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ABSTRACT 

Technical solutions that have been suggested to smallholder farmers to address problems of declining production, poverty and rising levels of natural resources degradation have had very limited impact in many developing countries. Many pointed out the inadequate understanding of researchers and development planners of the rationale of farmers and the limitations in subsistence farming systems. In response, different approaches were proposed and employed to better understand smallholder farming and to generate best bet technologies. Following participatory methodologies, the sustainable livelihoods systems approach has been proposed to help development practitioners better understand the resources, strategies and desired outcomes of the livelihoods of smallholder farmers. The study of livelihood systems results in the collection of a wide range of information. Yet few tools and techniques are available to sift out most important information and to deal with the complex interactions taking place at different levels. This paper reviews the evolving approaches and the criticisms raised and proposes System Dynamics Modeling (SDM) as a set of tools to facilitate critical reflection on articulating problem behavior in complex livelihood systems, and to enhance capacity to make ex-ante impact assessment of alternative entry points to improve performance. A case study has also been presented to illustrate some of the steps in the use of SDM in the study of smallholder farming systems. 

Evolution of Approaches – From the transfer of technology to Sustainable Livelihoods

Different approaches to working with smallholder subsistence farmers have evolved over the past few decades. During the 1950s and 1960s, TOT was believed to promote agricultural productivity and to become the basis for rapid change in agriculture. However, it was realized that only few resource rich farmers adopted technologies, as has been the case of the seed-fertiliser technology in Asia and in some areas of eastern and southern Africa. The assumed benefits for the poor through "spill over" effects were not forthcoming. Rather, the negative socio-economic and environmental impacts as well as health hazards became evident as production increases were made largely at the expense of ecological sustainability, increased health hazard and socio-economic inequality (Gibbon et al, 1995). Technologies relevant for the majority of smallholder farmers are still in short supply as farmers are largely out of the problem definition and technology generation process. Failures to generate appropriate technologies also relate to attempts to analyze human activity such as agriculture in isolation from the ecosystem. Efforts to rectify this led to the emergence and expansion of participatory approaches that attempt to bring in the people at the centre of the research process (Röling and Jiggins, 1998). Participatory methodologies quickly capture and better incorporate multiple perspectives of different stakeholders while working towards problem solving. Farming Systems Research (FSR) and Farmer Participatory Research (FPR) use participatory methodologies. FSR attempts to get better understanding of the whole farm and farmers' conditions and priorities as the basis for planning research and extension activities (Collinson, 2000). Theoretically, FSR focuses on the study of interactions of components of the farm system though in practice this remained methodologically a challenging issue. FPR evolved from and parallel to FSR, mainly from  “Farmer First” approaches. FPR emphasizes empowerment of the poor by seeking ways of increasing their influence in agricultural development, and that researchers and extension workers become facilitators; and the procedures, styles and cultures become participatory (Chambers, 1994). 

FSR and FPR were, however, criticized for focusing only on agriculture while livelihoods of smallholder farmers also include non-agricultural activities. The increased recognition of the importance of non-agricultural activities to people and the growing concern for sustainability of rural livelihood systems led to the conceptualization of a much wider approach - the Sustainable Livelihood Systems Approach, also referred to as the Livelihoods Approach (LA). In the context of LA the term livelihood refers to the capabilities and assets (natural, human, physical, financial and social) of people and the activities they are engaged in to meet their basic needs (Ashley and Carney, 1999; DFID, 2000). Some add to it dimensions of entitlement, security, dignity, choice, and quality of life (Sen, 1999). LA emphasizes understanding the vulnerability context within which people live, the assets available for them, livelihood strategies they follow in the face of existing policies and institutions, and livelihood outcomes they intend to achieve (DFID, 2000). A framework (Figure 1) has been proposed to get a fairly holistic view of the many elements in the livelihood system, their interactions, and the likely impact of policies and institutions on the performance of the system. 

Figure 1. The LA Framework (Based on DFID, 2000).
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Livelihoods are considered sustainable when they are economically viable, can withstand stresses and shocks, and build up assets and capabilities, while not undermining the natural resource base both now and in the future. It is, however, recognized that “full” sustainability (including dimensions of economic, environmental, social and institutional sustainability) can never be achieved. While studying livelihood systems, both participatory learning tools and conventional qualitative and quantitative research methods are used as found appropriate. This leads to the collection and processing of masses of information, which make LA susceptible to “information overload” (DFID, 2000). SDM assists in addressing this problem, at least partially, by focusing on system structure, the set of physical and information interconnections that generate the problematic behaviour, and by facilitating ex-ante evaluations of alternatives. 

Systems Dynamics Modeling to Facilitate Working with LA

The study of smallholder farms involves understanding the interactions between sub-systems within the context of the ecosystem. While studying subsystems or enterprises of smallholder farms, linear programming has been commonly used to come up with optimization models for decision-making regarding resource allocation to competing enterprises to achieve multiple objectives (Nicholas et al, 1994). Commonly, however, the decision making process in the system is assumed and the “best alternative” imposed by the modeler (Kunesman, 2000). This has its own drawbacks especially when causal links outside the farm influence the decision making process, when decisions taken at one level may have wider impacts at other levels, and when such effects may not simply be additive (Sterman, 2000). When interactions are complex and their effects difficult to visualize, simple optimization methods may not help much. Rather understanding how the system functions and mechanisms controlling its behavior becomes necessary. The RESTORE software being developed by Prein and co-workers at ICLARM (www.iclarm.org/resprg_3b.htm) focuses on studying effects of integration of such elements as aquaculture in changes in species diversity, in recycling, in the capacity of biomass production, and in economic efficiency. The outputs so quantified and results shown in sustainability kite diagrams to help stakeholders observe changes– larger area of kite implying more sustainable outcome. However, the software is still under preparation. SDM is a broadly applicable systems-based approach to problem solving that enhances our understanding of behavior in any complex system and how the behavior relates to internal structure and external factors. SDM software such as Vensim facilitate examination of the structure and long-term behaviour of livelihood systems and ex-ante assessment of entry points (Sterman, 2000). Using SDM, problems that are complex (i.e., evolve over time, are non-linear and governed by feedback), and long-term in nature can be described by a relatively small set of “reference mode” behaviors observed in the real world, and by flow processes (Vennix, 1996). As the sophisticated mathematical component of SDM is handled by the software, it is the technical background, conceptual understanding of the complexity of the system and reflective thinking of the working team which is considered critical (Sterman, 2000). This exercise expands the boundaries of our mental models and our ability to work with complex systems (Figure 2). 

In agreement with the epistemology of constructionism, SDM recognizes that modeling systems involving human behavior is different from modeling physical systems that follow the same laws of physics as it requires drawing knowledge in psychology, decision-making and organizational behavior (Saeed, 1994; Sterman, 2000). Besides, it is emphasized that the views and visions of participants are crucial in the process of modeling, and working with the model can never be anything more than an aid to further our understanding. Thus the relevance of SDM in LA is only as good as how well the team has articulated the problem and the dynamic hypothesis and how adequately the simulation model replicates the behavior of the livelihood system the team is studying.

The process of SDM involves five steps (Sterman, 2000). The first step requires problem articulation- knowing what the problem is, why is it so, what is its historical behavior, and what key variables influence its trend. The second step involves formulating an initial “dynamic hypothesis” about the problem, and

Figure 2. The process of modeling in SDM (Sterman, 2000:88).
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drawing “maps of causal structure” such as the model boundary diagrams (which indicate variables that will be included in the model), causal loop diagrams (that illustrate the linkages and feedbacks among variables in the system) and stock and flow diagrams (that indicate the main “stocks” or “states” in the model). Despite the fact that systems (e.g. the crop-livestock system) are interrelated to and nested in larger systems (e.g. the livelihood system), it is necessary to draw boundaries since it is often impractical to understand a larger system in its entirety. Stocks and activities that respond to changes in the feedback loops will be grouped as endogenous variables. Flows between key stocks, their levels and rates of changes over time
 could then be schematically drawn using causal loops as well as stock and flows diagrams. The third step involves formulating a simulation model. A simulation model translates a set of dynamic hypotheses to an explicit set of mathematical relationships. The next step is to test the model by comparing it to the actual reference mode behaviors, its robustness in response to extreme conditions, and its sensitivity to changes in parameter values. The fifth step is to use the tested and validated model for evaluating possible impacts of alternative entry points to improve performance of livelihood systems. The entire process benefits from an interacting and learning interdisciplinary team. As Sterman (2000:88) writes “effective modeling involves constant interaction between experiments and learning in the virtual world and experiments and learning in the real world”. SDM has been successfully applied in business management (Sterman, 2000), in natural resources management and policy design (Saeed, 1994). Use of SDM in smallholder farming systems is at its initial stage. The section below presents preliminary work on use of SDM tools to study the potential and limits of livelihoods systems in the Harar Highlands of Ethiopia. 

Using SDM to Study Crop-livestock and lIvelihood dynamics in the Harar Highlands– Preliminary Results
 

Policy makers and extension planners in Ethiopia often assume that smallholder mixed farming systems are incapable of evolving fast enough to meet growing food demands and that livestock are relatively unimportant to household food production or welfare, except for intensive units. The resulting policy promotes substitution of either intensive cropping or livestock production in place of the traditional mixed portfolio. Although widely promoted, farmers in the Harar Highlands resist these recommendations in favor of more diverse and integrated systems with crops, livestock, and non-agricultural activities. The contrast between what policy makers and development practitioners think and what farmers do signifies misunderstanding about interactions that govern farmers’ behaviors. Understanding the crop-livestock subsystem requires accounting for component stocks and interactions. Towards a goal of identifying “high leverage” interventions that enhance system performance, the objective of this study has been to establish a conceptual model framework representing key elements of the livelihood system structure. Historical and field research information and SDM methods were used to describe dynamic behavior of the system and to identify major stocks, flows and feedback mechanisms. 

The study showed that Harar agriculture has responded, mostly unaided by government, to market opportunities by shifting from grain-based subsistence production to a market-oriented, cash crop-based (chat—Catha edulis) mixed farming system. This shift is accompanied by shrinking land holding, declining soil fertility, more frequent drought and crop pests, and policy uncertainty. In such cases, crop-livestock integration is a common intensification strategy and extension messages to specialize in cropping or livestock through greater input use are largely ignored. The extension system assumes that livestock production in smallholder farms leads to a decrease in overall productivity and “environmental quality” through direct land use competition with cropping. However, this assumption omits certain elements of farmers’ management strategies and production objectives. Livestock remain a critical component of the livelihood system with roles shifted from providers of food and draft power for tillage to resources for cash income, fertilizer, and transport services. The shift to cash crops has led to increased land area in chat that reduces animal feed and food crops while increasing manure demand. Farmers respond by leasing out or selling animals instead of overstocking farmsteads. Regionally, leasing distributes wealth and services, and increases income and the availability of manure. By employing causal loop diagramming, factors governing farmers’ decision-making behavior while they take decisions on their livestock inventory are shown in Figure 3, and the reinforcing (R) and balancing (B) loops are also identified. 

The major stocks whose flows and interactions determine system behavior were identified as land area in cash crops, land area in food crops, land area for grazing, soil fertility levels (nutrients), livestock on-farm, livestock leased, household labor, and household assets and income. The levels in stocks and the flows and relationships between stocks influence system behavior. Figure 4 depicts these stocks using positive and negative causal links among these stocks, where boxes represent stocks and arrows are causal links. Complementarity (e.g., through cash and manure) and resource competition (between crop and livestock production and non-farm activities) characterize the livelihood system. The two key feedback loops operating in the system are the relationships between livestock holding and income and complementarity and competition between livestock and cash crops. More study is planned to examine inherent tensions and identify high leverage interventions because of complementary and competitive relationships between cash crop and livestock production. Such an exercise expands our understanding of farmers’ strategies and the major factors influencing the dynamics of the livelihood system. Available software such as Vensim provide tools to easily represent such complex system structures, and the Equation Editor of the software helps form a complete simulation model using the information from the causal and stock and flow diagrams. 

Figure 3. Major factors influencing livestock inventory 
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Figure 4. Major stocks and flows in the livelihood system.
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Conclusion

The use of SDM facilitates understanding dynamics of livelihood systems by facilitating accounting for the stocks, their flows and rates of change as well as the likely impact of interventions on these changes. SDM recognizes that the real world is nonlinear, contains feedback processes, and is usually not in equilibrium. It is believed that better real-world understanding, better policies, and adoptable technology generation begin with recognition of a problem as arising from a set of dynamically complex, ever-changing, interdependent, feedback relationships. SDM is inherently interdisciplinary and provides tools that can improve problem articulation, focus, and ex-ante assessment of alternatives in complex systems. The major activities to be undertaken include problem articulation, mapping the structure of complex systems, relating system structure to dynamics, developing a simulation model of the system that will reflect the behavior of the system under a wide range of conditions, and finally using the validated model to screen most promising entry points to improve the performance of the system. By so doing, SDM expands the horizon of LA and facilitates the use of its framework in research and development. The capability so created is expected to help address the long-standing criticisms of FSR and LA that much of the quantitative information collected is not analysed due mainly to lack of tools to study multilevel interactions. Also, it should be noted that the initial stages of SDM alone could assist in problem articulation. Thus, the potential use of SDM for facilitating entry points in smallholder farming systems merits further study. 
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� According to Sterman (2000), stocks integrate their flows over time. Hence stock and flow diagrams bear a precise mathematical meaning, which can be represented by the following integral equation, Stock (t) = ∫to t [inflow(s) – outflow(s)]/ds + stock (t0).  In other words, the stock of the system at time t1 = Integral (inflow – outflow, stock at time t0).  The state of the system evolves by the feedback of information from the state of the system to the flows that alter the system, which can be mathematically defined as state of the system = Integral (Net rate of change, State of the system at time t0), where net rate of change is a function of the state of the system.  The net rate of change of any stock is therefore its derivative, defined by the following differential equation, d(stock)/dt = inflow (t) – outflow (t).


� Summarized version of Kassa, H., R. W. Blake, and C. F. Nicholson (2002). The Crop-livestock sub-system and livelihood dynamics in the Harar Highlands of Ethiopia. Paper accepted for the International Conference of British, American, and Mexican Societies of Animal Science that will be held in Merida, Mexico, November 5-7,2002.
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