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grote belemmering voor algemene toepassing van ingenieursbenaderingen. 

4. Zwaardere maatschappelijke randvoorwaarden zullen het belang van 
ingenieursbenaderingen in het onderzoek groter maken. 

5. Het onvermoeid vasthouden aan de term 'low and high-input agriculture' in 
discussies rond landbouw, milieu en economie degradeert iedere poging tot 
een heldere probleemanalyse tot een discussie over middelen in plaats van 
doelen. 
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het landelijk gebied. 
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Abstract 
Identification and ex-ante assessment of alternative land use systems is increasingly 
important to develop systems that are able to fulfill multiple and possibly conflicting 
needs of mankind. 
This study contributes to the development of a formalized approach to identify and 
engineer future-oriented land use systems at the field level enabling the systematic 
exploration of land use options at farm and regional level. Case study data from the 
Atlantic zone of Costa Rica and West Africa are used to develop, test and elaborate the 
required approach, and to implement the approach in two operational tools. 
A generic procedure is presented consisting of three steps: (i) goal-oriented 
identification and design of land use systems, (ii) quantification of biophysical 
production possibilities and (iii) identification of the optimal mix of inputs required to 
realize production possibilities. Typically, this approach addresses the future and 
explores possible alternatives and not plausible or probable developments. The 
approach is based on the integration and synthesis of process-based knowledge of 
physical, chemical, physiological and ecological processes involved, and empirical 
data and expert knowledge regarding agronomic and livestock relationships using a 
variety of numerical tools. The procedure allows to efficiently engineer future-oriented 
land use systems that are consistent with the objectives at stake while no options are 
excluded in an early phase of development. 

Consequences of various sources of uncertainty, i.e. in process knowledge and data, 
and in temporal variation, are made explicit for inputs and outputs of engineered land 
use systems. These analyses enable a better management or reduction of uncertainty 
through the identification of alternative systems with smaller uncertainty margins, and 
identification of research aimed at a more complete understanding of involved 
processes. 

The existing conceptual engineering framework is expanded with an approach that 
allows taking into account non-equilibrium soil N-conditions. The development of N-
dynamics of various crop rotations is made explicit, so that their long-term effects on 
the productive capacity of land use systems can be accounted for in making decisions. 
Implementation of the approach in two operational tools shows that formalization of 
agro-ecological knowledge is a means to improve communication among research 
disciplines, empirical and theoretical research, and stakeholders and researchers. The 
tools can be used stand-alone and enable the exploration of land use options at farm 
and regional level. 

Keywords: agro-ecological engineering, land use system, modeling, uncertainty, 
temporal variability, Costa Rica, West Africa. 
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General introduction 

1.1 Introduction 

Agriculture faces important challenges in the 21st century. In the developed world, 
consumer attitude to food and its production process changes drastically. Consumers 
demand food production that takes into account environmental and nature interests, 
and the way animals are reared and kept. Food safety, which is closely related to 
product quality and the production process, is high on the public agenda. These 
developments require agriculture that uses external inputs judiciously and pays more 
attention to environment, nature and animal welfare. Moreover, farmers produce in a 
global economy market with declining price supports. Therefore, farm incomes are 
under pressure and are a poor basis for investments required for adjusting farming 
practices to these new demands. At the same time agriculture, especially in developing 
countries, is challenged to feed a rapidly growing population that increasingly 
demands a more luxurious diet. Both, the number of people to be fed and the changes 
in consumption pattern, require that the low agricultural production in many of these 
countries must be increased considerably in a sustainable way. However, any growth 
in production must be attained in a situation of an increasing scarcity of land and water 
resources, which are also claimed by rapid urbanization. Their exploitation requires, 
therefore, a well-balanced consideration of multiple interests. 

Both in developed and developing countries, agriculture faces an array of interrelated 
objectives and constraints, which call for development of new systems. Such revision 
of existing agricultural systems must explicitly take into account the multiple and 
possibly conflicting needs of mankind in the 21st century. This means that the wide 
range of objectives related to land use must be at the center of the quest for finding 
widely acceptable systems. The variety and nature of problems are complex and can 
neither be solved by a single discipline nor by changes at only one particular scale, for 
example, field, farm or region. They require research efforts in which knowledge and 
information from different viewpoints (e.g. production, environmental and socio­
economic) and scales are integrated and synthesized to explore alternatives. At the 
start of a new era, with complex questions and high demands, generic concepts and 
methods are needed to synthesize existing and compiled agronomic knowledge for the 
benefit of the design and exploration of systems that can fulfill future requirements of 
mankind. 
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1.2 Agro-ecological engineering 

Traditionally, agricultural research has a firm rooting in empirical and statistically 
valid dose-effect experimentation. A classic example are the numerous field 
experiments in which the effect of different fertilizer levels on crop production are 
analyzed to recommend optimum fertilizer strategies to farmers. Due to variability in 
weather and soil conditions, several years of experimentation at various locations are 
often required to identify suitable fertilizer strategies. Since human memory, 
agricultural research has centered on expensive and time-consuming field experiments 
to improve parts of the system. In the 1960's, the nature of agricultural research 
changed drastically with increasing understanding of the processes involved and the 
possibilities to integrate these insights using computers. They allowed synthesis of 
detailed process-based knowledge in simulation models in order to explain the 
functioning of crops. Since then, simulation models of all kinds of agro-ecosystems 
have been developed and used for explanatory purposes and practical applications. 
Only until recently, such models are sufficiently accurate to be used for predictive and 
explorative purposes. 

The problems agriculture is facing in the 21st century are interrelated and highly 
complex, involving agronomic, economic, social and environmental objectives. 
Disentangling such relationships using experiments only is almost impossible, as many 
factors have to be varied simultaneously. In addition, many of the problems exceed the 
experimental field level and have a regional or even global dimension. 
Experimentation at such aggregate levels is impossible due to a combination of the 
number of alternatives, the scale and involved costs and risks. Whether it is the scale 
or complexity, associated cost or risk, or uncertainty in environmental conditions, 
empirical experimentation is not the most efficient and only way to explore acceptable 
alternatives. Simulation models are helpful to gain insight in complex relationships 
and answering 'what if questions. However, they are little goal-oriented, which is 
essential for a targeted design of alternative systems that contribute to required 
objectives. Hence, new tools are needed to efficiently design and explore alternative 
agricultural systems at farm and regional scale. 

Agro-ecological engineering approaches aimed at design and exploration of alternative 
land use systems at various scales may be helpful to analyze the complex problems 
that agriculture faces and to identify appropriate options. Engineering approaches are 
based on mathematical representations of well-founded agro-ecological principles 
while taking into account available resources and prevailing land-related objectives. 
These approaches integrate and synthesize process-based knowledge of physical, 
chemical, physiological and ecological processes, and empirical data regarding 
agronomic and livestock relationships using a variety of numerical tools. Typically, 
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engineering approaches are highly voluntaristic, i.e. they address the future and 
explore possible alternatives and not probable or plausible developments. Therefore, 
such approaches are fundamentally different from methods that build on extrapolation 
of knowledge from historical and existing land use. Extrapolation methods are unable 
to adequately capture technical opportunities and the synergy of agronomic production 
factors at the basis of the biophysical production process, since they basically rely on 
past and present performance that eventually do not determine future options. 
Projections of past and present developments with associated inefficiencies in resource 
use, inappropriate knowledge and skills, and institutional and structural barriers do not 
allow identification of innovations that may result in discontinuities with the past. 
In this study, engineering methods are central that enable the design of new and 
technically feasible land use systems at the land unit level and quantify such systems 
in outputs and the inputs required for realizing such outputs. Using other engineering 
methods, many of such alternatives engineered for the land unit level can be allocated 
to farming or regional land use systems. They are then concurrently and rapidly 
screened with respect to their contribution to objectives at farm or regional level, and 
trade-offs among objectives can be made explicit. The last decade, for example, 
various regional studies have been performed (e.g. Van Latesteijn, 1999; Bouman et 
al., 1999) to explore options on the basis of land use alternatives at land unit level that 
were defined using engineering methods (De Koning et al., 1995; Hengsdijk et al., 
1999). These studies contributed to a transparent discussion on policy objectives 
related to regional land use by showing the technical possibilities and consequences of 
imposing different priorities to, for example, environmental and food security 
objectives. Other studies have used land use alternatives engineered for the land unit 
level to guide empirical farming systems research (Bos and Van de Ven, 1999; Ten 
Berge et al., 2000). Such farming systems studies enable a quantitative consideration 
of a broad spectrum of alternative farming systems, including very innovative and 
risky ones, before such systems are developed in an empirical setting. These modeling 
approaches, both at regional and farm level, allow exploring options that are difficult 
to determine otherwise and contribute to the methodological portfolio of systems 
analysis. In addition, these approaches allow interactive identification of options with 
stakeholders, which may help to reach a consensus on apparently conflicting interests 
and may provide a learning platform on how systems function and how to deal with 
them in the future (Van Ittersum et al., 1998). 

Hence, over the last decade, engineered land use systems at the land unit level have 
been frequently used to explore options at farm and regional level. Remarkably, 
guidelines for identification of relevant and manageable sets of land use alternatives 
for the land unit level and formalization of procedures required to characterize 
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alternatives are hardly available. This is unsatisfactory, since the results of any 
exploration of land use options for farm or region depends on the type of alternatives 
that are designed and the way they are quantified. Ad hoc methods may result in 
incomplete and/or inadequately characterized sets of alternatives. Consequently, future 
options may be misrepresented while such methods impede further development of a 
systematic approach to the identification of future options. Concurrently, used 
(unsystematic) approaches often involve major time and resource commitment, which 
is cost-ineffective (Nibbering and Van Rheenen, 1998). More transparent and generic 
engineering procedures are needed to coordinate the large body of work that is 
required to support and improve decision-making with respect to future land use. 

1.3 Aim and scope 

This study explicitly addresses agro-ecological approaches to engineer land use 
systems at the field level. The goal of this study is to contribute to the development of 
a formalized approach to identify and engineer future-oriented land use systems 
enabling the systematic exploration of land use options at farm or regional level. 
Formalization of concepts and procedures is required to efficiently engineer 
alternatives that are consistent with the objectives at stake while at the same time no 
options are excluded in an early phase of development. A generic step by step 
procedure is presented in general guidelines, of which implementation depends on 
location and time frame specific conditions. In addition, lack of knowledge and lack of 
data required to quantify land use systems may result in deviations from the proposed 
procedure. A formalized approach should enable the development of operational tools 
to engineer relevant and manageable sets of future-oriented land use systems in terms 
of outputs and the inputs required for realizing these outputs. 

Like every design based on theoretical insights and secondary information sources, 
engineered land use systems must be examined with respect to their robustness before 
they are tested empirically or used to support decision processes. 
Since agriculture, by definition, is practiced in an unpredictable environment, 
consequences of temporal variability for the performance of future-oriented land use 
systems is an important aspect in the engineering process and, therefore, requires 
specific attention including as to how to reduce and manage such uncertainty. 
The future productive capacity of land use systems is an important characteristic of 
sustainable land use. Therefore, alternative systems developed behind the drawing 
board should be tested with respect to their performance over time and their 
consequences for the resource base. 
Case study data and information from two areas, the northern Atlantic zone of Costa 
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Rica and semi-arid West Africa have been used to formalize an engineering approach, 
to test and elaborate this approach and to illustrate the implementation of different 
underlying concepts in operational tools. The choice for both regions is based on 
experience of the author in both regions, within the project Duurzaam Landgebruik en 
Voedselvoorziening - DLV (Van Keulen et al., 1998) and the Research Program on 
Sustainability in Agriculture - REPOSA (Bouman et al., 2000), rather than that these 
regions are typical for the approach described. 
The emphasis in this study is on systems including crops, while systems including 
animals are only occasionally discussed, although the approach is applicable to such 
systems as well. In this study, field and land unit level are used interchangeable, while 
land use systems and production systems are used synonymously to indicate cropping 
systems at the field level. 

1.4 Outline of thesis 

Since the chapters of this study are based on published or submitted journal articles 
some repetition among chapters is apparent but it assures that chapters can be read 
independently. In combination, they describe a formalized method to engineer land use 
systems, its testing and further development, and application in operational tools. 
In Chapter 2, a goal-oriented approach is presented to identify and engineer future-
oriented land use systems. This formalized approach allows ex-ante assessment of 
engineered land use systems at the field level to be further screened or developed in 
experimental settings. Different steps in the approach are illustrated using case study 
data from both Costa Rica and West Africa. In this chapter, explanation of the 
underlying theory and principles is central. In the following chapters, the approach is 
implemented to test, elaborate and apply various concepts using various numerical 
tools. 

In Chapter 3, effects of uncertainty in knowledge and data related to three important 
N-relationships in engineered land use systems are discussed for their inputs and 
outputs. Consequences of this type of uncertainty are made explicit to better manage, 
or reduce it. 
A special case of uncertainty is dealt with in Chapter 4, i.e. the unpredictability of the 
physical environment that is inherent in most agricultural production systems. Here, 
the effect of temporal variation on inputs and outputs of land use systems in West 
Africa is examined. The consequences of uncertain input-output relationships for both 
strategic decision-makers and designers of future-oriented systems are discussed. This 
chapter also illustrates how numerical tools are applied to design systems with less 
variable performance. 
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In Chapter 5, the existing conceptual engineering framework is expanded with an 
approach that allows taking into account non-equilibrium conditions of the natural 
resource base. In this chapter, the development of N-dynamics of different rotations is 
made explicit, so that their long-term effects on the productive capacity of future-
oriented land use systems can be accounted for in making decisions. In addition, an 
outline of an alternative method is proposed allowing identification of management 
strategies aimed at realizing multiple goals simultaneously. 

Integration of concepts, data and knowledge into operational tools is described in 
Chapter 6. Two tools are presented that enable quantification of livestock systems and 
cropping systems in terms of inputs and outputs. Both tools have been developed for 
land use systems in the northern Atlantic zone of Costa Rica but they have a generic 
structure that allows easy transfer to other regions. Their use as stand-alone tool in the 
ex-ante analysis of land use systems is illustrated. 

Chapter 7 gives an overall discussion of the approach and numerical tools applied, 
while future prospects of the approach within the field of agro-ecological engineering 
and possible improvements of the approach are indicated. 
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A goal-oriented approach to identify and engineer land use 
systems 

Abstract 

This chapter describes a formalized approach to identify and engineer future-oriented land use 

systems. Such land use systems can be used to explore options for strategic decision-making with 

respect to land use policy and to do ex-ante assessment of land use alternatives to be further tested or 

developed in experimental settings. The so-called goal-oriented approach consists of three steps: (1) 

goal-oriented identification and design of land use systems; (2) quantification of biophysical 

production possibilities; and (3) defining the optimal mix of inputs, i.e. the production technique, 

required to realize production possibilities. The goal-oriented identification and design depends on the 

land-related objectives of a system under study, whereas plant, animal and environmental 

characteristics determine biophysical production possibilities. Characteristics of the production 

technique determine the realization of production possibilities. General guidelines are given to 

structure the specification and number of alternatives to be explored and to apply agro-ecological 

principles required for quantification of future-oriented land use systems. Concepts of the approach are 

illustrated with data from the northern Atlantic zone of Costa Rica and the Sudano-Sahelian zone of 

Mali. Finally, suggestions are given for the application of the approach at spatial and temporal scales 

exceeding the field level and time horizon of 1 year. 

2.1 Introduction 

Rural land use faces unprecedented challenges: a rapidly growing population has to be 

fed, putting pressure on agricultural production, while at the same time public concern 

about ecosystems, natural resources and multifunctional purposes of land call for 

appropriate management and attention. Only quantitative methods can disentangle the 

complex relationships between agricultural production, environment and economy, 

and thus improve the transparency of choices at stake. In the late 1970s land 

evaluation was coined to assess land performance quantitatively (Beek, 1978) but it 

lacked value-driven criteria to identify and show consequences of explicit choices, 

limiting its use for policy making. Over the last decade, future-oriented studies have 

been executed at farm or higher spatial levels using optimization approaches, i.e. linear 

programming. Agricultural, socio-economic and environmental options for rural land 

use have been explored in an integrated and quantitative way based on explicit land-

related objectives, providing relevant information for policy-making (e.g. De Wit et 

al., 1988; El Shishiny, 1988; Alocilja and Ritchie, 1993). An important condition for 

such future-oriented studies is an adequate description of agricultural production 
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alternatives. Many land use studies, however, hardly discuss the underlying data and 
concepts used for the description of land use alternatives (e.g. Fernandez-Riviera et al., 
1995), and choices concerning the type of alternatives that are considered are not made 
explicit. They often lack a conceptual framework that helps the structuring of the 
specification and number of alternatives to be analyzed and the application of agro-
ecological principles to quantify future-oriented alternatives. This is unsatisfactory, 
since ad-hoc methods are time and cost-ineffective (Nibbering and Van Rheenen, 
1998), and may result in blurred explorations of future options. Alternatively, studies 
at process level (e.g. Kropff et al., 1995), which are scientifically still most rewarding, 
usually do not consider how the gained knowledge can be exploited in studies that aim 
at identification of options for a farm or region. 

This chapter presents a formalized goal-oriented approach that converts information on 
specific aims for new agricultural systems into a targeted identification and 
quantification of such systems using a variety of numerical tools and well-founded 
agro-ecological principles. The aim of this engineering approach is to obtain a 
manageable set and appropriate description of land use alternatives in terms of 
quantified outputs and their required inputs. Our goal-oriented approach starts with the 
targeted identification of alternatives, i.e. the underlying choices are made transparent 
and open to discussion so that the likelihood to ignore options in an early phase of 
development is reduced. The approach results in a coherent and operational framework 
that is illustrated with examples from two case study areas, the northern Atlantic zone 
of Costa Rica and the Sudano-Sahelian zone of Mali. Consequences of the approach 
for scale phenomena are discussed. Before presenting and illustrating the approach, the 
primary application domain of the engineering approach is discussed, i.e. exploring 
land use options for strategic decision-making, since it determines the requirements 
that the approach must meet. Subsequently, the concept of land use systems is 
explained to stress that we build on existing terminology and theory. 

2.2 Aim and requirements of future-oriented land use studies 

Future-oriented land use studies aim at identification of strategic options taking into 
account available resources and objectives of various stakeholders in a given area. 
Available natural resources determine biophysical production possibilities, while both 
available natural and technical resources determine the feasibility of such production 
possibilities. Land-related objectives determine how resources are applied and refer to, 
for example, attainment of food security, safeguarding of agricultural employment or 
reduction of the environmental impact caused by agricultural production. The 

12 
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combination of biophysical possibilities, their technical feasibility and objectives 
results in the so-called 'window of opportunities', indicating the scope for choices 
from a biophysical and technical point of view within which land use policy can 
operate. The time horizon in which such choices may be realized is often less 
important than showing opportunities to realize objectives and the possible trade-off 
among objectives, thus improving the basis for policy formulation. 
For future-oriented studies, a fundamentally different approach is required than in 
methods that build upon extrapolation of knowledge on historical and existing land 
use. Extrapolation methods are unable to adequately capture technical opportunities 
and the synergy of agronomic production factors at the basis of the biophysical 
production process, since they basically rely on past and present performance that 
eventually do not determine future options. Projections of past and present 
developments with associated inefficiencies in resource use, inappropriate knowledge 
and skills, and institutional and structural barriers obscures the window of 
opportunities and does not allow identifying discontinuities. 

In future-oriented studies, land use options must meet two important conditions. First, 
they must be possible from a biophysical point of view and feasible from a technical 
point of view, although such options may not be currently available or feasible for 
farmers in a given situation. Secondly, they must comprise a variety of contrasting 
alternatives allowing to realize different (and often conflicting) objectives so that no a 
priori options are excluded and the window of opportunities remains open and 
transparent. 

In this chapter, a goal-oriented approach is introduced as a formalized and operational 
approach to design land use alternatives and to quantify their inputs and outputs based 
on knowledge of the underlying biophysical processes of plant and animal production, 
technical insights and required objectives. Engineered land use options are future-
oriented or alternative in the sense that they are based on available resources and 
explicit aims that guide their design, while taking into account the latest developments 
in plant and animal production sciences and well-founded agro-ecological principles 
warranting technically optimal resource use. In the goal-oriented approach the whole 
set of physical inputs is considered jointly so that demonstrated interactions and 
synergistic relationships of inputs in the agricultural production process can be taken 
into account (De Wit, 1992). Consequently, land use must be described as discrete 
phenomena, each uniquely characterized by inputs and outputs. 

13 
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2.3 Unit of analysis: land use systems 

This chapter uses the land use system as the unit of analysis, a concept that was 
introduced as early as 1978 in Beek's landmark work on land evaluation (Beek, 1978). 
This is the smallest spatial level at which agronomic, environmental and economic 
factors unite and interact, and the level is an important building block of many future-
oriented land use studies. Here, a land use system is defined as a combination of a land 
use type and a well-defined physical environment that is uniquely characterized by its 
inputs and outputs, and possibly land improvements such as irrigation and drainage 
(after Driessen and Konijn, 1992). A land use type is a combination of a crop type (e.g. 
crop species, specified by cultivar) and production technique (e.g. use of inputs). The 
physical environment is defined as a physical area of land that is uniform in its climate 
and soil characteristics and qualities. 

Though inputs and outputs of land use systems are usually expressed per hectare per 
year, the concept of land use system is also suitable to characterize perennial and 
livestock systems. The lifespan of both systems exceeds 1 year and consequently 
input-output relationships of such systems change over time. 

Since land use systems often have to serve multiple objectives, their inputs and outputs 
have to be defined in both physical and monetary terms. For example, input 
requirements such as the amount and type of fertilizers and labor must be expressed in 
their own units and in their associated monetary costs. Output of land use systems 
must be divided into harvested products, for example, crop yields or residues, meat or 
milk, and other outputs, which are called environmental impact indicators, specifying 
emissions to the environment (e.g. nutrients, greenhouse gases) or the use of natural 
resources (e.g. soil nutrients, soil organic matter) as a consequence of the agricultural 
production process. To analyze the efficiency of resource use in land use systems, 
inputs and environmental impact indicators are usually expressed per unit of area 
and/or per unit of harvested output, while environmental impact indicators and 
economic efficiency may also be expressed per unit of input (Van Ittersum and 
Rabbinge, 1997). 

2.4 Goal-oriented approach 

The goal-oriented approach consists of three steps required to arrive at a relevant and 
manageable set of alternative land use systems: (1) goal-oriented identification and 
design of land use systems, (2) quantification of biophysical production possibilities 
and (3) defining the optimal mix of inputs required to realize production possibilities 
(technical feasibility). The first step involves the identification and qualitative design 
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of relevant land use systems, while the following two steps involve quantification of 
their inputs and outputs. 

2.4.1 Goal-oriented identification and design of land use systems 

Goal-oriented identification and design of land use systems hinges on the so-called 
target-oriented approach. Unlike traditional agronomic research that usually consists 
of analyzing dose (input) - effect (output) relationships, in the target-oriented approach 
first a target output level is determined, based on required objectives, and subsequently 
the optimal combination of inputs to realize this target. The target-oriented approach is 
based on the observation that numerous combinations of inputs are possible to realize 
a given output, but that an efficient set of inputs only can be identified if the required 
objectives are explicit. Given crop, animal and environmental characteristics, technical 
knowledge of the processes involved, and the required goals of the land use system, it 
is possible to identify the minimum input requirements to attain a well-defined output. 
When, for example, in a given situation water is a scarce production factor that should 
not be sacrificed for agricultural purposes (i.e. for irrigation), water-limited production 
levels may be aimed at and consequently used as a target for the set of inputs required 
for their realization. The target output is often not only the yield, but may also refer to, 
for example, the emission of nutrients or the environmental impact of biocides. Since 
the scope of problems facing rural land use is so wide and diverse, engineered land use 
systems for explorative purposes often aim at such goals simultaneously. In production 
ecology, such a value-driven approach in the design of land use systems is often 
referred to as production orientation (Van Ittersum and Rabbinge, 1997). 
To apply the target-oriented approach properly, land-related objectives must be 
identified adequately. In each study area, objectives may be different and the core of 
the goal-oriented approach is that land use systems are designed while taking into 
account such location-specific objectives. Usually, multiple objectives are important 
that are not explicitly formulated. Therefore, a thorough discussion about the system 
goals forms the basis of every engineering study. The way to identify these objectives 
is beyond the scope of the present chapter, but requires close interaction with 
stakeholders (FAO, 1993). 

In a next step, land use systems are described qualitatively according to so-called 
design criteria, each including a number of variants that explicitly characterize land 
use systems (Table 2.1). Beside characteristics of the physical environment, criteria 
must relate to the type of plant or animal and to the characteristics of the production 
technique while taking into account the earlier identified goals. The selection of design 
criteria and their variants is of prime importance, since it determines the range of land 
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use systems to be explored. Any relevant land use system not included at the start of a 
future-oriented study limits its potential usefulness at the end. 

Table 2.1 

Design criteria and their variants as implemented for rainfed cropping systems in two regional land 

use studies. 

Attribute Design criteria Number of variants 

For case study in Sudano-Sahelian zone (Bakker et ai, 1998) 

Physical environment: Climate zone 

Plant type: 

Type of rainfall year 

Soil type 

Crop type 

Three zones with different rainfall regimes: 

North Sahelian, South Sahelian, Sudanian zone 

Two rainfall seasons (dry and normal): north 

Sahelian zone: 239 and 385 mm, south Sahelian 

zone: 423 and 605 mm, Sudanian zone: 642 and 

840 mm 

Seven soil types: clay depressions, clayey loam, 

loam, sandy loam, loamy sand, sand, gravel 

Eight crops with different products: millet, 

sorghum, maize, groundnut, cowpea (human 

consumption), cowpea (fodder), cotton, 

eucalyptus 

Four yield levels combined with different levels 

of mechanization: higher yield levels with 

increased use of implements 

Four strategies for use of crop residues: stubble 

grazing with burning, harvesting, burning, 

ploughing 

Soil and water conservation measures Three soil and water conservation measures: 

none, simple ridges, tied ridges 

Production technique: Production/mechanization level 

Crop residue management 

For case study in the northern Atlantic zone (Bouman et al, 1998): 

Physical environment: 

Plant type: 

Climate zone 

Soil type 

Crop type 

Production technique: Production level 

Mechanization level 

Crop residue management 

Weed management 

Pest and disease management 

One zone: northern Atlantic zone 

Three soil types: fertile well drained, infertile 

well drained, fertile poorly drained 

Ten crops with different products: black bean, 

cassava, maize (fresh cobs), maize (grain), 

pineapple (local), pineapple (export), banana, 

plantain, palm heart, melina 

Ten yield levels: highest target yield is stepwise 

reduced with 10% 

Two levels of mechanization: low and high use 

of implements 

One strategy for use of crop residues: ploughing 

Two strategies for weed control: low and high 

level of herbicides 

Two strategies for pest and disease control: low 

and high level of fungicides and insecticides 
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The physical environment must be classified according to diagnostic criteria such as 
soil, climate and topographic characteristics that determine production possibilities of 
plants and animals. For example, soil texture and rainfall distribution may be 
appropriate diagnostic criteria to characterize the physical environment for rainfed 
cropping systems, since they determine water-limited plant growth and thus 
production possibilities through various processes. In mountainous areas, for example, 
altitude may be a suitable criterion to distinguish different temperature zones that 
affect crop choice and plant production. 

The type of plant (or type of animal) to be considered should include a representative 
sample of suitable crops in a given area. Since it is not possible to take into account all 
crops that are suitable, not to mention all the varieties of a certain crop, a selection has 
to be made based on the way inputs and outputs of these crops affect identified 
objectives. Since future-oriented studies aim at exploring unexpected choices, while 
taking into account multiple objectives, crops or crop groups with contrasting input-
output relationships are required that may contribute to different objectives. Such 
contrasts can be found, for example, in differences among annuals and perennials; cash 
crops and crops for (local) food self-sufficiency; crops in the current diet and crops 
that may be part of future diets; grain, root and tuber and legume crops; and crops 
varying in environmental impact. These crop groups should be adapted according to 
the goal(s) and area of study. By using representative and contrasting crop types, 
unexpected perspectives may be identified, including perceived or true land-related 
conflicts without excluding any option too early in the analysis. Representative crop 
types can include species that are currently not grown in an area of study, for example 
for economic reasons, but which are suitable from a biophysical point of view. 
The feasibility of production possibilities is determined by the production techniques. 
Since numerous management operations are required to grow a crop (or to rear 
animals), most of which can be carried out in different ways, key criteria in the 
production process must be identified that can be influenced by production techniques 
and that are crucial to realize objectives of the required systems. If objectives relate to 
reduction of the environmental impact as a result of biocide use, key criteria refer to 
weed and disease management of land use systems, i.e. different and contrasting 
management alternatives should be considered each with different biocide 
requirements. Objectives related to the reduction of nutrient emission require criteria 
referring to such emissions, for example, management variants that differ in the 
amount, timing, frequency and means of fertilizer application. When objectives have a 
socio-economic character, criteria are relevant that refer to the ratio between labor and 
capital inputs of land use systems. 
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2.4.2 Biophysical production possibilities 

For each combination of physical environment and type of crop, plant production 
possibilities can be estimated based on knowledge about the underlying processes of 
plant production. The concept of hierarchical production levels (Rabbinge, 1993), is a 
useful guideline to classify yield levels as function of different production factors, i.e. 
growth-defining (e.g. temperature), growth-limiting (water or nutrients) and growth-
reducing (e.g. pests) factors that each differentially affect the plant production process 
(Van Ittersum and Rabbinge, 1997). Crop growth simulation models exist that take 
these production factors into account and allow quantification of production 
possibilities in different physical environments (e.g. Tsuji et al., 1998). 
For plant production of pasture sub-systems, the concept of hierarchical production 
levels is also applicable. Pasture production is usually expressed in terms of its 
quantity (dry matter) and quality (metabolizable energy and nutrient content) since 
they both, together with animal characteristics and environmental conditions, 
determine meat and milk production of livestock systems. For animal sub-systems, 
climate (particularly temperature and day length) and genetic animal characteristics 
determine potential production levels (Spedding, 1988). Growth-limiting factors 
include water, nutrients and (metabolizable) energy that in sub-optimal supply limit 
animal production. Growth reducing factors in livestock production include all kinds 
of animal health constraints (diseases, injuries, etc.) that may constrain production if 
no adequate protection measures are taken. Also for animal production, simulation 
models have been developed that translate these concepts into practical production 
estimates (e.g. Sanders and Cartwright, 1978). 

2.4.3 Technical feasibility of production possibilities 

In the goal-oriented approach it is the art of finding the technically optimal 
combination of inputs to realize particular target outputs which is often called the best 
technical means (Van Ittersum and Rabbinge, 1997). Primary inputs (e.g. water and 
nutrients) fulfill essential roles in growth and development of plants and animals, and 
they can not be substituted. Secondary inputs (e.g. implements, labor) have different 
roles in the production process and, to a certain extent, can be mutually substituted 
based on the required objectives. For example, manual weeding (labor) can be 
replaced with chemical weeding (biocides), which affects the amount of biocides that 
is important if land use systems (also) aim at environmental goals. 
In addition, other agro-ecological principles and technical knowledge are available that 
support the process of defining technically efficient combinations of both primary and 
secondary inputs to realize target outputs, taking into account the goals of the land use 
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system aimed at: (1) the amount of primary inputs required for a particular target yield 
can be derived from the yield level aimed at and input recovery factors. Fine-tuning of 
inputs at appropriate levels, usually results in high input use efficiencies (in a technical 
sense) in plant production. This principle also applies to animals, since animals with a 
good health status and balanced feed supply have higher energy utilization efficiencies 
(Spedding, 1988). (2) To sustain production (in biophysical sense) natural resource 
stocks must be maintained (e.g. soil nutrient stock, and soil organic matter stock). This 
implies that inputs withdrawn from the natural resource base must be replenished to 
guarantee constant input-output relationships over time. (3) Technological 
developments such as breeding of species with improved morphological and 
physiological plant design, genetic improvements and advances in nutrition in animal 
production, and improvements in field management (e.g. fertilizer application, crop 
protection and higher plant densities) have contributed to increased resource use 
efficiency (Ruttan, 1998). These developments still have not come to complete fruition 
in many parts of the world. While engineering alternative land use systems, such 
technological developments should be carefully considered within the current 
technological context of the area under study. (4) The technical feasibility of 
biophysical production possibilities is closely related to the properties of the physical 
environment. For example, production techniques using mechanization are difficult to 
apply in mountainous areas. Production techniques must be geared to such conditions. 
Engineering inputs to attain target outputs requires careful consideration of the 
limitations that available natural resources impose on the use of particular inputs. 

2.5 Operationalization of the goal-oriented approach 

Concepts of the goal-oriented approach are applied and illustrated using two future-
oriented land use studies in different regions, one in the northern Atlantic zone of 
Costa Rica (Bouman et al., 1998) and one in the Sudano-Sahelian zone of Mali 
(Bakker et al., 1998), for both of which a variety of alternative land use systems were 
engineered. The first case study area (0.45 million ha) is in the permanent humid 
lowlands of the northern Atlantic zone of Costa Rica, with an annual rainfall of about 
4000 mm well distributed over the year, and the second case study area is in the (semi-
) arid Sudano-Sahelian zone of Mali (46 million ha), with an annual rainfall ranging 
between 300 and 1000 mm with a prolonged dry period of 4 - 8 months. 

2.5.1 Goal-oriented design 

In Table 2.1 design criteria for rainfed cropping systems are shown as applied in both 
case studies. Theoretically, all variants of each criterion can be combined, each 
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combination characterizing a set of unique cropping systems that have been explored 
in both studies. 
A low level of food security of which high spatial and temporal variability in rainfall 
are two of the major causes (Cocheme and Franquin, 1967) characterizes the Sudano-
Sahelian zone. Therefore, three climate zones have been distinguished to account for 
the variation in climate within the Sudano-Sahelian zone and its effect on plant 
production. In addition, two seasons with contrasting rainfall regimes are 
distinguished, one representing a dry year and one representing a year with average 
rainfall, based on long term rainfall data, to account for the great variability in rainfall 
among years and its impact on yields. In the case study area of the northern Atlantic 
zone variation in weather over the years was so small (Bessembinder, 1997), that no 
different rainfall regimes were identified. The 74 soil units originally identified in a 
soil survey for the Atlantic zone (Wielemaker and Vogel, 1993) were classified into 
three physical environments suitable for agriculture, based on diagnostic land qualities 
(soil fertility and drainage conditions), and on diagnostic land characteristics (slope 
and stoniness): physical environments with fertile well drained soils, infertile well 
drained soils and fertile poorly drained soils (Hengsdijk et al., 1999). Each of these 
physical environments was subdivided into mechanizable and non-mechanizable sub-
units, the latter having slopes of more than 25% and/or soils with more than 1.5% of 
stones, indicating the link between characteristics of the physical environment and the 
feasibility of production techniques. The 68 soil/vegetation units originally identified 
in a land inventory study for the Sudano-Sahelian zone (PIRT, 1983) were classified 
into 7 soil types, based on diagnostic soil qualities, i.e. soil texture, profile depth and 
the presence of gravel since they determine water availability and as such are key 
variables for plant production. 

Eight crops were considered relevant for the northern Atlantic zone: black bean, 
cassava, maize, pineapple, banana, plantain, palm heart and melina. For both maize 
and pineapple two crop types were identified each with different market purposes 
(export and local) and different input-output relationships because of different means 
of production. The selection of crops was based on the broad mixture of annuals, 
perennials and tree crops currently present in the northern Atlantic zone, on the 
presence of crops in the local diet, on the economic importance of crops and on expert 
opinions about the biophysical suitability of crops currently (almost) nonexistent in the 
Atlantic zone. For the Sudano-Sahelian zone seven annual rainfed crops and one tree 
crop were chosen: millet, sorghum, groundnut, maize, cowpea for human 
consumption, cowpea for fodder purposes, cotton, and eucalyptus (Quak et al., 1996). 
The former five are a major part of the local diet and therefore crucial for food self-
sufficiency; cotton is the major cash crop whereas cowpea fodder is an important 
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source of cash income during the dry period, and its residual-N may improve the soil 
nutrient status (Bationo and Ntare, 2000). Except for eucalyptus trees, which are 
important for supply of fire and construction wood, no other perennials are taken into 
account, as their biophysical potential is limited due to the extended dry period. 
Criteria characterizing the production techniques are based on local conditions and 
problems of the area under study. In the Sudano-Sahelian case study different levels of 
mechanization are linked to different target production levels, i.e. higher production 
levels are realized with the use of more implements than lower production levels 
which are realized with the use of more manual labor. The intertwining of production 
and mechanization levels is based on purely pragmatic considerations, i.e. to limit the 
number of options to be explored in the land use model. In the case study of the 
northern Atlantic zone, mechanized field operations are limited in view of the high 
rainfall intensities, the high risk of soil compaction, and the narrow passage in 
perennials. Two levels of mechanization are identified. Management of crop residues 
and soil-and water conservation measures are important means to increase production 
and to prevent further deterioration of land resources in the Sudano-Sahelian region 
(e.g. Sanders, 1989; Day et al., 1992). In the northern Atlantic zone the environmental 
impact as a result of biocide use is of great concern (Wesseling, 1997). Therefore, 
different variants for the control of weeds, and pests and diseases have been 
distinguished, each with a different environmental load. 

2.5.2 Estimation of biophysical production possibilities 

Estimation of production possibilities can be done in various ways, ranging from 
estimates by field experts to detailed simulation models that calculate crop 
development and growth on daily basis. In the case of the Sudano-Sahelian zone water 
limited yield levels were estimated based on relationships among crop transpiration, 
vapor pressure deficit and yields (Tanner and Sinclair, 1983). Water availability for 
crop transpiration was based on a thorough analysis of hydrological processes in land 
use systems including run-off, percolation and evaporation (Quak et al., 1996). Run­
off was estimated using the intensity and duration of rainfall showers and the soil 
surface storage capacity. Effects of soil and water conservation measures were taken 
into account, i.e. different types of tillage ridges improving the surface storage 
capacity. Percolation, i.e. the amount of water lost to soil layers below the rooting zone 
of crops, was determined according to an empirical equation of Breman and De Ridder 
(1991). Evaporation, finally, was based on the potential evapotranspiration calculated 
and the development of canopy cover during the growing season. The vapor pressure 
deficit, i.e. the difference between saturated and actual vapor pressure was calculated 
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according to Goudriaan (1977). Subsequently, the estimated water-limited yields were 
reduced to account for unavoidable losses to diseases and pests and sub-optimal water 
supply due to local variability. These correction factors were crop dependent and 
based on expert estimates. 
In the case of the Atlantic zone yield estimates were based on expert knowledge since 
for most crops considered (section 2.5.1) no other methods existed. These yield 
estimates for crops served as targets for quantification of other outputs and inputs of 
cropping systems aiming at high soil productivity. Environmental concern about 
biocides used in Costa Rican agriculture also called for exploring production 
orientations aimed at reducing the environmental impact of biocides. Therefore, two 
other types of systems were considered with reduced use of biocides. In the first type, 
herbicides were substituted for manual weeding methods so that labor requirements 
increased but the input of herbicides was reduced and the estimated target yields still 
were maintained. In the second type, an integrated pest and disease management was 
considered in which the amount of pesticides (i.e. fungicides and insecticides) was 
reduced because of better crop monitoring and hygienic measures, both of which 
require additional labor. The use of biocides in these systems is lower compared to that 
in systems aiming at high soil productivity; however, field experts argued that yield 
losses were inevitable in the humid northern Atlantic zone despite extra monitoring 
and hygienic measures. So, the aim to reduce the environmental load as a result of 
pesticide use also causes a reduction in the initially estimated target yields. Table 2.2 
shows an example of four alternative cassava systems in which different weed and pest 
and disease management alternatives are compared and differences in selected inputs 
and outputs are illustrated. 

Table 2.2 
Comparison of selected inputs and outputs of cassava systems with different options for weed and pest 
and disease management. 
Pest and disease management 

Weed management 

Outputs 

Prime quality product (kg ha"1) 

Second quality product (kg ha"') 

Third quality product (kg ha"') 

Inputs 

Biocides (kg a.i. ha"') 

Total labor requirements (d ha'1) 
Labor requirements for non-harvest operations (d ha"') 

Total costs ($ ha"1) 

Biocide costs ($ ha"1) 

Pesticides 

Herbicides 

15000 

7500 

2500 

2.2 
67 

17 

1872 

81 

Integrated 

Herbicides 

11250 

5625 

1875 

1.8 
60 
22 

1866 

70 

Pesticides 

Manual 

15000 

7500 

2500 

1.4 

73 

23 
1870 

29 

Integrated 

Manual 

11250 

5625 

1875 

1.0 

66 
29 

1865 

18 
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2.5.3 Determination of technical feasibility 

The starting point for determining the required amount of nutrients for alternative land 
use systems is a situation in which soil nutrient stocks at the end of the growing period 
equal the stocks at the start of a growing period. These situations can be denoted as 
'sustainable' with respect to nutrient stocks, and they are a basis to determine the 
minimum nutrient requirements that have to be applied during the growing period. In 
the case study of the northern Atlantic zone, nutrient requirements of perennial 
systems have been based on this principle. In Table 2.3 an example of a banana system 
is shown with a cropping cycle of 15 years and annual harvests. Because the growth of 
perennials - by definition - lasts longer than 1 year, nutrient balances in consecutive 
years have been modeled taking into account nutrients that turn over in the crop to the 
following year and crop residue-N (accounted for unavoidable losses) that remains in 
the system after harvest. In the first 3 years production is increasing, the following 
years a constant yield level is attained and in the last year all crop residues are left in 
the field decomposing. Nutrients released from crop residues left in the field in year n 
become available in year n+1. Nutrients released with decomposing crop residues in 
the last year of the crop cycle (year 15) become available in year 1. Supplies from 
natural resources (deposition and symbiotic N-fixing bacteria) are taken into account 
while all supply items are subject to losses. The N-loss percentage (52% of applied 
Nitrogen in the example) is a summation of estimated losses due to volatilization, 
denitrification, leaching and erosion. Estimations of individual loss processes are 
based on empirical data, drainage characteristics of soils and expert knowledge. 
In the case study of the Sudano-Sahelian zone, biophysical production possibilities of 
pasture and animal sub-systems were determined separately (Quak et al., 1996; Bakker 
et al., 1996). Production of pasture sub-systems was matched with livestock sub­
systems at the level of the case study area by means of feed rations, comprising both 
pasture fodder and crop residues. Pasture fodder (and crop residues) was classified into 
ten quality categories according to its availability in the dry and wet season and its 
nitrogen content that is highly correlated with the digestible organic matter content of 
fodder. Based on these ten feed categories different feed rations were calculated that 
were geared towards maintenance of specific animal production levels, i.e. the quantity 
and quality of feed in the feed rations was fine-tuned to the digestible organic matter 
requirements of well-defined animal production targets. The starting point in the 
calculation procedure of feed rations was that each feed ration consisted of one feed 
available in the wet season and at the most two different feeds available in the dry 
season, so that over the entire year animal production targets could be attained. 
Calculated feed rations account for possible deficits in feed requirements in the dry 
period due to the availability of fodder with a low digestible organic matter content 
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and compensate these deficits with high quality fodder in the wet period. Feasible 

combinations of feeds formed a great number of alternative feed rations for each 

animal production target so that a number of variants were available to link pasture 

and animal production at aggregate level. 

Table 2.3 
Example of procedure used to calculate the nitrogen requirements of a banana system. Total N-loss 
fraction is 0.52. All data in kg N ha"1 y"1. 

Crop N-uptake 

Fruit 

Fruit stem 

Leaves 

Stems 

Roots 

Total 

Gross supply of nitrogen 

Crop residues left at field from previous year 
Wet deposition 

Symbiotic bacteria 

Net supply of nitrogen 

Crop residues left at field from previous year 

Wet deposition 

Symbiotic bacteria 

Total 

N-turned over in crop to next year 

N-shortage = total crop uptake - total net supply -

turnover in crop 

N-requirements = N-shortage / (1 - N-loss fraction) 

N-balance 

Yearl 

Yearl 

121 

16 
257 

86 

101 

581 

591 

2 

5 

285 

1 

2 

288 

-

294 

609 

0 

up to 15 

Year 2 

137 

19 

291 

97 

115 

659 

236 

2 

5 

114 

1 

2 

117 

208 

335 

695 

0 

Year 3 

161 

22 

342 

114 

135 

775 

267 

2 

5 

129 

1 
2 

132 

236 

409 

847 

0 

Year 4 up to 14 

161 

22 

342 

114 

135 

775 

314 

2 

5 

152 

1 

2 

155 

277 

344 

714 

0 

Year 15 

161 

22 

342 

114 

135 

775 

314 

2 

5 

152 

1 

2 

155 

277 

344 

714 

0 

24 



A goal-oriented approach 

2.6 Interactions between spatial and temporal scales 

Analyzing interactions between spatial and temporal scales is of crucial importance for 
understanding agro-ecological processes (e.g. Dumanski et al., 1998). Land use 
systems quantified according to the goal-oriented approach are engineered with 
specific spatial scales in mind, i.e. the field level. Land use systems are often used to 
explore land use options for an aggregated level (farm, region, etc.) using models that 
are static and cannot deal with interactions between spatial units. For example, climate 
and soil characteristics and qualities are used to calculate effects of soil and 
hydrological processes for specific land use systems at field level. Summation of 
runoff/erosion at field level is, however, not equal to the total runoff/erosion at a 
regional scale since water and soil losses of a single land use system may be an 
enrichment for adjacent land use systems, situated in lower parts of a toposequence. 
Interactions among adjacent land use systems are not taken into account in calculations 
at field scale. Ideally, input-output relationships of land use systems should be defined 
as function of the outputs of soil and hydrological processes of adjacent land use 
systems. Though most future-oriented land use studies at aggregate levels comprise 
geo-referenced databases, the dynamic adjustment of input-output relationships as 
function of allocated land use is usually impossible, since it requires a predefined 
allocation scheme of land use systems. A way to deal with such spatial phenomena is 
to describe land use systems at higher aggregated scales instead of the field scale. For 
hydrology-related processes, the watershed level may be a suitable scale level, while 
for additional spatial phenomena (e.g. airborne diseases and pests that easily disperse 
through large areas of the same type of crop) other aggregate levels may be required. 
Land use systems are then combinations of different physical environments, with a 
mixture of land use types of which the outputs may consist of multiple harvested 
products. The allocation of land use types within these 'aggregated' land use systems 
determines the input-output relationships of such land use systems. It implies that, for 
aggregated land use systems special methods have to be developed, for example based 
on simulation techniques which allow to take into account the spatial interactions 
among agro-ecological processes (Styczen and Storm, 1993). 

Concurrently, engineered land use systems are often designed with a specific temporal 
scale in mind, i.e. 1 year. However, the order and frequency of cultivation of annual 
crops determine many input-output relationships, for example, those with regard to 
nutrients and soil born diseases and pests. Nutrients left in crop residues or residual 
mineral store after harvest of one crop may contribute to the soil nutrient stock and 
thus affect input-output relationships of the following crop. The effects of such 
processes exceed the time horizon of 1 year, while their magnitude depends on the 
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