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Introduction 

 

Land use constitutes one of the essential links between biosphere and anthroposphere, and 

appears as both, driver and target of changes in global environment (Heistermann et al., 

2006). Changes in land use directly influence biogeochemical and water cycles, and thus 

affect nutrient balances, hydrologic systems, and biodiversity. They influence climate, as they 

govern large parts of anthropogenic greenhouse gas emissions, and may alter the albedo. Land 

use changes also affect the socioeconomic environment and determine the economic revenue 

of land-intensive agricultural production. Overall, a vital feedback loop of the interaction 

between human society and natural environment is built, as the underlying land use decisions 

are triggered by environmental properties and motivated by socio-economic drivers (Lambin 

et al., 2003). 

 

Agricultural land use currently accounts for 34% of the terrestrial earth’s surface and can be 

divided into 22% of pasture, and 12% occupied by either annual or permanent crops (FAO, 

2006). For the human population, crops are the main food source (Heistermann, 2006). Within 

the next 50 years, the world population will grow by about 65% (Wallace, 2000). Together 

with an increasing demand on natural resources and food products, climate change is likely to 

add an additional pressure to agricultural systems. Thus, a great emphasis has to be placed on 

the resilience, adaptability and sustainability of these systems (Dolman et al., 2003).  

 

Future agricultural water management will be determined by growing water scarcity, 

competition for water use and growing concerns about its environmental impacts (van 

Hofwegen, 2006). The latter include salinization, water-logging of soils, water pollution, and 
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depletion of water resources. These changes have a negative feedback on crop agriculture in 

terms of long-term reduced biophysical potential for agriculture, up to threats to human 

health. Additionally, fundamental interest has to be put on the question of how to use and 

balance water resources between food and environmental security (Rockström et al., 2004). 

 

Agriculture accounts for approximately 70% of the current human water withdrawal (Lotze-

Campen et al., 2004). Without irrigation, agricultural yield increases that have fed the 

growing population would not have been possible (Rosegrant et al., 2002a). About 20% of the 

total arable cropland is under irrigation, producing 40% of the global harvest. Within the last 

40 years, global irrigated agriculture almost doubled. Future yield increases necessary to 

secure food availability will also have to be partly based on irrigation, which is expected to 

expand by 40% within the next 30 years (Bruinsma / FAO, 2003). 

 

The fact that transboundary watersheds, which are home to about 40% of the world’s people, 

account for at least 60% of the world’s freshwater (Gerlak, 2004) highlights the close 

relationship between water management, transboundary policies and agricultural 

development, and the need for multi-scale assessments. 

 

 

Integrated global land use modeling and issues of irrigation: an overview 

 

Land use models are used to analyze the complex structures of linkages and feedbacks related 

to land use change, and to gain knowledge on the impacts and importance of the different 

driving forces and processes. An overview on the different classifications and methodological 

approaches in land use modeling, as well as for differences between large- and small-scale 

modeling is given in Heistermann et al. (2006). 
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Global land use models are often disciplinary, tending to emphasize economic or geographic 

aspects, or they are very comprehensive and thus not appropriate as a coupling tool 

(Ronneberger et al., 2005). “Economic approaches are strong in the formalisation and 

quantification of drivers on the demand side while geographic approaches are rather suited to 

account for the supply-side limitations of land resources. Integrated models are expected to 

combine these strengths” (Heistermann, 2006). However, integrated land use models often 

apply empirical, rule-based methods, neglecting economic motivation and dynamic market 

feedbacks (Ronneberger, 2006). 

 

Irrigation and water scarcity are mostly considered as a consequence of land use decisions, 

rather than as decisive factors in farm-based crop production. Moreover, the share of irrigated 

crops is often based on estimations or observations of infrastructurally well-developed areas, 

but not on economically motivated decisions by the farmer. Another challenge is the 

consideration of crop- and country-specific irrigation methods. 

 

The FARM model (Darwin et al., 1996) includes an economic CGE framework and accounts 

for 3 crop commodities (wheat, other grains, non-grain crops) in 8 world regions. Classes of 

“land productivity” are determined by the length of the growing season, based on temperature 

and precipitation. Water is explicitly modeled as a primary production factor for the crops, 

livestock and service sectors, under consideration of the regional water supply. 

 

The ACCELERATES framework (Rounsevell et al., 2006) includes very detailed management 

options to analyze farm level impacts on continental scale (NUTS2 regions). It contains 

various agricultural model parameters to project water resource use and irrigation, e.g. 

irrigation infrastructure availability, irrigation efficiency, water input costs. Water-limited 
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crop yields and “minimum requirements for cumulated monthly precipitation” are determined. 

Moreover, a concept of vulnerability and the quantification of ecosystem capacity indicators 

are crucial features with regard to achieving a feedback loop between land use and 

environmental processes. 

 

The IMAGE model (Alcamo et al., 1994; Alcamo et al., 1998) is an integrated assessment 

model (IAM) and enables long-term dynamical predictions. A broad range of biophysical, 

anthropogenic and socio-economic land use determinants is applied to account for 

demographic, technological, economic, social, cultural, and political interactions. Different 

land use sectors are considered, including their possible expansion or shrinkage in land. The 

potential distribution of crops follows the rule-based AEZ-approach with a “constraint-free 

rain-fed crop yield”. Trade and market interactions are not dynamically represented by the 

underlying economic demand module (Heistermann et al., 2006). Several feedback loops 

between land use and environmental degradation are established or planned (e.g. water 

erosion, biogeochemical and hydrological changes). 

 

The simulation of the dynamics of irrigated and potentially irrigated areas within the 

LANDShift modeling framework, and an integrated assessment against the background of 

changing climate and soil conditions is given by Heistermann (2006). LandSHIFT (Alcamo & 

Schaldach, 2006) is a geographical land use model and provides a process-based simulation of 

global crop distribution, with distinction between rain-fed and irrigated crops. The model 

accounts for freshwater availability and inter-sectoral competition. The economic part is 

contributed by the IMPACT model (Rosegrant et al., 2002b). Irrigation costs are not explicitly 

considered. 
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Economic analyses on water represent a highly complex subject due to the wide range of 

facets and systemic effects of the substance. Primary topics in water resource management 

include e.g. demand estimations, water valuation, externality modeling accounting for issues 

of efficiency, and regulatory analysis (Swanson & Xepapadeas, 2003). A variety of water 

pricing methods have been developed, depending on natural and economic conditions. They 

differ in their implementation, the institutions they require, and the information on which they 

base. For more discussion on issues of water resource economics and water pricing see 

Johansson (2000). 

 

Buchanan & Cross (2002) state that all factors used to estimate irrigation costs vary with 

location, e.g. the equipment and techniques for water supply and the operation of irrigation 

systems. Additionally, the chosen irrigation method must account for the particular crop 

requirements, which in turn also vary with the biophysical background. Of further economic 

importance regarding irrigation decisions is the fact that the development of irrigation 

infrastructure and the supply of irrigation water has become increasingly expensive 

(Johansson, 2000). 

 

Yuan et al. (2003) discuss and economically evaluate different systems auf rainwater 

harvesting in semiarid regions. Von Westarp et al. (2004) compare the performance of 

different irrigation methods (low-cost drip irrigation, conventional drip irrigation, hand-

watering) under different irrigation regimes to meet rising food demand in the Middle 

Mountains of Nepal.  

 

Another important aspect in the context of growing water scarcity is the debate on irrigation 

water efficiency due to huge amounts of water being wasted (Wallace, 2000). Karagiannis et 

al. (2003) present an economic approach to measure irrigation water efficiency, based on the 
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concept of input-specific technical efficiency such as the ratio of minimum feasible and 

observed water use. As the measured irrigation water efficiency is conditional on production 

technology and the observed levels of output and other inputs, information can be gained on 

how much water use could be decreased without altering the output produced and the 

quantities of other inputs used. 

 

 

KLUM-W: Model background and aims 

 

Within this work, we present the extension of the global integrated land use model KLUM 

(Ronneberger, 2006) in terms of integrating irrigation. KLUM is a tool to dynamically couple 

global state-of-the-art economy and vegetation models. In the past, coupling was implemented 

with the CGE model GTAP-EFL, a refined version of the GTAP-E model (Burniaux & 

Truong, 2002; Hertel, 1997) and the DGVM LPJ-C (Criscuolo, 2006).  

 

A balanced representation of essential economic and biophysical aspects makes KLUM 

appropriate to project global crop patterns. Due to its simplicity and flexibility the model 

enables online coupling, as well as long-term projections. The crop allocation process is based 

on profit maximization, assuming risk aversion and decreasing returns to scales. The 

aggregated allocation can be fed back to the CGE as production-specific land endowments, 

and to the DGVM to improve carbon cycle simulation (Ronneberger et al., 2006a; 

Ronneberger et al., 2006b).  

 

Management practices are not explicitly accounted for yet. The extended KLUM-W version 

(“KLUM-Water”) integrates irrigation by means of crop-specific irrigation demands and 

respective irrigation costs. The inclusion of irrigation in KLUM is important for several 
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reasons: The former model uses “potential yields” to simulate crop allocation. Water scarcity 

was neglected, i.e. no constraints on water availability were included. Furthermore, costs for 

irrigation to reach the applied potential yields were not included in the optimization 

algorithm.  

 

With KLUM-W, the effects of changing water availability and irrigation costs on global crop 

allocation may be investigated. The goal is to depict actual irrigation decisions under a 

changing climatic, biophysical, and economic environment, accounting for a (quantitatively) 

sustainable use of resources in the context of increasing water scarcity and resource 

competition. 

 

The applicability to investigate significant questions in the context of global change (e.g. 

feedbacks between irrigation volume and prices for water and energy, the compatibility of 

sustainable water use and crop demands, general impacts of climate change on the fraction of 

irrigated agriculture) means an improvement of the KLUM-inherent approach towards global 

land use modeling. This in turn may help to provide explanations on questions of future 

water-use and crop production. 

 

 

Model setup and scenarios applied 

 

 

Results 

 

 

Discussion 
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