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Executive summary

Land degradation is a major concern in Uganda since it leads to declining agricultural productivity, poverty and food insecurity. In addition, a fast growing population requires a growth in agricultural output. Increased crop output will have to come from higher yields as the arable land frontier is closing. Therefore, an important research issue is assisting policy makers in designing policy interventions that will contribute to a sustainable intensification of agriculture. Technologies have to be identified and developed which have the potential to simultaneously reach the objectives of increasing productivity and sustainability. An appropriate research instrument to address these problems is a bio-economic model, which combines socio-economic factors influencing farmers` objectives and constraints with biophysical factors affecting production possibilities and the impact of land management practices.     

1. Introduction

1.1 General background

A widening gap between food production and food needs is observed in many developing countries. Urgently needed increases in crop output will have to come from higher yields mainly because the arable land frontier is closing in most of the developing countries. Intensification of agriculture will transform the environment. Hence, it is an important issue whether, and how, agricultural growth can be attained simultaneously with the conservation of the natural resources of the farmland. 

In developing countries one of the most serious environmental threats is land degradation, which contributes to declining agricultural productivity, poverty and food insecurity. In the journal “land degradation and development” (2000) land degradation is defined “as the loss of utility through reduction of or damage to physical, social or economic features and/or reduction of ecosystem diversity.” 

The “critical triangle of development goals” (Vosti and Reardon, 1997) implies that it is a major objective for researchers and politicians to find policies, institutions and technologies to make the three goals growth, poverty alleviation and sustainability more compatible. It is obvious that the three goals are complementary in the long run. Sustaining the natural resource base will help agricultural productivity growth and this will lead to poverty alleviation. In the short run there might be trade-offs among the three goals taking into account the short-term perspective of the individual farmer to satisfy the basic needs of the household.

Farmers need to have the incentive and capacity for a sustainable intensification of agriculture. Several factors such as policies, technologies, institutions, population pressure and agroclimatic conditions can affect the links between sustainability, growth and poverty alleviation by influencing the choices of households and communities. These factors have the potential to increase compatibility among the three objectives.

1.2 Agriculture in Uganda

The mainstay of Uganda`s economy is the agricultural sector, which accounts for 43 % of the GDP, 85 % of the value of exports and provides 80 % of employment (FAO, 1999). Uganda`s agriculture is dominated by food crop production, which contributes more than two thirds to agricultural GDP. Livestock accounts for another 23 %. In 1993 eighty-nine percent of the population were rural, agricultural output came almost exclusively from about 2,5 million smallholders, 80 % of whom have less than 2 hectares each (World Bank, 1993).

In Uganda as in many other countries in sub-Saharan Africa land degradation problems are a growing concern leading to declining agricultural productivity and poverty. 

Per capita agricultural production and crop yields per unit area of production is declining in Uganda (Sanchez et al. 1996). The soils were once considered to be among the most fertile in the tropics (Chenery 1960), but recently land degradation appears to be increasing. It was estimated that soil nutrient losses were among the highest in sub-Saharan Africa in the early 80s and average annual nutrient losses were predicted to reach 85 kg/ha of N, P2O5, K2O by the year 2000 (Stoorvogel and Smaling 1990).

Recent studies in eastern and central Uganda have given negative nutrient balances for most of the cropping systems (Wortmann and Kaizzi 1998).

The proximate causes of nutrient depletion are very low use of inorganic fertilizers and limited use of organic inputs coupled with declining fallow periods. The proximate causes of soil erosion are deforestation and crop production on steep slopes with limited investments in terraces or other conservation measures. 

1.3 Problem statement 

As mentioned above the proximate causes of land degradation are relatively well known, but a critical research challenge that has not yet been solved is to improve understanding of the key factors affecting land management and to assess the impacts of policy interventions and alternative technologies. It is a key challenge to identify technologies that simultaneously meet growth and sustainability goals. 

Another important and difficult task is to design effective policy strategies to make these technologies affordable and adoptable for the farmers, including poor farmers. A lot of studies (Rogers, 1995) have been conducted analysing the determinants, which influence the adoption of technology (i.e. farm size, tenure, age, education and risk). However, how farm households react to alternative policy strategies and how the adoption of a technology affects the environment and productivity simultaneously is less clear.

2. Research objectives

Consideration of the problem presented above led to the following research objectives:

1. Improve understanding of key factors affecting land management; 

2. Better understanding of the influence of technology adoption on natural resource management and agricultural growth;

3. Draw conclusions for the design of land use policies, which promote more productive, sustainable, and poverty-reducing land management in Uganda.

With respect to research question 1 the following hypothesis will be tested:

· labor shortages, capital constraints, information and adaption costs are the most binding factors affecting land use practices and adoption of new technologies. 

With respect to research question 2 the following hypotheses will be tested:

· technology improvements (new varieties, irrigation etc.) can help to overcome diminishing returns to labor due to population pressure with ambiguous effects on natural resource conditions;

· “overlap technologies” exist which simultaneously meet growth and sustainability goals (e.g. nitrogen-fixing high-yielding varieties), but missing incentives and physical and financial constraints prohibit farmers from adoption of these technologies;

· to realize widespread technology adoption the critical mass has to be reached by providing incentives for early adoption (extension services, reduced prices etc.) and introducing the innovation to opinion leaders.
 

 The following scenarios will be developed:

· scenarios with decreasing prices of technologies and the impact on land degradation problems and productivity.

With respect to research question 3 the following scenarios will be developed:

· scenarios with changing policy interventions (development of local credit markets, public investments in infrastructure, institutional innovations, price policies etc.), which affect farmers` choices of land management practices.

3. Conceptual framework

Farm household models offer a promising perspective for the analysis of production and consumption decisions at the farm level (Singh et al., 1986). Farm households are considered to be the central decision makers regarding agricultural production. Individual farmers have to decide which commodities to produce in which quantities, by which method, in which seasonal time periods. It is the objective of the farmers to maximize their utility, which deviates from pure profit maximizing behaviour in many cases. For example, risk aversion and leisure are important goals, which have to be taken into account, too. The decision-making procedure is subject to physical and financial constraints (e.g. acres of land, days of labor and limited credit availability) as well as to uncertainty about the next planning periods. Uncertainty arises in forecasted yields, costs and prices for example. Linkages between production and consumption decisions, characteristic for farm households operating under imperfect markets, have to be included. Consumption decisions are especially important, since farm households` priorities can be better captured through an analysis of consumptive choice and time allocation. Due to the possibility of analysing both, production and consumptions decisions, the farm household model approach represents a useful starting point for the analysis of effectiveness of economic policy instruments to enhance a sustainable intensification of land management.

Policy analysis for sustainable land use proves to be critically dependent on the specification of the linkages between decision-making procedures regarding resource allocation by farm households and their supply response to changes in the economic, institutional and ecological environment. Figure 1 explains how the decisions of the farm household are influenced by external factors and what in turn the consequences of these decisions for the agricultural production and the natural resource conditions are:

The agro-ecological and socio-economic environment are considered to be the most important external factors determining farm household decision-making. The agro-ecological environment defines the potential agricultural production activities from which the households can select. The socio-economic environment (markets, service and infrastructure) gives incentives or disincentives to select from these activities and to adopt new technologies. Policy interventions lead to changes in the socio-economic environment resulting in different (dis)incentives for the farm households. The final outcome of the decision making process of the household is reflected in the production pattern, productivity, social well being of the household and impact on sustainability.

Therefore, the farm household framework can be used to assess the implications of different policy measures for crop and technology choice, production, market exchange, labor use and farm household welfare. Differences in risk behaviour (Roe and Graham-Tomasi, 1986), market failures or missing markets (de Janry et al., 1991), and inter-temporal choice (Fafchamps, 1993) can be also taken into account. 

An adequate framework for the simultaneous appraisal of technological and economic options for sustainable land use should take into account aspects of both supply and demand of currently available and potentially new technologies. Therefore, a functional integration of biophysical crop growth simulation models, programming models that reveal the resource allocation implications of alternative crop and technologies choices and farm household model that capture farmers` behavioural priorities, represents a major challenge.

4. Methodology

Economic models are used to identify the behavioural reasons for the choice of land use. However, agro-ecological models focus on the feasibility of technology and land use options for specific agro-ecological conditions and on the assessment of their environmental consequences. A combination of these two approaches could identify possible trade-offs between economic and ecological objectives. Moreover, the impact of policy interventions on farm household decisions and the feedback mechanisms between household welfare and condition of the natural resource base could be explored. Therefore, such a combined model has the scope to assist policy making in an effective way (Ruben, Moll and Kuyvenhoven, 1998). The development of an integrated approach to assist policy makers to promote a productive and sustainable way of land management has to be based on 1) the choices between production technologies and land use systems resulting from socio-economic factors (for example farm household resources and objectives) and 2) an understanding of the biophysical processes (for example crop growth in relation to input use, nutrient cycling). 

Recently a new type of models, called bio-economic models, have been developed which seem to be appropriate to address the research objectives mentioned above. A bio-economic model combines socio-economic factors influencing farmers` objectives and constraints with biophysical factors affecting production possibilities and the impacts of land management practices. This approach is still in its infancy, but the initial results are promising (Barbier, 1996 and 1998). Currently available bio-economic approaches consist of the following four components (Ruben, Moll and Kuyvenhoven 1998):

1. mathematical programming models, that reveal the resource allocation implications of alternative crop and technology choices and appraise the response of the farm household to policy interventions;

2. agro-ecological simulation models, that describe how different land use practices affect yields and the condition of natural resources;

3. farm household model, that specify the underlying relations regarding farm household decision making (e.g. resource allocation, consumption priorities);

4. aggregation procedures to address the effectiveness of policy interventions for sustainable land use and well-being of the farmers at regional level.

In the following the question of how to design the four components of the bio-economic model for the predefined purpose properly is discussed in more detail.

4.1 Mathematical programming model 

Econometric and programming models have been developed for the appraisal of land use and for the analysis of the agricultural sector. The former model type is based on econometric regressions or simultaneous equation systems explaining current land use pattern. Through extrapolation of historical time series they can be used also for predictive purposes (Pindyck and Rubinfeld 1991). The application of econometric models is criticized for the following reasons (Berger 1999, Hazell and Norton 1986, Feder et al. 1985):

1. data difficulties:

· large numbers of crops compete for the available fixed resources , and therefore, cross-supply effects are important components of the supply function. Normally there are not enough degrees of freedom in time series data to estimate both own and cross-supply elasticities.

· aggregate time series on production are often quite unreliable in LDCs.

· inconsistent data base for the estimation of model coefficients and problems with the statistical validation of parameters.

· measurement problems of variables like risk aversion or future expectations.

2. rather simple economic models are considered that assume price taking behaviour in perfect competition with homogenous inputs and the “non-existence” of government policies. However, price effects may affect the “real world” progress and direction of the diffusion process of innovations.

3. differential adoption rates of technology by different economic groups and institutional arrangements should be considered explicitly and in more detail. 

4. problems of capturing the consequences of changes in the economic structure. Policy instruments need to take on values lying outside the range observed historically. This possibility makes it unwise to base policy analyses on extrapolations from historically estimated parameters. 

A linear programming model helps to find the farm plan (defined by a set of activity levels) that maximizes the objective function, but which does not violate any of the fixed resource constraints, or involve any negative activity levels. They offer great possibilities to formulate a wide range of actual and potential activities and to determine their relative attractiveness. On the one hand the programming model is explicitly a normative or prescriptive tool. The decision maker defines the decision rule (for example profit maximization) and the model helps to simulate the consequences of that decision rule and the associated constraints on the farmer`s choices. Therefore, the model demonstrates how a farmer should ideally act to maximize his objective function. On the other hand, Hazell and Norton (1986) argued that a programming model has the ability to be a descriptive or positive tool by reflecting “real world” behaviour. The model can be solved under different policy scenarios, and the corresponding solutions provide information about the consequences of policy changes 

Advanced techniques offer the possibility of realistically reflecting farmers` behaviour. It is, for example, possible to include multiple goals and risk aversion in the linear programming method. The simplest way to handle a variety of goals is to select one, and to specify the remaining goals as inequality constraints. Farmers face a variety of price and yield risks, which make their income unstable. Several techniques for incorporating risk-avers behaviour in mathematical programming models have been developed. One approach is called MOTAD (Minimization Of Total Absolute Deviation) where the mean absolute deviation is minimized by transferring it into the objective function (Hazell and Norton, 1986). Time considerations are quite important in the context of decision-making processes in agriculture. Time span elapses between the decision to carry out and the moment where the results of the process are disposable. Farmers have to make decisions with different time horizons, the time span also varies between the decision makers. There are some feedbacks to be considered between short, medium and long term decisions. Feedbacks may be taken into account by using a recursive structure. 

An approach similar to the representative independent farm model (Hanf, 1989) seems to be appropriate to address the research objectives. This model type can be defined as independently calculated representative farm models where the models are a sample out of all farms. Therefore, the model should ideally be based on a stratified random sample of existing farms, with the consequence that it is afflicted with sampling error problems. The farm models are calculated independently and computational results are added up to regional results. It is taken into account that decisions with different time horizons have to be made at the farm level. The approach offers the possibility to analyse the behaviour of the individual farmer. Recursive and iterative procedures can be employed to guarantee certain coordination within the sector development with respect to supply and demand of products and production factors (Hanf and Pomarici, 1996).  

Programming models are able to simulate adjustment of land use under changing conditions. Therefore, they are an appropriate approach to analyze the choice among alternative activities and technologies and to assess the impacts of alternative policies in the short and long run. 
Brandes (1985) criticized linear programming methods in the sense that as a consequence of compensating errors and due to the temptation of manipulation model results the model builder could give the impression that his model reflects reality. An important weakness of these conventional simulation models is that they do not explicitly capture the interactions between the farm households and therefore neglect transaction and information costs. Multi-agent systems (MAS) can help to overcome these problems (Berger, 1999). This modelling method belongs to a new research area called Artificial Life. In social science simulations, the agents usually represent humanlike individuals that interact within an artificial society. MAS are computer systems set up by autonomously acting agents with limited knowledge and information processing capacities maximizing their objective function in an adaptive way. The autonomously acting agents in the model to be developed are representative farm households. The heterogeneity of farmers` behaviour is explicitly taken into account. MAS can be based on the method of recursive linear programming, similar to the representative independent farm model approach, to simulate individual decision-making. Therefore, a linear programming model based on MAS would have the scope to illustrate the diffusion of specific innovations and to consider the interactions between households. There is one type of interaction with special importance: the exchange of information about new technologies, which is essential for the individual adoption decisions.

Summing up one can say that the specific model type should be selected according to the conditions of the research area. If there is, for example, evidence that the behaviour of the farmers is heterogeneous and that interactions between the individual farmers play an important role for the diffusion of innovations a model based on MAS seems to be the best solution. Otherwise it has to be analysed if an approach similar to the representative independent model could be a pragmatic and appropriate method. 

4.2 Agro-ecological simulation model

One option for an appropriate agro-ecological approach seems to be the mathematical model EPIC – Erosion Productivity Impact Calculator. Originally it was developed to determine the relationship between soil erosion and soil productivity throughout the U.S. EPIC has recently been used to describe how land use practices affect yields and soil quality and how land quality in turn affects future crop yields (Williams, Jones and Dyke, 1984). The model can also simulate the effects of alternative cropping patterns not yet tested in the relevant research area. Due to the assumption that soils and management are spatially homogenous, the drainage area considered by the model is generally about 1 hectare. EPIC simulates the following biophysical processes: weather, hydrology, erosion, nutrient cycling (nitrogen and phosphorus), crop growth, soil temperature, tillage, pesticide fate as well as crop and soil management.

The interactions of these simulations are usually calculated on a daily basis with the weather for each day generated by a random weather generator. The hydrology model simulates surface runoff volume, evapotranspiration and percolation for example. Three different soil loss equations are used to estimate erosion caused by rainfall, irrigation and wind. Nitrogen processes simulated include for example nitrate runoff, leaching and denitrification. Phosphorus processes simulated include for example losses of soluble phosphorus in runoff, immobilization and mineralization. The plant growth model simulates above-ground biomass, yield and roots for both annual and perennial crops. Biomass growth is a function of solar active radiation and leaf area. Plant growth is constrained by water, soil, nutrient, and air temperature stress. Soil temperature is predicted at the center of each soil layer as a function of the previous day`s soil temperature and the present day`s air temperature and solar radiation. The tillage submodel simulates for example the mixing of nutrients and crop residue and the change in bulk density. Furthermore, the model simulates pesticide movement with water and sediment as well as degradation on foliage and in soil. Finally EPIC is capable of simulating a variety of cropping variables, management practices and naturally occurring processes (these include for example different crop characteristics, fertilization, irrigation, runoff control with furrow dikes and pest control). The results from the biophysical model simulations are incorporated into the economic model. EPIC has already been used with promising results in over 60 different countries in Asia, South America, Europe and Africa (CAMASE, 1996). 

The model has to be validated to the soil conditions, climate and cropping pattern in eastern Uganda. Implementing this model is fraught with difficulties because EPIC is well known for its comprehensive structure and it is exceptionally data demanding. Hence, it has to be checked if other approaches like PERFECT (Productivity, Erosion and Runoff Functions to Evaluate Conservation Techniques), PI (Productivity Index) or USLE (Universal Soil Loss Equation) may also be appropriate to address the research objectives.
4.3 Farm household model

As described in chapter 3 the farm household model is used as the conceptual framework.

In his thesis Ronnie Babigumira will conduct causality analysis in order to analyze socio-economic factors influencing land management practices. The results should specify the underlying relations regarding farm household decision-making (e.g., resource allocation, investment decisions) and will be taken into account in the development of the simulation model. Hence, econometric and programming models will be combined for socio-economic land use analysis on the household level.

4.4 Aggregation procedures and survey design

The aggregation procedures, the fourth component of the bio-economic approach, with which the effectiveness of policy intervention at regional level has to be addressed, is taken into account within the survey design (see figure 2).

Due to the fact that other institutes are also involved in the project “Policies for improved land management in Uganda” and because of the interdisciplinary character of this thesis a main concern is how to organize the collection and exchange of data among the subprojects. Therefore, the sampling procedure will be a common sampling frame that disaggregates from community to farm level. With the help of this procedure, results can be extrapolated to be representative for the study area. The common sampling frame includes the following steps:

1. The community survey, which will collect information about agricultural potential, market access, and population density, will be conducted in a sample of about 100 communities. This sample may be a sub-sample of the 250 communities being surveyed annually by the MFPED (Ministry of Finance, Planning and Economic Development) Statistics department. The main objective is to identify 5 or 6 “development pathways” in the study region. A “pathway of development” represents a common pattern of change in livelihood strategies and resource management, associated with a common set of causal and conditioning factors. The identification offers the possibility to design suitable policies for regions under different conditions because “one-size-fits-all” policy or program approaches are unlikely to be broadly successful.

2. 25-30 communities (about 5 from each pathway) have to be selected from these 100 communities. 250-300 households and their plots are selected for the household and plot survey (10 households from each of the communities). 

3. Out of these 25-30 communities 3 communities are selected for the bio-economic model and the soil work representing 2 major pathways in eastern Uganda. The households selected for the modelling work have to be a subsample of the households selected for the soil work, because these soil measurements provide input data for the biophysical model.

4. A short survey seeks to collect general information on the selected villages for the modelling work. It is anticipated that there are different household types in the study area. In order to have all these different household types represented in the final sample stratification will be used. Representativeness in this case refers to market share to number but rather market share rather than number. From theory, large scale farm households have a larger market share and therefore it would be extremely important to capture their contribution in the modelling exercise. This information will then be analysed and results will form a basis for stratification. The following stratification criteria are taken into account: farm household size, farming system, tenure, household size, technology off-farm income and soil quality. 

Figure 1: Bio-economic modelling framework













Source: Ruben, R., H. Moll and A. Kuyvenhoven (1998)

Figure 2: Common sampling frame
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Work Plan

Year 2000

	Month


	Activity

	July-August
	· Proposal presentation

· Selection of biophysical model

· Statistics on past crop yields

· Design of questionnaire for household survey



	September-December
	· Discussion of questionnaire with colleagues in Uganda
· Pre-test of household survey
· Conduct household survey



Year 2001

	Month


	Activity

	January-February
	· Complete survey 

· Data entered and checked

· Data analysis



	March-June
	· Learn programming language

· Start modelling work



















Soils work


Sample of 3 communities representing 2 major pathways


Sample of about 100 households








Bio-economic modelling


Short survey to identify representative households


Detailed data collection from these households





Household and plot survey


Sample of 25-30 communities (5 from each pathway)


Sample of 250-300 households (10 from each community)





Community survey


Sample of about 100 communities


to identify 5 or 6 “development pathways”





Agricultural Production





Types and quantities of products


Use of resources


Impact on sustainability











Farm Households 





Resources and objectives





Actual and Potential


Agricultural Activities





Socio-Economic Environment :


Markets, services and infrastructure 





Agricultural Policies





Agro-Ecological


Environment








� The critical mass occurs at the point at which enough individuals adopt an innovation so that the innovation`s further rate of adoption becomes self sustaining, Rogers 1995.
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