are not only influenced by regional climate change, but also by
climate-induced changes in competitiveness. Only the most adversely affected regions
experience a deterioration in their terms of trade and a decline in welfare. Other regions,
which are less affected by climate change, may experience welfare gains, because their
relative competitive position improves. Regions which are able to grow more food and
benefit from international trade face welfare gains. Climate change is expected to generate
new opportunity cost and modify comparative advantages in food production.
Several limitations apply to the above results. First, in our analysis changes in precipitation, temperature and river flow are based on regional averages. We do not take into
account differences between river basins within the same region. These local effects are
averaged out. Second, we use annual average precipitation, temperature and river flow data,
therefore we do not consider changes in the seasonality nor extreme events. Third, we have
made no attempt to address uncertainty in our scenarios, other than by the use of two
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Fig. 3 2050 A1B SRES scenario: Positive welfare change and negative welfare change (decomposition), allfactors scenario, billion USD. Note: See supplemental material, Table S1 for regional names

emission scenarios from only one climate model, which could generate biased estimates.
Forth, in our analysis we do not consider any cost or investment associated to the expansion
of irrigated areas. Therefore, our results might overestimate the benefits of some scenarios.
Fifth, our model uses Armington assumptions to model substitution between domestic and
imported inputs; therefore, regional trade flows are conditional to the calibrated shares and
elasticities. These issues should be addressed in future research.

Fig. 4 2050 A1B SRES scenario: Change in trade balance and welfare, all-factors scenario, billion USD.
Note: See supplemental material, Table S1 for regional names

Climatic Change (2013) 120:357–374

373

Acknowledgments We had useful discussions about the topics of this article with Korbinian Freier, Jemma
Gornall and Uwe Schneider. We would like to thank Nele Leiner and Daniel Hernandez for helping arranging
the data set. This article is supported by the Federal Ministry for Economic Cooperation and Development,
Germany under the project "Food and Water Security under Global Change: Developing Adaptive Capacity
with a Focus on Rural Africa," which forms part of the CGIAR Challenge Program on Water and Food, by the
Michael Otto Foundation for Environmental Protection, and by the Joint DECC and Defra Integrated Climate
Programme – DECC/Defra (GA01101).

References
Abler D, Shortle J, Rose A, Kamat R, Oladosu G (1998) Economic impacts of climate change in the
Susquehanna River Basin. In: Paper presented at American Association for the Advancement of Science
Annual Meeting, Philadelphia
Arnell NW (2003) Effects of IPCC SRES emissions scenarios on river runoff: a global perspective. Hydrol
Earth Syst Sci 7:619–641
Berrittella M, Hoekstra AY, Rehdanz K, Roson R, Tol RSJ (2007) The economic impact of restricted water
supply: a computable general equilibrium analysis. Water Res 41:1799–1813
Berrittella M, Rehdanz K, Roson R, Tol RSJ (2008) The economic impact of water pricing: a computable
general equilibrium analysis. Water Policy 10:259–271
Betts RA, Boucher O, Collins M, Cox PM, Falloon PD, Gedney N, Hemming DL, Huntingford C, Jones CD,
Sexton DM, Webb MJ (2007) Projected increase in continental runoff due to plant responses to increasing
carbon dioxide. Nature 448(7157):1037–1041
Burniaux JM, Truong TP (2002) GTAP-E: An Energy Environmental Version of the GTAP Model. GTAP
Technical Paper no. 16
CA (2007) See Comprehensive Assessment of Water Management in Agriculture
Calzadilla A, Rehdanz K, Tol RSJ (2010) The economic impact of more sustainable water use in agriculture: a
computable general equilibrium analysis. J Hydrol 384:292–305
Calzadilla A, Rehdanz K, Tol RSJ (2011) Water scarcity and the impact of improved irrigation management: a
CGE analysis. Agric Econ 42:305–323
Commission for Africa (2005) Our common interest: Report of the Commission for Africa. London:
Commission for Africa
Comprehensive Assessment of Water Management in Agriculture (2007) Water for food, water for life: A
comprehensive assessment of water management in agriculture. Earthscan and International Water
Management Institute, London
Darwin RF, Kennedy D (2000) Economic effects of CO2 fertilization of crops: transforming changes in yield
into changes in supply. Environ Model Assess 5:157–168
Darwin R, Tsigas M, Lewandrowski J, Raneses A (1995) World agriculture and climate change: Economic adaptations.
Agricultural Economic Report 703, U.S. Department of Agriculture, Economic Research Service, Washington, DC
Dixon P, Rimmer M (2002) Dynamic general equilibrium modelling for forecasting and policy. Emerald Group,
North Holland
Dudu H, Chumi S (2008) Economics of irrigation water management: A literature survey with focus on partial
and general equilibrium models. Policy Research Working Paper 4556, World Bank, Washington, DC
Falloon PD, Betts RA (2006) The impact of climate change on global river flow in HadGEMI simulations.
Atmos Sci Let 7:62–68
Falloon P, Betts R, Wiltshire A, Dankers R, Mathison C, McNeall D, Bates P, Trigg M (2011) Validation of
river flows in HadGEM1 and HadCM3 with the TRIP river flow model. J Hydrometeorol 12:1157–1180.
doi:10.1175/2011JHM1388.1
Hertel TW (1997) Global trade analysis: Modeling and applications. Cambridge University Press, Cambridge
Iglesias A, Rosenzweig C (2009) Effects of climate change on global food production from SRES emissions
and socioeconomic scenarios. NASA Socioeconomic Data and Applications Center (SEDAC), Palisades
IPCC (2000) Special report on emission scenario. A Special Report of Working Group III of the IPCC.
Cambridge University Press, Cambridge, UK, pp 612
IPCC (2001) Climate change 2001: Impacts, adaptation and vulnerability. Contribution of Working Group II
to the Third Assessment Report of the IPCC. McCarthy JJ, Canziani OF, Leary NA, Dokken DJ, White
KS (eds) Cambridge University Press, UK. pp 1000
IPCC (2007) Climate change 2007: Impacts, adaptation and vulnerability. Contribution of Working Group II
to the Fourth Assessment Report of the IPCC. Parry ML, Canziani OF, Palutikof JP, van der Linden PJ,
Hanson CE (eds) Cambridge University Press, Cambridge, UK, pp. 976

374

Climatic Change (2013) 120:357–374

Johansson RC, Tsur Y, Roe TL, Doukkali R, Dinar A (2002) Pricing irrigation water: a review of theory and
practice. Water Policy 4(2):173–199
Johns TC, Durman CF, Banks HT, Roberts MJ, McLaren AJ, Ridley JK, Senior CA, Williams KD, Jones A,
Rickard GJ, Cusack S, Ingram WJ, Crucifix M, Sexton DMH, Joshi MM, Dong B-W, Spencer H, Hill
RSR, Gregory JM, Keen AB, Pardaens AK, Lowe JA, Bodas-Salcedo A, Stark S, Searl A (2006) The new
Hadley Centre climate model HadGEM1: evaluation of coupled simulations. J Clim 19:1327–1353
Lobell D, Burke MB (2010) On the use of statistical models to predict crop yield responses to climate change.
Agr Forest Meteorol 150:1443–1452
Lobell D, Field C (2007) Global scale climate–crop yield relationships and the impacts of recent warming.
Environ Res Lett 2:014002
Martin GM, Ringer MA, Pope VD, Jones A, Dearden C, Hinton TJ (2006) The physical properties of the
atmosphere in the new Hadley Centre Global Environmental Model, HadGEM1. Part 1: model description and global climatology. J Clim 19:1274–1301
Milly PCD, Dunne KA, Vecchia V (2005) Global pattern of trends in streamflow and water availability in a
changing climate. Nature 438:347–350
Nohara D, Kitoh A, Hosaka M, Oki T (2006) Impact of climate change on river discharge projected by
multimodel ensemble. J Hydrometeor 7:1076–1089
Parry ML, Rosenzweig C, Iglesias A, Fischer G, Livermore M (1999) Climate change and world food
security: a new assessment. Glob Environ Chang 9:51–67
Parry ML, Rosenzweig C, Iglesias A, Livermore M, Fischer C (2004) Effects of climate change on global food
production under SRES emissions and socio-economic scenarios. Glob Environ Chang 14:53–67
Rosegrant MW, Cai X, Cline SA (2002) World water and food to 2025: Dealing with scarcity. International
Food Policy Research Institute, Washington, D.C
Rosenzweig C, Iglesias A (eds) (1994) Implications of climate change for international agriculture: Crop
modelling study. United States Environmental Protection Agency, Washington, DC
Schlenker W, Lobell DB (2010) Robust negative impacts of climate change on African agriculture. Environ
Res Lett 5:1–8
Solomon S, Qin D, Manning M, Marquis M, Averyt K, Tignor MMB, Miller Jr. HL, Chen Z, eds (2007)
Climate change 2007: The physical science basis. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, 996 pp
Stott PA, Jones GS, Lowe JA, Thorne P, Durman CF, Johns TC, Thelen J-C (2006) Transient climate
simulations with the HadGEM1 climate model: causes of past warming and future climate change. J
Clim 19:2763–2782
Tsigas ME, Frisvold GB, Kuhn B (1997) Global climate change and agriculture. In: Hertel TW (ed) Global
trade analysis: Modeling and applications. Cambridge Univiversity Press, Cambridge, pp 280–301
Tubiello FN, Fischer G (2007) Reducing climate change impacts on agriculture: global and regional effects of
mitigation, 2000–2080. Technol Forecast Soc Chang 74:1030–1056
Tubiello FN, Amthor JS, Boote KJ, Donatelli M, Easterling W, Fischer G, Gifford RM, Howden M, Reilly J,
Rosenzweig C (2007) Crop response to elevated CO2 and world food supply. A comment on “Food for
Thought …” by Long et al., Science 312:1918–1921, 2006. Europ. J. Agronomy 26: 215–223
United Nations (1993) The System of National Accounts (SNA93). United Nations, New York
Verburg PH, Eickhout B, van Meijl H (2008) A multi-scale, multi-model approach for analyzing the future
dynamics of European land use. Ann Reg Sci 42:57–77
World Bank (2007) World development report 2008: Agriculture for development. World Bank, Washington,
DC

