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Propositions 

1. A soil survey database can only be structured and organized effectively after a 
thorough analysis of future applications. 
- this thesis 

2. For the analysis of land use dynamics, Markov chains need probability modifiers 
to interpret the observed sequences. 
- this thesis 

3. A modular approach to link GIS and external models based on data exchange is 
preferred above full integration. 
- this thesis 

4. In contrast to the increasing attention for special-purpose soil surveys at detailed 
scale levels, it can be argued that general-purpose soil surveys are essential for 
screening potential study areas and planning sampling schemes. 
- this thesis 
- Burrough, P.A., 1991. Soil Information Systems. In: D.J. Maguire, M.F. Goodchild, andD.W. 

Rhind (Eds). Geographical information systems. Longman Scientific & Technical, Harlow, 
United Kingdom, 153-169. 

5. The statement of Yearsley et al. (1994) that dual GIS architectures - i.e. 
architectures with separate storage of geometric data and attribute data - are 
clearly undesirable originates from a purely technology driven point of view. 
- C. Yearsley, M.F. Worboys, P. Story, D.P.W. Jayawardena and P. Bofakos, 1994. 

Computational support for spatial information handling: models and algorithms. In: M.F. 
Worboys (Ed.). Innovations in GIS. Taylor & Francis Ltd., London, United Kingdom, pp: 77 

- This thesis 

6. The development of practical tools to define and identify scales in multi-scale 
GIS studies requires a clear definition of scale within GIS applications. 
- H.M. Hassan and C. Hutchinson (Eds), 1994. Natural resource and environmental information 

for decisionmaking. The World Bank, Washington, D.C., USA. 
- W. Andriesse, L.O. Fresco, N. Van Duivenbooden, and P.N. Windmeijer, 1994. Multi-scale 

characterization of inland valley agro-ecosystems in West Africa. Netherlands Journal of 
Agricultural Sciences 42: 159-179. 



7. Simple deterministic models to estimate sustainability indicators (e.g. NUTDEP, 
QUEFTS, USLE) are essential to support regional planning exercises. 
- J.J. Stoorvogel, E.M.A. Smaling, B.H. Janssen, 1993. Calculateing soil nutrient balances in 

Africa at different scales. I Supra-national scale. Fertilizer Research 35: 227-235. 
- B.H. Janssen, F.C.T. Guiking, D. Van Der Eijk, E.M.A. Smaling, J. Wolf, and H. Van 

Reuler, 1990. A system for quantitative evaluation of the fertility of tropical soils (QUEFTS). 
Geoderma 46, 299-318. 

- W.H. Wischmeijer, and D.D. Smith, 1978. Predicting rainfall erosion losses. A guide to 
conservation planning. Agric. Handbook No 537. USDA, Washington, D.C., USA 

8. Including only sustainable land use systems in the analysis of alternative land use 
scenarios can not yield realistic scenario results. 
- F.R. Veeneklaas, H. Van Keulen, S. Cissé, P. Gosseye, and N. van Duivenbooden, 1994. 

Competing for limited resources: options for land use in the fifth region of Mali. In: L.O. 
Fresco, L. Stroosnijder, J. Bouma, and H. Van Keulen (Eds). The future of the land: 
mobilising and integrating knowledge for land use options. John Wiley & Sones Ltd, 
Chisester, United Kingdom, 227-247 

- Jansen, D.M., J.J. Stoorvogel, and R.A. Schipper. 1995. Using sustainability indicators in 
agricultural land use analysis: an example from Costa Rica. Netherlands Journal of 
Agricultural Science 43: 61-82. 

9. The general opinion that pesticide use in the Atlantic Zone of Costa Rica has 
strong negative effects on the environment is not supported by any research data. 

10. Short term research contracts will lead to more diverse researchers and more 
dynamic research departments. Additionally, it improves interaction between 
departments and universities due to exchange of researchers. 

11. Do not refrain from modelling. It is just a formalisation of what everybody has 
been doing for centuries. 

Propositions accompanying the Ph.D thesis 'Geographical information systems as a tool 
to explore land characteristics and land use with reference to Costa Rica'. Jetse J. 
Stoorvogel, Wageningen, October 18, 1995. 



Preface 

When Christopher Columbus reached Costa Rica in search for the wealth of the 
Indies, the need for geographical information systems (and especially global positioning 
systems) was already evident. Nevertheless, the knowledge based systems used by the 
conquistadors led to a rapid inventory of the earth surface and form the basis for 
present day geography. With the high pressure on land in many parts of the world, land 
use planning requires a formalisation of the knowledge based systems with clearly 
defined data and relations available for every user. 

Almost 500 years after Columbus, I landed on the American continent in search for 
tropical soils and their relation with present day land use. Impressed by Columbus' 
mistakes and successes in combination with the rapid developments in information 
sciences, I started this thesis research. I would like to thank my promotors Johan 
Bouma and Louise O. Fresco for initiating this research and their continuing support. 
Their enthusiasm and encouragement were highly motivating. Despite the large 
distance, they were always willing to comment and discuss articles and parts of this 
thesis. 

The USTED methodology was developed together with Don Jansen and Rob 
Schipper. They are greatfully acknowledged for the stimulating interdisciplinary 
research. The discussions with André Nieuwenhuyse on soils and land use in the 
Atlantic Zone were highly motivating. Many M.Sc. students came to Costa Rica for 
their practicals or thesis research. Jeroen van Alphen, Randy Benjamins (GIS database), 
Marleen Belder (land use inventory), and Jacomijn Pluimers (biocide modelling) are 
acknowledged for their contributions to specific parts of this thesis. Luis Guillermo 
Valverde and Luis Guillermo Quirós are greatfully acknowledged for data collection. 
Hans Jansen is acknowledged for both coordination at the Atlantic Zone Programme 
and comments on parts of this thesis. Peter Burrough is greatfully acknowledged for 
commenting on a previous version of this thesis. Rob Sevenhuysen, Olga Carvajal, 
Fernando Cambronero, Celia Alfaro, Miguel Astua, and Edgar Alfaro are acknowledged 
for the logistic support at the Atlantic Zone Programme. This research would not have 
been possible without the endless support of Marjon Oostrom who took care of the 



logistics in my personal life. Both paranimfen Eric Smaling and Wim Andriesse are 
acknowledged for their friendship and teaching me the basic concepts of science in the 
beginning of my career. I am very thankful to the co-authors of my papers for the 
fruitful discussions that lead to the specific papers. Finally, I thank my family for their 
moral support and for trying to understand my work. 
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Introduction 

1.1 Soil and land use problems as a source for improving geographical 
information systems 

Although the world's total area under crop land and permanent pasture has 
increased only slightly by 2% per year during the last two decades, there has been a 
significant increase in agricultural production (FAO 1974, 1992). The resulting 
intensification of world's agriculture leads to a growing concern about the sustainability 
of agricultural production and its environmental effects. Agriculture is challenged to 
deal with an increasing demand for agricultural products in future and more stringent 
environmental constraints. The goals of farmers, who are the final decision makers in 
agriculture, do not necessarily correspond with the general objectives of policy makers 
and environmentalists. The decisions of these farmers, however, can be directed by 
agricultural policies, regulations and incentives to match them more adequately with 
regional and national objectives (e.g. Lutz and Daily 1991). Additionally, agricultural 
sciences can provide alternative technologies, which, if suitable for the farmer's 
situation, may be adopted. 

In Costa Rica, increases in the agricultural production were, until the early eighties, 
mainly the result of an expansion of the production area rather than an increase of 
productivity (Hartshorn et al. 1982). Deforestation rates have decreased since then to 
less than 0.2% per year (Kaimowitz 1994) and actually most primary forests are found 
in the protected areas (national parks, forest reserves) which cover approximately 20% 
of the Costa Rican territory (Ramirez and Maldonado 1988, Alvarado et al. 1993, 
Fournier 1993, Sader and Joyce 1988). As a result only a 5% expansion of the 
agricultural area took place in the last decade (estimate based on Lizano 1993 and 
Fournier 1993). Nevertheless, annually a 4% increase in agricultural production was 
reached in the last decade mainly as the result of alternative varieties, higher inputs and 
changes in the cropping pattern (estimate based on data from Lizano 1993, Anonymous 
1994). 

Although the agricultural production is increasing, it is lagging behind population 
growth in many parts of the world. In this rather hazardous situation, there is no room 
for a process of trial and error to develop agriculture. Agricultural sciences, therefore, 
need to develop tools for an ex ante evaluation of policies and regulations. Also, 
alternative technologies should be thoroughly tested at both field and farm level before 
supplying them to large groups of farmers. This ex ante evaluation requires a basic 
understanding of natural resource processes and the driving forces behind land use 
changes. 
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Chapter 1 

Fortunately new tools like Geographical Information Systems (GIS1), simulation 
models and linear programming (LP) models are being developed and continuously 
improved. These tools allow land use planners to explore different land-use options. In 
addition, they support the evaluation of incentives and measures to direct land use 
changes according to various policies. 

GIS are already routinely used to store, manage and analyze spatially related data 
(Hassan and Hutchinson 1992). Nevertheless, no standard procedures have been 
developed to include GIS in disciplinary methodologies dealing with spatial data. For 
instance, a standard procedure for soil surveying developed by Soil Survey Staff (1951) 
has been adapted and updated by different authors (Dent and Young 1981, Landon 
1991). Studies have been carried out to include GIS technology in soil survey 
procedures and GIS based soil survey databases like SOTER (Van Engelen and Wen 
1995) and STATSGO (Soil Survey Staff 1993) are being developed. However, no 
procedures have been adopted as a new standard by the different surveyors. 
Methodologies for land cover and land use inventories are currently emerging (Turner 
et al. 1994). Due to the regular use of satellite imagery, which comes in digital format, 
these inventories may employ GIS technology. However, similarly to soil surveys, no 
standardisation of methodologies takes place. For regional soil surveys and land use 
inventories, GIS technology is often only employed as a computer-aided mapping tool. 

Policy makers are becoming increasingly aware of the environmental effects of 
agricultural production, and sustainability is increasingly becoming a policy objective 
(Farshad and Zinck 1993). The analysis of soil survey and land use inventories is, 
therefore, often focused on sustainability related topics. Many definitions for sustainable 
development and the sustainability of agricultural production exist in the literature 
(FAO 1993, Lélé 1991). In general, only few relevant and quantifiable indicators can 
be operationalized in agricultural land use analysis (Jansen et al. 1995). The inventories 
of both land and land use should enable a geo-referenced analysis of these indicators 
to allow for the incorporation of these parameters in land use planning. This may 
require a linkage between the models estimating these sustainability indicators and GIS. 

"Information sciences" develop GIS technology almost independently from the 
applications. Commonly used GIS packages like PC Arc/Info2 provide relatively few 
tools for spatial analysis (only 5% of all PC Arc/Info commands are related to spatial 

Following Bonham-Carter (1994), the acronym GIS is used for either a single geographical information 
system, or several systems, or to the field of geographical information systems as a whole. 

2 Arc/Info and PC Arc/Info are registered trade marks of Environmental Systems Research Institute, Inc., 
Redlands, CA., USA. 
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Introduction 

analysis). This probably originates from the wide range of applications that different 
disciplines might give a GIS, leaving companies like ESRI with an impossible task to 
include all required operations. The packages do, however, increasingly facilitate links 
with external models, which can be developed by different disciplines. 

From both sides, GIS users and GIS developers, the developments can be 
characterized as "technology driven". It is necessary to take a more "application driven" 
approach where disciplines focus on the application and adoption of standard GIS 
packages, made available by the information scientists. Additionally, they should 
identify the requirements of GIS for their applications and feed them back to 
information scientists. This interaction is crucial to avoid sterile, purely "technology 
driven" approaches. Information scientists should certainly continue to do basic work 
but the efficiency of their work would increase when fed by problems of the real world. 

In contrast to a general impression that GIS is high-tech and unsuitable for 
developing countries (Taylor 1991), in practice an increasing use of these systems can 
be observed in these countries. GIS technology is found in most Costa Rican 
organizations dealing with spatial data. Almost all organizations use commercial GIS 
packages like PC Arc/Info and occasionally IDRISI3. The organizations focus on GIS-
supported applications and do not deal with the internal organization of the GIS. Also 
in the Costa Rican context a technology driven use of GIS can be observed where GIS 
is mainly used to make sophisticated maps. Less or no attention at all is paid to data 
quality and to the systematic analysis of spatial data. 

1.2 This thesis 

The use of GIS for the inventory and analysis of land characteristics and land use 
receives increasing attention in literature (e.g. Bonham-Carter 1994, Michener et al. 
1994, Maguire et al. 1991). However, the proposed techniques are often not applicable 
using commercial GIS packages as they require adaptions to the internal organization 
of the GIS. This thesis deals with the use of commercial GIS software for the storage 
and analysis of land characteristics and land use. Specific research topics for the study 
include: 

- the optimization of data storage on the basis of possible use, 
- the quantification of temporal dynamics in land use, and 

IDRISI is a registered trademark of the IDRISI project/Clark University, Worcester, MA, USA. 
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Chapter 1 

- the integration of GIS and other tools and procedures for the analysis of land use 
scenarios. 
Several aspects related to the use of GIS are outside the scope of this thesis, although 
they may have a significant importance: 
- As indicated by, for example, Bregt (1992), GIS can be used to support the 
optimization of sampling schemes. Most studies make use of geostatistics and apply to 
detailed scale levels. At smaller scales, different mapping units are often delineated on 
the basis of aerial photographs. The present study deals mainly with existing databases 
at regional scales, where the inventories of land and land use are carried out using 
aerial photographs. 
- The uncertainties and quality of data may influence significantly the results of any 
study. Few independent parameters have been developed to indicate the accuracy of 
spatial data and its effect on modelling exercises. Studies like for example Heuvelink 
(1993) may contribute significantly in the operationalisation of these parameters. 

In this thesis, approaches to the use of GIS for land and land use related studies are 
developed. The approaches are explored and illustrated with examples from the 
Northern Atlantic Zone in Costa Rica (Figure 1.1). Special attention is paid to the 
sustainability related side of land and land use analysis. The research is part of an 
interdisciplinary research programme named the Atlantic Zone Programme (AZP). This 
programme is a cooperation of the Tropical Agricultural Research and Higher 
Education Centre (CATIE, Costa Rica), the Ministry of Agriculture and Livestock 
(MAG, Costa Rica), and the Wageningen Agricultural University (WAU, The 
Netherlands). 

Commercial GIS software often has a dual architecture, with separate storage of 
spatial and attribute data. For users of the software, the structures for the spatial data 
are often fixed, and only the attribute data can be structured user specifically. 
Therefore, database structures in this thesis focus on structures for attribute data. 
Structures for soil survey data are often complex due to the occurrence of soil 
associations and soil complexes. In Chapter 2, alternative database structures for soil 
survey data are proposed and evaluated based on a general data model and different 
indicators for the efficiency of databases for queries. Applying the database for 
different modelling approaches to estimate biocide leaching, these structures are found 
to be rigid in terms of the level of detail they provide. Therefore, decision rules were 
developed enabling different applications of soil survey data at different levels of detail. 

Land cover and land use databases have relatively simple legends. Consequently 
the thematic database structures can be relatively simple. Due to their great temporal 
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1.1 Location of the Northern Atlantic Zone and the Neguev settlement in 
Costa Rica 

variation, however, land cover and land use data have an additional dimension. On a 
large scale this variation comprises cropping sequences, whereas on a small scale it 
includes broad land cover changes. The quantification of land use dynamics using both 
standard and new indicators is discussed in Chapter 3. 

When the tools for spatial analyzes are not provided by a commercial GIS package, 
the GIS can be linked to external models. This is generally the case when sustainability 
related topics are included in the analysis. Chapter 4 provides general structures for the 
GIS-model link and illustrates them with an example, where GIS is linked with a LP 
model. In addition, two examples are further elaborated to i) optimize the distribution 
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Chapter 1 

of land use in a given area to reduce soil nutrient depletion, and ii) analyze alternative 
land use scenarios through systems integration. The latter forms the basis for an 
exploratory methodology with which the effects of policies and incentives can be 
estimated. 

Chapter 5 evaluates the use of GIS databases and data needs for land use analysis. 
Four practical examples from the Atlantic Zone of Costa Rica are presented, covering 
respectively: i) identification of potential areas for maize cultivation, ii) problems with 
sustainability, iii) the risk of ground and surface water contamination with a commonly 
used nematicide, and iv) the analysis of alternative land use scenarios. 

Chapter 6 lists future challenges and presents general conclusions. 

1.3 The study area 

The study area comprises the perhumid tropical lowlands in the northern part of the 
Atlantic Zone of Costa Rica measuring approximately 5,450 km2. An extensive spatial 
database that comprises data on the natural resources, agricultural land use, and the 
human environment is available for the area (Stoorvogel and Eppink 1995). This makes 
the area extremely useful for this specific study. Land use data for the whole study area 
are only available for 1984. Studies to land use dynamics (Chapter 3) are, therefore, 
carried out for parts of the area where aerial photographs for different years were 
available. More detailed studies presented in Chapter 4 are carried out for the Neguev 
settlement (Figure 1.1). This settlement comprises 47 km2 and is located on the 
footslopes of the Turrialba volcano. 

The Northern Atlantic Zone of Costa Rica 
The perhumid tropical lowlands in the northeast of Costa Rica form the 

continuation of the Nicaragua basin, a subsidence basin filled with alluvial and marine 
deposits. The basin is limited in the southwest by the Central and Talamanca Mountain 
Ranges (Figure 1.2). Active volcanism is found in the Central Mountain Range. In the 
north, a number of basaltic cones are found. Along the coast, marshy backswamps are 
located. 

The climate is characterized by water excess all year around with less precipitation 
in February and March and a mean annual rainfall between 3300 and 7000 mm 
(Stoorvogel and Eppink 1995). Temperatures vary little throughout the year with an 
average annual temperature of approximately 24° C in the lowlands decreasing with 
0.42 °C per 100 m rise in altitude (Herrera 1985). 
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Figure 1.2 Main geomorphological units in the Atlantic Zone 

The soils in the Atlantic Zone (Figure 1.3) can be described and classified (Soil 
Survey Staff 1994) as: 
SI: old, strongly weathered, clayey and well drained soils (oxic Humitropept and 

Haploperox) on mudflows both on the footslopes and as remnants in the alluvial 
plains (23.4%), 

S2: old, moderately weathered, sandy and moderately well drained soils (aerie 
Tropaquept and aquic Humitropept) developed in sedimentary rock in the 
Talamanca Mountain Range (3.5%), 
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Chapter 1 

Figure 1.3 General soil groups in the Northern Atlantic Zone (based on Wielemaker 
and Vogel 1993) 

S3: young, well drained soils (andic Tropopsamment and andic Dystropept) 
developed in young alluvial deposited sediments of volcanic origin (25.5%), 

S4: young, slightly weathered poorly drained soils (Tropaquept) developed in sandy, 
volcanic sediments from the Central Mountain Range (2.1%), 

S5: young, slightly weathered poorly drained soils (Eutropept) developed in fine 
textured sediments (24.7%), 
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Introduction 

S6: young, slightly weathered moderately well to well drained soils (Dystropept and 
Tropaquept) developed in sandy to loamy sediments from the Talamanca 
Mountain Range (4.9%), 

S7 : soils (Hydrudand) developed in volcanic ashes under extremely humid conditions 
(3.3%), and 

S8: peat soils (Histosol) developed in the coastal backswamps (12.6%). 
A number of soils occur in very small areas. A more generalized classification was 
therefore based on soil fertility and soil drainage. The latter identifies fertile, well 
drained soils, fertile poorly drained soils, and infertile, well drained soils. These three 
groups correspond roughly with group S3, S5 and SI, respectively. 

In previous centuries a dispersed Indian population was found in the area. However, 
during Spanish colonization the area was found to be practically inhabitated. Major 
colonization in the area started with the construction of the railroad in 1865. The 
railroad was constructed for the transport of the coffee harvest from the higher areas 
and was located on the boundary between the footslopes and the alluvial fan. Besides 
being the most suitable area for the construction of the railroad, it crossed the area with 
fertile, well drained soils, which was suitable for banana production. Starting on the 
footslopes, colonization took place mostly in northern direction into the alluvial plains. 
At the moment most of the Atlantic Zone outside the protected areas is colonized. 

Agricultural land use in the Atlantic Zone (Figure 1.4) ranges from extensive cattle 
raising and breeding to intensively managed plantations for banana and palm heart 
production. Farms vary between big plantations and small farms. The latter are often 
organized in settlements schemes of the Institute for Agricultural Development (IDA 
Institute de Desarrollo Agropecuaria). 
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Figure 1.4 1984 land cover in the Northern Atlantic Zone 

The Neguev settlement 
The Neguev settlement is located on the footslopes of the Turrialba volcano, north 

of Guäpiles-Limon highway (Figure 1.5). The settlement is managed by IDA, which 
is the main organization dealing with the reorganization and management of agricultural 
settlements. IDA settlements cover almost 20% of the northern part of the Atlantic 
Zone (Stoorvogel and Eppink 1995). A full description of the Neguev settlement is 
given by De Onoro (1990). The spatial database for the Neguev settlement comprises 
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a 1:20,000 soil survey, a map with the location of the different farms and for the 
southern part of the settlement a land use map for 1986. 

A semi-detailed soil map of the settlement (1:20,000) was made by De Bruin 
(1992). The soil map was generalized on the basis of soil fertility and drainage (Figure 
1.6). The resulting four soil groups can be described and classified (according to the 
Soil Survey Staff 1994) as 
SFW: young, well drained volcanic soils with a high soil fertility (andic Eutropept, 

typic Udivitrand), 

23 



Chapter 1 

SFP: young, poorly drained volcanic soils with a high soil fertility (aquandic 
Tropaquept), 

SIW: relatively old, well drained soils with a low soil fertility developed on mud flows 
and Pleistocene alluvial deposits (oxic Humitropept and Haploperox), and 

P: swamps. 

SFW 

SIW (Slopes <6%) 

SIW (Slopes >6%) 

SFP 

Figure 1.6 General soil groups in the Neguev settlement (after De Bruin 1992) 
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Originally the Neguev settlement was a large cattle ranch with some smaller parts 
under forest. In 1979 the settlement was occupied by settlers after which IDA 
intervened, bought the farm and took care of parcelling. Although the settlement 
scheme was established a decade ago, pasture used for extensive cattle breeding (with 
a cattle density of one head per ha) and to a smaller extent forest still dominate land 
use in the area (Figure 1.7). Yet, smaller areas are presently cultivated with maize, red 
pepper, tubers, coconut, cacao, plantain and fruit trees. The annual and perennial crops 
are scattered on small parcels throughout the area. Recently the cultivation of palm 
heart expanded rapidly. 
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Figure 1.7 1986 land use for the southern part of the Neguev settlement (Overtoom 
et al. 1987) 
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2. The storage of soil survey data 

The Sections of this chapter are based on the following publications: 
Section 2.2: Stoorvogel, J.J., and M. Molenaar, 1995. Soil associations and complexes in GIS based 

soil and terrain databases: a Costa Rican case study. Submitted to International 
Journal on Geographical Information Systems. 

Section 2.3: Stoorvogel, J.J., and J. Bouma, 1995. A multi-level soil information system to estimate 
biocide leaching in Costa Rica. Submitted to Soil Science Society of America Journal. 
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parameters are required that indicate the efficiency and flexibility of the database 
structure for certain queries. 

In this section, a data model for the attribute data of soil and terrain databases is 
presented. Alternative database structures and quantitative parameters to determine the 
efficiency of queries are used to put the data model into practice. The setup of a soil 
and terrain database is illustrated with a five step approach for soil survey data of the 
Northern Atlantic Zone. The 1:150,000 soil map with its database (based on 
Wielemaker and Vogel 1993) is stored in PC Arc/Info and serves for the different 
disciplines of the AZP besides other research projects and organizations. 

2.1.2 The data model 

GIS database structures are partially determined by the GIS architecture. Two major 
GIS architectures, raster and vector, can be distinguished. Raster based systems are 
established by a link between position and thematic data. For vector based systems the 
object is described by geometric and thematic data (Molenaar 1991). The geometric and 
thematic object descriptions can be handled independently and are linked by a feature 
identifier. For soil survey data, the objects are the delineated areas of the soil map. The 
shape and position of the delineated areas are described by the geometric data, whereas 
the soil distribution and additional properties (like geology and geomorphology) are 
described by thematic attributes. Compared to the traditional soil map, the feature 
identifier is the identification soil legend (Soil Survey Staff 1951) that links delineated 
areas to the thematic object description within the database of non-spatial attributes 
(Burrough 1986). This section is focused on the vector approach and deals with the 
organization of the thematic object description. In most cases, the structure for 
geometric data is fixed in commercial GIS packages. Similar attribute structures can, 
therefore, be used for grid based systems. 

In the data model proposed for soil and terrain databases (Figure 2.1) the delineated 
areas (DAs) are classified as mapping units (MUs), i.e. DAs with similar attributes (e.g. 
soil distribution). If the MUs comprise soil associations, terrain units (TUs) are 
described. These TUs are individual components of the association. TUs are described 
by one or several sub-units like for instance a geological unit (GeU), a 
geomorphological unit (GmU) and a soil unit (SU). In soil and terrain databases, 
emphasis is placed on the latter with more general descriptions for GeUs and GmUs. 
The properties of SUs will be described in detail with reference to representative 
profiles for the different soil series and descriptions of the soil horizons. GeUs are, for 
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Figure 2.1 Data model for a soil and terrain database 

instance, described in terms of the age and type of deposit, whereas GmUs are 
described in terms of slope, drainage and stoniness of the terrain. The way sub-units 
are described largely depends on the available data, the scale and the purpose of the 
soil map. 

2.1.3 Alternative database structures 

Several database structures for soil survey data have been developed. Examples are 
SOTER (Van Engelen and Wen 1995) and STATSGO (Soil Survey Staff 1993). The 
setup for the relational database containing the thematic information of soil and terrain 
data depends mainly on the dataset and on the objectives of the database. On the basis 
of the data model (Figure 2.1), an inventory of alternative database structures is carried 
out. Three alternative database structures will be described according to the entity-
relationship model (Chen 1976). 

Structure A 
Figure 2.2 shows a database structure proposed by Baumgardner and Van de Weg 

(1989) and Wielemaker and Vogel (1993). Different entity sets can be distinguished for 
delineated areas (EDA), mapping units (EMU), terrain units (E^), geological units ( E ^ ) , 
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Figure 2.2 Entity relationship model for database structure A 

geomorphological units (EGmU) and soil units (Esu). All the entity sets are stored in 
separate two dimensional tables in the database. 

EDA, which in Arc/Info coverages is named the polygon attribute table, describes 
the classification of the delineated areas into mapping units. Two key attributes are 
present: the feature identifier for the link with the geometric data, and the MU identifier 
as a link to EMU. Additionally two topological attributes for the area and perimeter of 
DAs are added by Arc/Info. 

EMU has, besides the MU identifier, five key attributes relating the MU to five 
different terrain units. Five additional attributes indicate the percentage of the mapping 
unit covered with the corresponding terrain units. The five key attributes for the 
different terrain units are all linked to one key attribute in E^ . 

Terrain units are described by different sub-units in E^ . Besides the TU identifier, 
E™ contains key attributes to the entity sets of these sub-units: EGeU, EGmU) and Esu. The 
different entity sets for the sub-units describe the specific properties included in the 
survey. 
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The database structures presents a complex relation between EMU and E^ . If, for 
instance, one is interested in a specific surface stoniness, a quintuple relation (in case 
of five terrain units) between EMU a nd Ero is necessary to check whether one of the five 
terrain units presents surface stoniness. Databases organized according to Structure A 
will contain many empty fields for mapping units where less than five terrain units are 
described. The databases will therefore occupy relatively much disk space. 

Structure B 
Database structure B (Figure 2.3; e.g. Van Engelen and Wen 1995) differs from 

Structure A by the definition of E ^ . E ^ in Structure B has two key attributes for the 
MU and the TU. An additional attribute indicates the percentage that the TU occupies 
in the MU. A mapping unit with, for instance, four terrain units will now occupy four 
records in EMU. With a varying number of terrain units, the number of records 
describing the MU will change correspondingly. In this way, no empty fields are found 
in the database. At the same time, the complex relation between E^, and EMU is 
avoided. Mapping units with surface stoniness can now be selected by a single query. 

Figure 2.3 Entity relationship model for database structure B 
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Structure C 
Structure A and B can indicate a variability which not necessarily is relevant for 

users. A mapping unit can be homogeneous for geomorphology but at the same time 
may be composed out of several soil types. Users interested in geomorphology still 
have to deal with this variability. In structure C, however, GeU, GmU and SU are 
treated as spatially independent and separate terrain units for the different sub-units are 
defined (Figure 2.4). To avoid that the spatial dependency is lost completely, a separate 
index file is included indicating the spatial dependency for the different sub-units. The 
definition of this index file may be simple derivations of E ^ and E ^ as defined in 
Structure A or B. 

<CMïr> 

Emu 

Etug Etugm Etas 

( jEU> C area area )<CTSLL> C area 

Egeu Egmu Esu 

Figure 2.4 Entity relationship model for database structure C 
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2.1.4 Queries 

Queries may be feature oriented or thematic oriented. Feature oriented queries 
comprise queries that look for the properties of a certain terrain feature. A feature 
oriented query checks for instance whether fertile well drained soils occur in a 
delineated area. Thematic queries are based on the values of one or more attributes. The 
terrain features that fulfill these criteria are selected. A thematic oriented query may be 
the selection of all delineated areas with fertile soils. The way the two queries can be 
put into practice is completely different. In most databases thematic oriented queries 
have to pass several "one (or few) to many" relations as feature oriented queries have 
to pass several "many to one (or few)" relations. 

The efficiency of a database structure merely depends on the requested information. 
However, a certain number of boundary conditions like normalisation of the database 
should always be fulfilled. Depending on the database and its use the most suitable 
normal form has to be found. These normal forms guarantee for relational databases 
that problems of redundancy and anomalies do not occur (Ullman 1982). The 
optimisation of the database structure is based on the efficiency and the flexibility. The 
efficiency stands for a minimum of algorithmic steps during the query. On the other 
hand the flexibility indicates whether a wide range of queries, thematic oriented or 
feature oriented, is possible. To evaluate possible database structures, it is necessary to 
quantify these criteria. One of the possible indicators is the average number of fields 
that has to be read in the various tables for thematic and feature oriented queries. The 
number of columns and records for the different tables that are involved in the query 
are determined after which Equation 2.1 estimates the total number of fields to be read. 

F 
X=Y, (Ri* c/) Equation 2.1 

/=1 

In which: X = average number of fields 
F = total number of tables 
Rj = number of records in table i 
Q = number of relevant columns in table i 

Of course commercial database management systems have advanced querying 
possibilities which will increase the efficiency of querying. Nevertheless, equation 2.1 
will give a good indication of the efficiency of the database to a certain query. 
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Besides the number of fields, the number of files and the amount of disk space 
required determine the efficiency of the database. The number of files, generally, 
corresponds with the number of entity sets. 

2.1.5 The Costa Rican case 

For the creation of the database structure five different steps can be followed: 
1) Identification of the dataset 
2) Setup of a data model 
3) Creation of alternative database structures 
4) Inventarisation of common requested queries 
5) Evaluation of the database structures 
These five steps will be described and evaluated for the soil and terrain database of the 
Northern Atlantic Zone. 

Number of terrain units 
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• 3 

/V limits of delineated 
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Figure 2.5 Complexity of the delineated areas in the Atlantic Zone soil survey 
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