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STELLINGEN 

1. Voor een eenduidige kwantificering van nieuwe productieactiviteiten 
ten behoeve van landgebruiksstudies, bieden de concepten "target-
oriented approach" en "productieorientatie" een betere ingang dan de 
gegevens van huidige productieactiviteiten. 
- Van Ittersum, M.K. & R. Rabbinge, 1997. Concepts in production ecology for the 

analysis and quantification of agricultural input-output combinations. Field crops 

research 52, pp. 197-208. 

- dit proefschrift 

2. Het gebruik van het concept "best technical means" binnen 
langetermijnverkenningen heeft tot gevolg dat de waarden van 
coëfficiënten met betrekking tot nutriënten en biociden sterk 
gecorreleerd zijn. 
- dit proefschrift 

3. Door waarschijnlijkheidsverdelingen te gebruiken voor de 
beschrijving van alle typen onzekerheden wordt onzekerheid ten 
onrechte gelijkgesteld aan risico. 

4. Door te spreken over "minimum data sets" voor landgebruiksstudies 
wekt men de indruk dat de omvang van de gegevensbestanden van 
meer belang is dan de kwaliteit van de gegevens, dat wil zeggen dat 
informatie over onzekerheden voor handen is. 

5. De meerwaarde van een meer-perioden LP-model ten opzichte van 
een 1-periode LP-model binnen langetermijnverkenningen 
rechtvaardigt niet de benodigde inspanning om tijdsaspecten 
expliciet te beschrijven. 
- dit proefschrift 

6. Technisch efficient gebruik van inputs zoals water en nutriënten kan 
veel duurzaamheidsproblemen verminderen of zelfs oplossen. 
- De Wit, CT., 1992. Resource use analysis in agriculture. Agricltural systems 40, pp. 125-
151. 



7. Bij interdisciplinair onderzoek wordt te veel de nadruk gelegd op het 
aantal personen dat er aan meewerkt, en te weinig aandacht 
besteed aan de communicatie tussen en de integratie van de 
verschillende disciplines. 

8. Het gebruik van GIS garandeert niet dat de spatiale componenten 
van landgebruik worden meegenomen. 

9. Afwijzing van genetische manipulatie staat gelijk aan het ontkennen 
van honderden jaren "ontwikkeling" door middel van veredeling. 

10. De verschuiving naar meer noodhulp binnen het Nederlandse 
ontwikkelingsbeleid, duidt er op dat men nog altijd meer waarde 
hecht aan de kwantiteit dan aan de kwaliteit van het leven. 

11. Dat Nederland "vol" zou zijn is even perceptie-gebonden als wat 
"duurzaam" is. 

12. Het imago van de Nederlandse boer is nog niet zo slecht, gezien de 
popularitieit van "boeren"-karnemelk, "boeren"-kaas, etc. 

Behorende bij het proefschrift: 
UNCERTAINTY AND TEMPORAL ASPECTS IN LONG-TERM 
EXPLORATIONS OF SUSTAINABLE LAND USE - with reference to 
the Northern Atlantic Zone of Costa Rica. 

Janette Bessembinder 
Wageningen, 14 november 1997 
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Supplementary sheet 

Table 2.4 Feasible combinations of forms of land use and production 
techniques in the MGLP-model for the NAZ. 

Production technique 

Form of land use 

Banana0 

Cassava 
Maize 
Palmheart0 

Grass pasture 

Mechanization 
Chemical pest and 

disease control 
Reduced N-loss 

Grass-legume pasture 
Tree plantation 

yes 

yes 
no 
MBhP 

+b 

+ 
+ 
+ 
-
-
+ 

yes 

no 
no 
MbN 

+ 
+ 
+ 
-
-
-
-

yes 

yes 
yes 
MBn 

+ 
+ 
+ 
+ 
-
-
+ 

no 

yes 
no 
mBN 

-
+ 
+ 
+ 
+ 
+ 
-

no 

no 
no 
mbN 

-
+ 
+ 
-
-
-
-

no 

yes 
yes 
mBn 

-
+ 
+ 
+ 
+ 
+ 
-

3 explanation of codes for production technique: M = cultivation practices mechanized; m = no mechanized cultivation 
practices; B = chemical control of pests and diseases; b = alternatives for biocide use if possible; N = not aiming at 
reduced N-loss; n = 40 % lower N-loss compared with yield-oriented production; 
b + = included; - = not included; 
c construction of drainage systems in activities with techniques MBN, MbN and Mbn only. 

Tables 4.1 and 6.1 Summary of indices used in the description of the single-
period and multi-period MGLP-modeP. Only those elements are specified that are 
used in figures. 

Index Description Elements 

animal product 
animal unit milking cow unit with calf for replacement (3U=mcu); beef cattle 

unit 1 (au*tcu); beef cattle unit 2, with milk production included 
\au=bcup) 

cropping technique 
crop product 
feeding pattern 

form of land use 
(single-period) 

form of land use 
(multi-period) 

nutrient 
period 
terrain type 

100 % pasture (d=po); 90 % pasture + 10% banana (^ba1^\ 80 % 
pasture + 20 % banana (^20); 9 0 % pasture + 10 % maize (^^o); 
80 % pasture + 20% maize G=m20); 90 % pasture + 10 % cassava 
W=cfo) 
banana G ^ , ^ba10, M6a,5, hba20)\ cassava (^a); maize (^ma); 
palmheart (̂ pa5, hps1û, /=pa,5, /=pa20); grass pasture 0=^, ̂ ,(0, ^ „ 5 , 
wo); grass-legume pasture U5,5, ̂ h0, /=s„5, /=gC(,); tree 
plantations (/=w() 
banana {hba1, M6ac); cassava U J ; maize (/=ma); palmheart (/=pa„ 
/=Pac); grass pasture (^iU ^ic); grass-legume pasture (*,„, ^ J ; 
tree plantations (/=w/) 

the indices in the single-period model and the multi-period model only show two differences: for forms of land use other 
indices are used and an index for periods is added in the multi-period model. 
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Table 2.2. Five tentative policy views for future land use in the NAZ, and the 
relevance of the objectives in each policy view. 

National Regional Environ- Nature 
Free Develop- Develop- mental Conser-
Enterprise ment ment Protection vation 

Code3 (FE) (ND) (RD) (EP) (NC) Objective function 

Environmental 
Area for agriculture ARM 
Total biocide leaching risk BLM 
Total biocide use BUM 
Biocide use per unit area BUHA 
Total N-loss NLM 
Social 
Total employment BMP 
Economic 
Total economic surplus ESP 
Income per person INP 

max 

mm 

max" max 

max 

mm 

mm" 
min 

mm 

max 
codes used in the single-period MGLP-model for the NAZ (Chapter 4); 
max=maximization; min= minimization; - = not considered very relevant in this policy view. 

Table 2.3 Bounds on value-driven constraints per policy view for the NAZ. 
National Regional Environ-

Free Develop- Develop- mental Nature 
Enterprise ment ment Protection Conservation 

Constraint3 (FE) (ND) (RD) (EP) (NC) 

Minimum area for nature national national national national national 
parks parks, parks, parks 

reserves, reserves, 
buffer zone buffer zone 

Minimum employment 2,528 
in agriculture (man years.y1) 

Minimum economic 7.5 
surplus (109col.y-1)bc 

Minimum income from agri- 4.5 
culture (10" col.person1.y1) 

Minimum export level current 
export 

25,280 

7.5 

8.9 

current 
export 

25,280 2,528 

8.9 4.5 

parks, 
reserves, 
buffer zone 
2,528 

4.5 

a bound on objectives used as value-driven constraints, except export level; 
b the colon (col.) is the currency of Costa Rica, in 1990 US$1=130 colon (Schipper 1996); 
0 estimated as GDP in 1992 (World Bank 1994) minus costs of labour; 
d estimated current export from the NAZ per year; 1,780 103 tonne bananas; 17,000 tonne cassava, 2,246 tonne 
palmheart, 1,250 tonne beef. 



ABSTRACT 

Long-term explorations serve to widen the perspectives of decision makers. 
Biophysical and technical possibilities and constraints are confronted with the value-
driven objectives of stakeholders in Multiple Goal Linear Programming (MGLP) 
models. Two methodological aspects of long-term explorations are elaborated in this 
thesis: uncertainty in agro-ecological coefficients and temporal aspects of land use. 
The effects of these aspects on generated land use scenarios are studied using data 
from the Northern Atlantic Zone of Costa Rica (NAZ). 

Uncertainties in agro-ecological coefficients concerning nutrients and biocides 
were quantified. Only uncertainties caused by lack of knowledge of underlying 
biophysical processes or lack of data for quantification were considered. "Average", 
"pessimistic" and "optimistic" estimations of coefficients were generated, based on 
different perceptions of the influence of environmental factors. The estimations of the 
coefficients for various production activities are strongly correlated owing to the 
assumption of "best technical means" (i.e. inputs are used with the highest technical 
efficiency according to available knowledge and techniques). These coefficients were 
used in the single-period MGLP-model that was constructed for the NAZ. With the 
help of sensitivity analyses the effect of uncertainties on land use scenarios was 
determined for five tentative policy views, representing different perceptions of 
sustainability. It is concluded that, in long-term explorations, uncertainties in agro-
ecological coefficients strongly affect the objective function values. However, they 
hardly affect the optimal land use allocation, because the ranking of production 
activities for the agro-ecological coefficients hardly changes when including 
uncertainties. 

In long-term explorations the following temporal aspects are relevant: 1. Growth 
and ageing of crops and livestock, 2. Fluctuations in coefficients caused by variation 
in weather conditions, 3. Interactions in time. After an inventory of possibilities and 
limitations to describe these temporal aspects in LP-models, a multi-period version of 
the single-period model was constructed. In theory, all temporal aspects can be 
described in multi-period MGLP-models, although location-bound temporal 
interactions pose serious problems owing to the limitations of the LP-technique. In 
most cases, the relevant types of temporal aspects can also be included in single-
period models with the help of predefined cropping sequences and additional 
coefficients and variables. It is discussed, that in long-term explorations the use of a 
multi-period model may have added value only if large differences in coefficients 
between periods and growth stages occur and if strong bounds are put on 
fluctuations over periods. 

Based on the land use scenarios generated with the single-period and multi-period 
model it is concluded that there is considerable scope for policy in the NAZ. The 
differences between land use scenarios for the five policy views are large, regardless 
of the effects of the uncertainties in agro-ecological coefficients and the explicit 
inclusion of temporal aspects. By revealing the consequences and possibilities under 
particular land use objectives and constraints, this long-term exploration may help to 
structure and organize the discussion on desires for the future in the NAZ. 

Keywords: long-term exploration, sustainability, Linear Programming, MGLP, 
uncertainty, sensitivity analysis, temporal aspects, multi-period model, policy views, 
Costa Rica. 
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Chapter 1 : Long-term explorative land use studies 

1 LONG-TERM EXPLORATIVE LAND USE STUDIES: AIM, METHODOLOGY 
AND SOME RESEARCH QUESTIONS 

1.1 Explorative land use studies and land use planning 

Land use planning is directed at finding the best use of land in view of accepted 
objectives, environmental and societal opportunities and constraints, and at 
determining appropriate future actions to reach this best land use (Fresco et al. 
1990). By systematically evaluating current land use and alternatives, informed 
decisions about desired future land use can be made (Jordahl 1984; Dent 1993; 
Fresco et al. 1990; FAO 1993). Land use planning is mostly used to solve existing 
economic, social or environmental problems. Sustainability and sustainable 
development have several dimensions: ecological, technical and socio-economic. 
Attitudes towards sustainability diverge considerably, depending on the differing 
weights attached to facts, uncertainties and risks with respect to the environment 
and society (WRR 1995). Increasingly, the ecological aspects of sustainability 
and sustainable development receive attention, in addition to the socio-economic 
and technical aspects in land use planning and land use optimization studies (e.g. 
Miranowski 1984; Despotakis 1991; FAO 1993; Fresco etal. 1994; Van Lier et 
al. 1994; Schipper 1996; Barbier 1996). 

Long-term explorative studies aim at showing options for future sustainable land 
use and trade-offs between objectives. Different perceptions of sustainability are 
operationalized by confronting fact-driven information on biophysical processes 
with value-driven objectives and bounds. This way, the options and limitations for 
future land use, caused by divergent priority setting can be determined. These 
long-term explorations can be used to support strategic choices. Figure 1.1 
shows a simplified diagram of a land use planning process and the place of long-
term explorations in this process. In the descriptive phase, the current situation 
(i.e. the start of the future) is analysed and the problems are defined. Explorative 
studies aim at showing decision makers alternatives for current land use. Short-
term explorations examine the possibilities within the current socio-economic 
limits. Effects of small changes in these constraints are also studied. In long-term 
explorations it is assumed that these socio-economic constraints may be 
alleviated in a relatively short time span. Biophysical or agro-ecological limits can 
be assumed to be more stable in the next decades. Long-term explorations 
explore the possibilities within these biophysical limits. Exploring the biophysical 
possibilities for future agricultural land use is possible since considerable 
knowledge is available of processes underlying agricultural production. Short-
term and long-term explorative studies often use a scenario approach to show the 
possibilities under different policy views. The combined information from 
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descriptive and explorative studies provides the basis for well-founded choices 
for a "desired" future in the short term, as well as in the long term. Desires for the 
future are often based on one's image of the future and thinking of the future as 
a continuation of present developments is almost commonplace (Schoonenboom 
1995). Results of long-term explorative studies, which do not take current socio­
economic constraints for granted, may widen perspectives and, consequently, 
desires may change. In the design phase of a planning process, a compromise 
has to be reached between the desires of different stakeholders. In this phase 
identification of appropriate policy instruments to direct land use takes place. 
When the required policy measures to reach a certain desired future are not 
acceptable from an economic, social or environmental point of view, the desires 
for the future have to be adjusted. Implementation of the land use plan requires 
constant monitoring to find out whether the changes in land use occur at the 
desired rate, and whether objectives and policy measures need to be adjusted. 

1 Descriptive studies 2 Explorative studies 3 Design studies 4 Implementation 

Current 
situation 

Long-term 
possibilities 

Short-term 
possibilities 

Desired 
situation and 
identification 

of policy 
instruments 

Monitoring 
changes and 
adjustment 

Figure 1.1 A simplified diagram of a land use planning process and the place 
of different types of land use studies, based on Dent (1993), FAO (1993), 
Hengsdijk & Kruseman (1993). 

Current land use planning techniques are very much based on today's farmers' 
attitudes and production and production rates of the near past. Short-term 
explorations often use a projective approach, i.e. by extrapolating the past and 
the present to the future (Schweigman 1981 ; Csaki et al. 1984; Brown & Kane 
1995). If more information is available on causality between land use drivers and 
land use, land use in the short term can be predicted (Van Ittersum et al. 1996). 
However, exploring long-term options in this way is virtually impossible. Changes 
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in current trends are not only desirable, they are often also feasible. Exploration 
of long-term land use possibilities is needed to obtain insight into the options for 
agricultural land use (FAO 1991). An exploration of the long-term options for land 
use under different policy views helps to determine the "playing field" of policy 
makers for strategic choices. In long-term explorative studies this "playing field" 
is often determined with the help of Multiple Goal Linear Programming (MGLP). 

Several examples of long-term explorative studies using MGLP have been 
published so far. The first studies focused on the regional level or higher levels: 
the Mariut region in Egypt (Ayyad & Van Keulen 1987), the Mediterranean Basin 
located in the northern Negev of Israel (Spharim et al. 1992), the fifth region of 
Mali (Van Keulen & Veeneklaas 1993), the rural areas of the European 
Community (WRR 1992), and at the global level (Penning de Vries et al. 1995; 
WRR 1995). Later studies also focused on farm level: small farms in the 
limestone area of East Java in Indonesia (Van Rheenen 1995), flowerbulb farms 
in The Netherlands (Rossing ef al. 1997) and dairy farms in The Netherlands 
(Van de Ven 1996). All these studies aimed at increasing insight into the options 
to realize objectives and into the effects of constraints on technical options. They 
resulted in scenarios reflecting the viewpoints of different groups of stakeholders, 
each with different opinions on the relevance of various objectives. 

Long-term explorative studies are relatively new and, compared with short-term 
explorations of land use, fewer methodological tools have been developed. In the 
next sections the methodology of long-term explorative studies and some relevant 
aspects are discussed. 

1.2 Characteristics and methodology of long-term explorative studies 

The aim of long-term explorative studies is exploring future land use options by 
confronting biophysical possibilities and constraints with the value-driven 
objectives of stakeholders. This aim has important consequences for the 
methodology and the required technical information. First, long-term explorations 
rely on knowledge of underlying biophysical processes, e.g. photosynthesis and 
effects of growth factors, to quantify new production techniques. Secondly, 
production is assumed to take place with the "best technical means", i.e. available 
knowledge and available means of production are optimally applied, which 
precludes any waste or inefficient use of resources. Neither current economic 
conditions, nor farm infrastructure present constraints to farming practices (WRR 
1992; De Koning et al. 1995). Thirdly, value-driven and fact-driven aspects of land 
use are separated to enable distinction between technical possibilities and 
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behaviourial factors that strongly influence the actual development policies 
(Spharim et al. 1992). In such long-term explorations the time span within which 
adopting the production activities could be technically feasible, is about 20 to 30 
years. Being explicit about these assumptions underlying the long-term 
explorative study is important, because they affect the required input for such 
studies and the way in which results can be interpreted. Figure 1.2 shows a 
diagram of a land use optimization study. With the help of this figure the different 
elements of the methodology for long-term explorative studies are explained. This 
description is based on Bessembinder etal. (1997). In Table 1.1 the definitions 
of terms that are often used in long-term explorative studies are summarized. 

The integrating technique is MGLP. With this optimization technique information 
on possible agricultural production activities is confronted with technical and 
value-driven constraints and a set of objective functions. 

First, the various forms of soil-bound agricultural production that are feasible in 
the region are identified. For these forms of land use the physical production 
environments that are potentially suitable are identified in a qualitative land 
evaluation. The physical production environments are characterized by soil, 
terrain and climate. In the quantitative land evaluation, potential and water-limited 
yields are calculated for all suitable production environments with the help of crop 
growth simulation models. Such simulation models use knowledge of various 
growth processes, such as photosynthesis, to calculate plant growth under 
different climate and soil conditions (WRR 1992; Rabbinge 1993; Bouman etal. 
1996). 

Next, production activities are quantified. Production activities are characterized 
by their input-output combinations. These inputs and outputs differ per crop, 
production orientation, production technique and physical production environment 
(Rabbinge etal. 1994; Van Ittersum & Rabbinge 1997). The input-output relations 
are quantified using a "target-oriented" approach, which means that the inputs to 
realize a particular output level are quantified, using knowledge of the processes 
involved (De Wit etal. 1988; De Koning etal. 1992). Input-output relations are 
defined in such a way that they can be repeated many times with unchanged 
input-output relations, e.g. no depletion or accumulation of nutrients is allowed. 
This implies that no substitution is possible among inputs such as water and 
nutrients, which are taken up by the plant and which fulfill a specific and essential 
role. Other inputs such as biocides, labour, mechanization, can replace each 
other up to a certain degree. It is assumed that production takes place with the 
"best technical means", i.e. no more water, nutrients, biocides or labour to realize 
a particular production level are used than necessary. In other words, the inputs 
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Chapter 1: Long-term explorative land use studies 

are used with the highest technical efficiency according to the available 
knowledge and techniques. The choice of the various production techniques 
depends on the aim of the production activity, i.e. the production orientation: high 
soil productivity, low emissions of nutrients or biocides per unit product or per unit 
area, etc. The production orientation determines the combination of used inputs. 
For instance, in an activity oriented at high soil productivity, control of diseases 
and pests takes place in such a way that high productivity is achieved with 
efficient use of biocides. In an environment-oriented activity biocides are excluded 
as much as possible so there is minimum use per unit area. Lower yields per unit 
area are then accepted (WRR 1992). 

The constraints of the MGLP-model can be divided into two groups. Technical 
constraints are determined by the biophysical and technical possibilities. An 
example is the suitability of a terrain unit for a particular form of land use or 
production technique, which is determined by climate and terrain conditions. For 
value-driven constraints no objective bounds can be formulated, because they 
are determined by the desires of man or society, e.g. the dietary pattern or the 
accepted unemployment rate. The bounds on these constraints often change with 
the policy view. Most value-driven aspects of land use are included as objective 
functions. When these objective functions are not optimized, they serve as value-
driven constraints. 

Decision makers or groups of stakeholders have different priorities for objectives 
(De Wit et al. 1988). Therefore, various policy views concerning land use 
problems are identified, e.g. views emphasizing self-sufficiency of food, free 
market and trade, nature conservation or environmental issues. These views are 
operationalized with one or more objective functions, such as maximization of 
cereal production, maximization of gross revenue of the region, or minimization 
of the area used for agriculture. Not all policy views can be quantified explicitly 
with objective functions. For instance, nature development and conservation have 
strong spatial components that are hard to catch in a MGLP model (WRR 1992). 

Subsequently, land use options can be explored with the MGLP-technique in an 
interactive way (Spronk & Veeneklaas 1983; De Wit et al. 1988). First, the outer 
boundaries are determined by optimizing each of the objective functions in 
separate model runs, putting no or only light restrictions on the other objective 
functions. In this way, the initial freedom of choice (i.e. the worst and the best 
values) for each objective is made explicit to the stakeholders. In the next step, 
the stakeholders have to select the objective with the worst value that they 
consider most unacceptable. A tighter bound for that objective is then formulated. 
Next, the stakeholders are confronted with the results of a new series of 
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optimization runs and then again, they have to select an objective with a value 
that is unacceptable to them. This procedure continues until the stakeholders are 
satisfied with the compromise between their objectives. The procedure can be 
repeated with different groups of stakeholders, resulting in different objective 
function values and land use allocations, i.e. land use scenarios. Comparison of 
the different land use scenarios shows the possibilities to realize objectives and 
the trade-offs between objectives. 

Table 1.1 Summary of definitions of terms used in long-term explorations. 

Term Definition 

Best technical means 

Input-output coefficient 

Land use scenario 

Non-substitutable inputs 

Objective 

Physical production 
environment 

Policy view 

Production activity 

Production orientation 

Production technique 
Substitutable inputs 

Target-oriented approach 

Technical constraint 
Value-driven constraint 

Given a production aim, available knowledge and available means 
of production are optimally applied, which precludes any waste or 
inefficient use of resources. Neither current economic conditions, 
nor farm infrastructure present constraints to farming practices 
(WRR 1992; De Koning et al. 1995); 
Quantitative coefficient describing an input or output of a production 
activity; 
Result of optimization runs for one policy view, characterized by its 
objective function values and land use allocation; 
Inputs such as water and nutrients, which are taken up by the plant 
and which fulfill a specific and essential role (Van Ittersum & 
Rabbinge 1997); 
Specific aim, expressing something to be achieved as part of a 
policy view; 
Condition characterized by soil, terrain and climate, under which 
production takes place and which is more or less a given fact for 
that production activity. These conditions affect the production level 
and the required inputs to realize a that production level (Van 
Ittersum & Rabbinge 1997); 
View on future land use representing a certain conception of 
sustainability. A policy view is described with one or more objective 
functions and bounds on value-driven constraints; 
A physical task or practice to produce a specific output, 
characterized by its input-output combination; 
Aim of the production activity. The production orientation determines 
the combination of non-substitutable inputs; 
The way production activities are carried out; 
Inputs such as biocides, labour, mechanization, which can replace 
each other up to a certain degree (Van Ittersum & Rabbinge 1997); 
Inputs to realize a particular output level are quantified using 
knowledge of the processes involved (De Wit et al. 1988; De 
Koning étal. 1992); 
Biophysical and technical restrictions to land use; 
Restriction determined by the desires of man. Bounds on these 
constraints can differ per policy view. 
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1.3 Uncertainties 

Data quality is important in quantitative models such as Linear Programming (LP) 
models. Knowledge of biophysical processes in various climates and for various 
soil types is not always sufficient for quantification of new production activities. 
Sometimes the knowledge of processes is there, while the data are lacking for 
proper quantification of processes. Consequently, analysis of model sensitivity 
should be part of land use studies. In the past, LP was mainly used for financial 
planning and, as a result, sensitivity to observed or intentional changes in product 
prices and input costs was tested. 

Several diverging classifications for uncertainties exist (Beck 1988; Hendrix 1989; 
Funtowicz & Ravetz 1990; Pinter 1990; Cleaves 1994). Two main groups of 
uncertainties can be distinguished, each with three types or sources of 
uncertainties: 
• Data uncertainties 1 Inaccuracies or measurement errors; 

2 Randomness or natural variation; 
3 Lack of data for quantification of processes; 

• Model uncertainties 1 Errors in modelling of processes; 
2 Lack of knowledge of processes for modelling; 
3 Ignorance of processes. 

In most land use studies using LP the six types of uncertainty are considered 
simultaneously, without discriminating between the different sources of 
uncertainty. Uncertainty does not necessarily imply low quality in scientific 
information and high quality does not require the elimination of uncertainty, but 
rather its effective management (Funtowicz & Ravetz 1990). 

Qualitative or quantitative description of uncertainties, i.e. error bars, variation 
coefficients, probability distributions, ranges, is needed to be able to work with 
uncertainties. Methods for managing uncertainties can be divided into two main 
groups: explicit and implicit handling. Stochastic programming and fuzzy 
programming are examples of implicit managing of uncertainty. Uncertainties are 
put into these models, e.g. as probability distributions, and an "average best 
optimum" and ranges of possible values are calculated (Hof et al. 1993; Rossing 
et al. 1994). In "sensitivity" analyses of deterministic models uncertainty is 
handled more explicitly: specified changes in values of one or more coefficients 
are directly translated into new objective function values and land use allocations. 
Therefore, the coefficients and their uncertainties contributing most to the 
sensitivity of the LP-model can be identified. Several definitions are used in 
literature for the term sensitivity analysis (Kleijnen 1994). In the present study the 
term sensitivity analysis is used for all methods that study the effect of specified 
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changes in the values of coefficients on the model output of deterministic LP-
models, by changing one value at the time or by changing several values 
simultaneously. Most sensitivity analyses provide only partial information about 
the sensitivity of the optimal solution: only a limited range of possible values of 
coefficients are examined and higher order effects due to interactions between 
values of coefficients are normally ignored (Gardner et a/. 1981). In LP the so-
called shadow price is often used as a measure of model sensitivity. It tells us the 
increase in the value of the objective function when a particular constraint is 
relieved by one unit. Right-hand side ranging and reduced costs also give partial 
information about the sensitivity of a LP-model. 

Until now analyses of the sensitivity of LP-models to uncertainties in 
agrotechnical coefficients have been limited, although in almost every project 
remarks on inaccuracies, uncertainties in coefficients, lack of data, uncertainties 
in model representations, etc. can be found, mainly in working documents or 
appendices (e.g. Ayyad & Van Keulen 1987; Sharifi 1992; Van Duivenbooden 
1992). In the study on the fifth region of Mali the effects of alternative 
agrotechnical coefficients for livestock and reduced yields of inundated pastures 
after series of dry years were included in a sensitivity analysis (Veeneklaas ef al. 
1994). In the study on the rural areas of the European Community the effect of 
tighter constraints on N-use, biocide use and a change in diet were tested 
(Scheele 1992; WRR 1992). In the study on the limestone area of East Java 
effects of different farm sizes, labour availability, and allowed soil loss were 
analysed (Van Rheenen 1995). In all cases one coefficient was changed at the 
time. 

Fresco (1994) and Bouma et al. (1995) mention data quality or uncertainty as one 
of the main problems in land use studies. For strategic choices on future land use 
objective information is needed. This means that information on the uncertainty 
associated with decision alternatives is needed (Spronk 1980; Environmental 
resources 1985; Schweigman 1985; Cleaves 1994; Rossing etal. 1997). The aim 
of long-term explorative studies is exploring future land use options, by 
confronting biophysical and technical possibilities and constraints with the value-
driven objectives of groups of stakeholders each having a different perception of 
sustainability. To obtain an objective estimation of biophysical and technical 
options for land use in the long term, analysis of model sensitivity to uncertainties 
in coefficients, especially coefficients indicating the ecological dimension of 
sustainability, is needed. 



Chapter 1 : Long-term explorative land use studies 

1.4 Temporal aspects of land use 

Land use has temporal and spatial aspects (Fresco & Kroonenberg 1992). The 
spatial aspects in land use optimization receive considerable attention through 
the use of different spatial units within LP-models and through the use of 
Geographic Information Systems (Fresco et al. 1994; Bouma er al. 1995; 
Stoorvogel 1995). Studies on temporal aspects of land use have almost entirely 
focused on past and present changes in spatial distributions of land covers (e.g. 
Sader& Joyce 1988; Veldkamp et al. 1992; Huising 1993; Stoorvogel 1995), or 
on extrapolations of past land use changes to the future (e.g. Veldkamp & Fresco 
1996). Optimization of land use dynamics is hardly ever studied. In land use 
optimization studies mostly static single-period LP-models are applied. Such 
models suggest or imply that: 
• Land use is the same each year and differences in inputs and outputs between 

years are not important or do not occur. Differences between years in 
coefficients and variables, e.g. fluctuations in crop yields caused by variation 
in weather conditions, are hardly ever included in the description of production 
activities for LP-models. Occasionally, differences within years are taken into 
account, e.g. for labour needs or forage production (Veeneklaas et al. 1991 ; 
Erenstein & Schipper 1993; Van Rheenen 1995). An exception is the study on 
the fifth region of Mali: in addition to production figures for years with average 
rainfall, figures for dry years were included (Veeneklaas et al. 1991); 

• Land use scenarios can continue for many years. The land use scenarios 
generated with single-period LP-models can only continue for an infinite 
number of years if production activities do not affect the physical production 
environment or the input-output coefficients. Land use scenarios with negative 
nutrient balances do not satisfy this requirement: soil fertility depletion will 
affect input-output coefficients for future production activities; 

• External factors remain constant. The effects of changes through the years in 
external factors are generally examined with the help of sensitivity analyses. 
For instance, land use scenarios can be generated for two different ratios 
between prices. Interactions between periods cannot be taken into account in 
this way. 

In general, no distinction is made between types of temporal aspects, but the 
above-mentioned examples clearly illustrate that such a distinction would be of 
value. A possible classification of temporal aspects could be the following: 
• Changing external factors (e.g. increased knowledge may lead to new 

production techniques, changing priorities or increased knowledge may lead 
to new policy views). This type represents developments in time, which will 
normally not reverse (type a); 

10 
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• Growth and ageing of crops and animals (e.g. growth of timber stands; type b); 
• Fluctuations (e.g. in prices, in weather conditions, in losses due to diseases). 

Many external factors and inputs and outputs show some random variation. 
This type represents fluctuations around an average, no developments in time 
occur (type c); 

• Interactions (e.g. effects of soil degradation on crop yields, suppressing 
diseases by crop rotation). Land use in one year can affect the possibilities for 
land use in the next year, or it can affect the inputs and outputs in the next year 
(e.g. a leguminous crop provides N for the next crop). These interactions do 
not irreversibly change the physical production environment, unless certain 
threshold values are surpassed (type d). 

Multi-period models are most often used to address the temporal aspects of land 
use explicitly. Examples are: Carter etal. (1977), Propoi (1977), Burgess (1981), 
Csaki etal. (1984), Dabbert (1986), Kennedy (1986), Nicholson etal. (1994), 
Leutscher (1995) for agricultural firm planning; Barbier (1996) for regional 
planning; Cox & Sullivan (1995), Hof etal. (1993) for timber harvest scheduling; 
Axsater et al. (1986) and Worm (1994) for other planning activities. These studies 
aimed at exploring or predicting short-term land use. They were either of a limited 
size, or only a limited number of temporal aspects were included. 

The use of multi-period LP-models in long-term explorations may result in added 
value, as temporal aspects can be included more explicitly. The study of Spharim 
et al. (1992) can be considered as the only example of a multi-period model for 
a long-term exploration, but it only included a limited number of temporal aspects. 
According to Chapelle (1977) and O'Hara et al. (1989) it is entirely possible to 
accommodate temporal aspects using LP-techniques, although several authors 
mention limitations (Csaki 1977; Dykstra 1984; De Wit etal. 1988; Lohmander 
1989; Hof et al. 1993) and no long-term explorations with strong spatial 
components have been carried out. 

1.5 Objectives of this study 

The research objectives of the present study follow from the problems identified 
in Sections 1.3 and 1.4. 

The first research question concerns the handling of uncertainties in agro-
ecological coefficients (i.e. coefficients indicating the ecological dimension of 
sustainability) in long-term explorations: 
• Compare the uncertainty in agro-ecological coefficients with differences in 

11 
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these coefficients owing to the form of land use, production technique and 
physical production environment; 

• Analyse the consequences of uncertainties for optimum objective function 
values and land use allocation. 

The second research question focuses on the inclusion of temporal aspects of 
land use in long-term explorations: 
• Explore possibilities to include temporal aspects of land use in LP-models for 

long-term explorations of land use options; 
• Evaluate advantages and disadvantages of including temporal aspects of land 

use in long-term explorations using LP. 

The Northern Atlantic Zone (NAZ) of Costa Rica is used as case study area for 
elaborating the objectives. 

1.6 Outline of the thesis 

The following chapters deal with the different steps in the exploration of long-term 
possibilities for the NAZ, as described in Section 1.2. Chapter 2 describes the 
past and the present situation in the case-study area, the choices and 
assumptions underlying the long-term exploration of land use options in the NAZ, 
and the methods used to elaborate the research objectives. In Chapter 3 the 
quantification of the input-output coefficients of production activities is presented. 
The quantification of uncertainties in agro-ecological coefficients related to 
nutrients and biocides and the changes in input-output coefficients during the 
growth cycle of crops receive particular attention. Chapter 4 presents the 
mathematical description of the single-period MGLP-model for the NAZ. Chapter 
5 contains the results of the land use optimization with this single-period MGLP-
model. For five different policy views, i.e. different perceptions of sustainability, 
optimal land use scenarios are presented. The model sensitivity to uncertainties 
in coefficients relating to nutrients and biocides is compared with the model 
sensitivity to uncertainties in prices. Chapter 6 explores the possibilities to include 
temporal aspects of land use in multi-period LP-models. In this chapter the results 
of the single-period model for the NAZ are compared with the results of a multi-
period version to demonstrate advantages and disadvantages. Finally, Chapter 
7 presents a general discussion and recommendations for future research. 

12 
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2 DESCRIPTION OF THE CASE-STUDY AREA, SYSTEM DELIMITATION 
AND METHODOLOGICAL APPROACH 

In the last decades rapid changes have taken place in the Northern Atlantic Zone 
(NAZ) of Costa Rica, the case-study region of my project. The infrastructure has 
changed drastically, the deforestation rate and population growth were high, the 
cultivation of bananas has expanded enormously, price subsidies were abolished 
and several new crops were introduced. Ecologists, small-scale farmers, banana 
plantation owners, politicians, etc. are all imposing particular claims on the use 
of the available resources in the NAZ and increasingly conflicts arise (De Onoro 
1990; Fresco 1991; Roldan etal. 1991; Anonymous 1992a; Anonymous 1992b; 
Jansen et al. 1996). Many decisions were made without ex ante exploration of 
possibilities. As a result unforeseen conflicts arose. This situation underlines the 
need for strategic, well-informed choices for land use. 

With the help of a long-term exploration the options and boundaries for future 
land use in the NAZ are examined. In this long-term exploration, biophysical and 
technical possibilities and constraints are confronted with value-driven objectives 
of groups of stakeholders. This may widen the perspective of decision makers on 
future land use options, and provide important information for strategic choices. 
Section 2.1 describes the current situation in the NAZ. System delimitation, and 
choices and assumptions underlying the exploration of the long-term possibilities 
are specified in Section 2.2. Section 2.3 deals with the methodology to address 
the research questions. 

2.1 Description of the case-study area 

2.1.1 The physical environment 

The NAZ is situated in the eastern part of Costa Rica (Figure 2.1) and covers 
about 5430 km2. This region constitutes the transition of the central volcanic 
mountain range to the Caribbean Sea. The major land forms from the South-West 
to the North-East are: 
• Sloping areas of the central mountain range with lava and lahar deposits; 
• Slightly inclined plains at the foot of the volcanoes with fine-grained 

fluviolaharic deposits; 
• Coastal plain with fine-textured to peaty deposits and inundated depressions. 
Some volcanic deposits with deep-weathered soils are also found. The soils in 
the region are predominantly classified as Andosols and Inceptisols. The younger 
deposits have nutrient-rich and non acid soils, whereas the older deposits are 

13 
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covered with nutrient-poor and acid soils. The younger lava and lahar deposits 
can be extremely stony. The soils of the coastal plain are fertile, but often suffer 
from impeded drainage. Very recent fluvial deposits are shallow and sandy 
(Huising 1993; Wielemaker & Vogel 1993; Stoorvogel 1995). 

Natural vegetation 

Colonization areas 

Pastures 

Mixed agriculture 

Annual crops 

Plantations 

Figure 2.1 The Northern Atlantic Zone of Costa Rica and the 1984 land cover 
(Sources: Stoorvogel 1995; Stoorvogel & Eppink 1995). 

The climate is characterised by abundant rainfall (3,000-7,000 mm.y1), well 
distributed throughout the year. Every month the precipitation is higher than the 
potential évapotranspiration, although in February, March and April dry spells of 
some days up to some weeks may occur. The relative humidity is 70 - 100 %. 
The average temperature is about 26 °C and varies little throughout the year 
(Figure 2.2). Table 2.1 shows some long-term average weather data for six 
weather stations in the NAZ. The variation is basically the same for all weather 
stations. 

14 
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Figure 2.2 Variation in weather data throughout the year for weather station 
Carmen. A: radiation and rainfall; B: minimum and maximum temperatures. 

Table 2.1 Long-term average weather data for six weather stations in the 
Northern Atlantic Zone of Costa Rica. 

Weather 
station 

Weather 
data 
from/to 

Average 
maximum 
temp. 
°C 

Average 
minimum 
temp. 
°C 

Average 
radiation3 

MJ.nT2.d'1 

Average 
rainfall 
mm.y"1 

Average 
vapour 
pressure 
kPa 

Average 
wind 
speed 
m.s"1 

Carmen 
Cobal 
Diamantes 
Lola 
Limon 
Mola 

1974-91 
1971-76 
1971-91" 
1973-90 
1970-90 
1980-89 

30.6 
30.9 
28.4 
30.2 
30.1 
28.0 

21.2 
20.2 
20.0 
20.1 
21.7 
21.2 

14.0 
12.9 
13.4 
12.0 
15.3 
13.0 

3,604 
3,948 
4,379 
3,548 
3,475 
3,735 

21.0 
21.1 
19.7 
20.6 
21.7 
21.1e 

5.5 
3.2 
3.7 
5.8 
6.9 
3.7 

a average radiation data were based on three to nine years with daily data; 
b data from 1975-1977 were missing; 
c data from the Cobal weather station were used. 

15 



Chapter 2: Case-study area and system delimitation 

The original vegetation of the NAZ consisted of tropical rainforest (Holdridge 
1987). By 1986, 54 % of the total area had been deforested. The deforestation 
rate in Costa Rica as a whole is decreasing, but after 1986 most of the 
deforestation in Costa Rica has taken place in the NAZ (Van Leeuwen & 
Hofstede 1995). Now, most of the natural vegetation outside the protected areas 
in the NAZ (National Park Tortuguero, Forest reserve Barra del Colorado, 
National Park Braulio Carillo) has disappeared. Of the deforested land 60 % is 
occupied by grasslands, although only 25 % was classified as "pasture land" by 
Huising (1993). Figure 2.1 shows the land cover map of 1984, the most recent 
map covering the entire NAZ. After 1984 land use has changed. The most 
important changes in land use were caused by continued deforestation and 
colonization, and the doubling of the area under bananas, which covered about 
44,000 ha in 1992 (Stoorvogel & Eppink 1995). 

2.1.2 Historical setting and socio-economic conditions 

The development of the NAZ started with the construction of the railroad from the 
Central Valley to Limon at the end of the 19th century. The construction company 
(Soto Keith, later called United Fruit Company) received concessions for 404,000 
ha and the right to exploit the railway for 99 years (Salas & Barahona 1980). To 
profit from these concessions, bananas were planted. The first bananas were 
exported in 1880. Owing to the "Depression" and the Panama disease the 
banana industry collapsed in the 1930s. Jobless plantation workers became 
farmers and began pushing towards the frontier regions. At the end of the 1950s, 
new resistant banana varieties were introduced and production increased again. 
The cultivation expanded rapidly, particularly since the early eighties. In the 
sixties, the colonization of areas situated further from the railway started with the 
immigration of people from other regions. They came to work at the plantations, 
bought farms, occupied new lands or underutilised lands. The population started 
to increase at a faster rate, pressure on the land increased, and large parts of the 
forest were cut. This colonization was also promoted by the Ley de Tierras y 
Colonización from 1961. The purpose of this law was to increase production and 
promote more equal distribution of land to improve social and economic 
conditions of farmers with small to intermediate sized farms (De Onoro 1990; Van 
Sluys ef al. 1992; Huising 1993). The traditional export crops of Costa Rica are 
coffee and banana. During the last decade considerable changes have taken 
place in the agricultural sector owing to Structural Adjustment Programmes. Price 
support for maize, beans and rice was abolished and the production of non-
traditional export crops, such as palmheart, roots and tubers, macadamia, 
pineapple, and ornamentals was promoted (Jansen et al. 1996). 

16 



Chapter 2: Case-study area and system delimitation 

Costa Rica's average population density is 63 inhabitants per square kilometre; 
in the NAZ it is only 28. However, the population growth in the NAZ (4.0 %; Lok 
1992) is much higher than in Costa Rica as a whole (2.2 %; INICEM-Market Data 
1994). In Costa Rica 35 % of the population is economically active, and 22 % of 
the working force is employed in the agricultural sector, while in the NAZ more 
than 50 % is employed in the agricultural sector. In 1990, the unemployment rate 
in the NAZ was 5.7 % (MIDEPLAN 1991). The World Bank (1994) classified 
Costa Rica as a middle-income country based on its average annual per capita 
income (i.e. Gross Domestic Product per person) of US$1960 in 1992. About 15 
% of the Gross Domestic Product is obtained from agriculture by 22 % of the 
working force. Therefore, it was assumed that in the NAZ, with about 50 % of the 
working force employed in the agricultural sector, 35 % of the Gross Domestic 
Product is obtained from agriculture. 

2.2 System delimitation and assumptions underlying the long-term 
explorative study 

2.2.7 System delimitation 

Area 
The explorations in this study are executed at the regional level. From 1986 
onwards, research has taken place in the NAZ and, consequently, a large amount 
of information is available for this region. 

Time horizon 
In long-term explorations no fixed time horizon can be defined. The production 
activities included in the MGLP-model are not practised yet in the NAZ. However, 
within a time span of 20 to 30 years it would be technically feasible to adopt the 
described production activities, depending on the differences between the 
described production techniques and the currently available production 
techniques. Moreover, the alleviation of all current socio-economic and 
institutional constraints implies a considerable time horizon. 

Interactions between economic sectors, production activities and regions 
The study focuses on the agricultural sector, because only for this sector long-
term potentials can be calculated with the help of knowledge on biophysical 
processes. In the MGLP-model for the NAZ, the only interaction with other 
economic sectors is through the need for labour: the maximum employment 
available for agriculture, in terms of percentage of economically active population, 
was assumed to be the same as the current percentage working in the 
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agricultural sector. Interaction within the agricultural sector between crop activities 
and livestock activities concern the use of crop products (maize, banana and 
cassava) for livestock production and the uptake of nutrients from manure in 
pastures. Interactions with other regions take place through immigration of people 
and export and import of agricultural products. Self sufficiency of the NAZ for 
agricultural products was not considered. Other regions can affect conditions in 
the NAZ, for instance through transport of sediment by rivers, leaching of 
biocides, or decreased demand for products. These interactions between regions 
were not considered in the present study. Influences of other regions, e.g. on the 
demand for crop products, were taken into account only as exogenous factors. 
Changes in these exogenous factors can be relatively easy analysed with the 
MGLP-technique. 

Technical and value-driven constraints 
The technical constraints included in the MGLP-model concern land suitability for 
production activities and land use sequences. Value-driven constraints, other 
than objective functions, concern minimum population, dietary pattern, export 
level, and maximum area per form of land use. No restrictions were put on input 
use, production and immigration. For the quantification of production activities 
production with "best technical means" was assumed. This implies that no 
restrictions were put on credit availability, infrastructure, information availability, 
etc. It also implies technically efficient production: no more nutrients, biocides, 
water, labour, etc. are used than necessary for the required production level. 

Sustainability indicators 
Economic surplus, income per person, and employment are used as indicators 
of the socio-economic dimension of sustainability. Biocide use, biocide leaching 
and N-loss are used as measures of the ecological dimension of sustainability of 
land use in this study. Information on biodiversity, soil compaction, organic matter 
content, etc. was insufficient to operationalise these aspects as sustainability 
indicators in this study. 

2.2.2 Policy views for future land use in the NAZ 

Land use in the NAZ can develop in several directions. Which possibilities of the 
region will be exploited, strongly depends on the interests and aspirations of 
those who influence the development process at the regional level and on 
exogenous factors such as export markets. Some information on objectives of 
groups of stakeholders in the NAZ is available, but the number of objectives is 
often large and clear priority setting per policy view is missing (MIRENEM 1990; 
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MIDEPLAN 1991; Anonymous 1992a; Kruseman et al. 1994). Based on the 
available information on objectives of groups of stakeholders in the NAZ and 
objectives of similar groups in other countries (Spharim era/. 1992; WRR 1992), 
five tentative policy views for future regional land use in the NAZ were formulated: 
• Free Enterprise (EP) 

This policy view mainly represents the multinationals and owners of recently 
established plantations with palmheart, pineapple, ornamentals, etc. This 
group of stakeholders is interested, in the first place, in maximizing the 
economic surplus from their properties in the region. Restrictions (social, 
economic or environmental), which strongly interfere with their objective, are 
not appreciated. Maintenance of the current market position for export of 
agricultural products is considered important; 

• National Development (ND) 
At the national level the foreign debt problem and employment are important. 
This influences policy making at the regional level. In Costa Rica the NAZ is 
the region with the largest potential for expansion of agricultural production. 
Increased export of agricultural products, and increased economic surplus, can 
contribute to reducing the foreign debt problem. Maintenance of the current 
market position for export of agricultural products is considered important. 
Increase of employment is a means of providing reasonable living conditions 
for the population in the region. The extension of agricultural activities in the 
NAZ could also alleviate population pressure and pressure on the environment 
in other parts of the country. This, however, should not threaten the currently 
protected area in the NAZ (Kruseman et al. 1994); 

• Regional Development (RD) 
In this policy view the local population is put centrally. A wide variation in 
groups and objectives can be observed among the population in the NAZ. 
However, the majority of the local population consists of small farmers and 
(agricultural) labourers. Their main objectives are increase of income, increase 
of employment, and safe living and working conditions (low exposure to 
biocides). In their view, the protected areas should be maintained, because 
they provide a source of income by means of the tourism industry; 

• Environmental Protection (EP) 
The "environmentalists" put more emphasis on maintenance of the potential of 
the land for future generations than on protection of flora and fauna in some 
currently protected areas. They assume that all the land should be used in a 
responsible way, avoiding damage to ecosystems. This is translated into 
reducing the amount of alien substances (i.e. biocides) applied per unit area. 
According to them, agricultural land use does not necessarily have to be 
separated from land used for nature; 

• Nature Conservation (NC) 
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