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ABSTRACT 

ConventionaI methods of soi1 ~Iassitication are map unit based. consisting of disci-etc 

sharpIy bounded areas. In this study an alternative approach to land suitability evaluation 

based on conventional rnethods is s u ~ e s t e d  to account for vatiability w i ~ h i n  soil classes 

and mapping units. This approach combines optimal spatial interporation methods (Block 

Kriging) and Fuzzy Set Theory to derive a continuous classification and mapping for land 

suitability evaluation by retainins point-data from tield. This proposed paradigm was 

applied to the land suitability assessrnent for maize in the Texcoco River Watershed in 

central Mexico. Ten polygons rnapped by conventional survey procedures represent the 

"current pmdigm" of generalized soi1 information whzreas 66 point-data 1-epsesent the 

proposed "new paradigm". The soil data from these parrtdigms were processed and 

evüluated by an Automated Land Evaluation S ystem (ALES) model. Sui tabi li ty maps 

were generated from both rnethods. The final suitability maps were compared in terms of 

RMS with observed performance (maize corn yields). in order to test their  accuracy. 

Land suitability evaluation results from interpolation and fuzzy classification methods 

showed signiticantly closer predictions to observed yield than the discrete (polygon) 

classification. There was no siqificant difference, in tems of accuracy of predictions, 

bstween estimates frorn Kriging interpolation alone against estirnates deri ved from fuzzy 

membership application. There are advantages. in terms of accuracy of interpretations 

derïved from soi1 data, in retaining hard point-data and then using spatial interpolation 



and fuzzy membership funcrions to derive inretpretive maps. Geostatistical techniques 

and Fuzzy Set Theory and algorithms. used in a Geographical Information System (GIS). 

are promising tools to avoid information Iosses due to generalization. 



ACKNOWLEDGEMENTS 

1 am grateful to Allah for d l  the favors He has bestowed upon me. 

SpeciaI thanks so to my supervisor. Dr. Raul Ponce-Hemandez. for his unen\.iabls task of 

supervisin_o this thesis and for his grerit effort in providing me with al1 data and 

information needed to complete this work- 1 wish to thank al1 people in the Watershed 

Ecosystems Department who helped in making this work a possibility. 1 am thankfu1 to 

my cornmittee members. Dr. Tom Hutchinson and Dr. Jirn Buttle. for their helpfu! and 

constructive comments. 1 would like to thank Eric Sagar, Robert Loney and Paul Kame1 

for their directions in laboratory and computer work which was most helptui- Many 

thanks and great rippreciation go to my wi fe Müdiha for a11 her endurince and 

tremendous support thi-ou_ohout the development of this thesis, and to rny lovely son 

Mohamed and daughters, Esra and Fatma. for their patience. 

.-- 
I I I  



TABLE OF CONTENTS 

ABSTRACT 
ACKNO WLEDGEMENTS 
Table of Contents 

mures List of Fi, 
List of Tables 
List of Maps 

1 INTRODUCTION 

2 BACKGROUND 
2.1 Current Pnradigm for Providing and Processing Soil 

Information for Land Use Planning 
2.1.1 Conventional SoiI Survey 

2.1.1.1 Field Procedures 
2.1.1.2 Soil Classification 
2.1.1.3 Soil Mapping 

2.1 .?- Interpretation of Soi1 Information 
3.1.2. L Land Capability Classification 
7. L.2.1 Land Suitability :The F A 0  Land Evaluation Framework 
3.1.7.3 Interpretation in Terms of Agro-Ecologicnl Zones (AEZ) 

3 STATELMENT OF THE PROBLEM 

4 F-M'OTHESES 

5 METHODS AND AYALYSIS 
5- 1 Proposed Paradigm for Providing Soil Information 

for Land Use Planning 
5.1.1 Ungeneralized Point Data 
5.1.3 Point Data in Geogrnphical Information Systems (GIS) 
5.1.4 Spatial Variability of Soil and Rqionalized Variable Theory 
5-13 Regionalized Variable Theory (RVT) 
5.1.6 Spatial Estimation (Interpolation) 
3.1.7 Geopphic Objects with Indeterminate Boundaries: 

Fuzziness of Soil Boundtlries 
5.1.8 Elernents of the Proposed Paradi-m 
5.1 -9 Methodological Procedures 

5.2 Description of the Study A r a  
5.3 Srimpling Stratezy 
5 -4 S ample Treatment and Laboratory Anal ysis 
5.5 Spatial Database Development 
5.G Data Sources for Developinz Land Suitability Models 



5-6.1 Regression Analysis for Estimation of Missing Data 
5.6.3 Climatic Data interpolation 
5.6.3 Length of Growing Penod (LGP) Data 

3.7 Development of Models for Land Suitabi li ty Assessment 
5.7.1 Definition of Land Utilization Types (LLT) for the Assessrnent 
5.72 Definition of Land Management Units (Lb'lU) for the Assessrneri t 
5.7.3 Definition of Land Use Requirements iLUR) 
5.7.4 Detinition of Land Characteristics (LC) 
5.7.5 Suitability Classes 
5.7.6 Models and Decision Trees 

5.8 Computütion of EvaIuation and Results 
5.8.1 Measurement of Maize Yield 
5 - 8 2  Converting Suitability Classes to Yield Data 

for Spatial Interpolation 
5.9 Spatial Analysis of Yield Data from Suitability Classes 

5.9.1 Interpolation of Yield and Grid Production 
5.10 Application of Fuzzy or Continuous Classification 
5.1 1 Comparison of Suitabili ty Assessment Derîved from 

"The Current" and "Proposed" Paradip 
5.1 1.1 Converting Fuzzy Membership Values to Yield Data 
5.1 1.2 Cornpanson of the Resulting Suitability Maps 
5.11.3 Spatial Distribution of Deviations of Yield Estimates: 

Model Cali bration 

6.0 RESULTS 
6.1 Predicting Mïssing Data by Regession Analysis 
6.3 Climatic Database Results 
6.3 Length of Growinz Penod Results 
6.4 The Current Paradigm of Soil Information: Evaluation Results 

. 6.5 The Proposed Paradi-m of Soil Information 
6.5.1 Spatial Analysis 
6 - 5 2  Estimation by Krising 
6.5.3 Raster Maps 

6.6 Fuzzy Mappins 
6.7 Cornparison of Results for Suirnbility Mops 
6.8 Spatial Distri bution of Y ield Estimates: Model Cali bration 

7.0 Discussion 
7.1 General Discussion 
7.2 Discussion on Regression Anal ysis 
7.3 Discussion on Spatial AnaIysis and Interpolation 
7.4 Discussion on the Soil Information 

7.4.1 Land Evaluation from Hard-point Data 
7.3.2 Land Evaluation from Generalized (Polygon) Data 
7.4.3 Comparison 



B i b l i o p p h y  
Appendices 



LIST OF FIGURES 

Fig # Page # 

1- Two-stage and paralle1 approach to land evaluation 
(FAO. 1976) 

2- An example of simple expet-imental transitional vanogram 
with range, nugget and si11 

3- Examples of the most comrnonly used variogram models 
(a) sphencaI: (b) exponential; (c) linear, and (d) gaussian 

4- Current paradi-m methodology 

5- Proposed paradi*p methodology 

6- Soi1 fertiIity decision ti-ee 

7- Sigrnoidal membership function 

8-(a) Resression line of annual rainfaII with rainfall within growing season 

84b) Regession line of annual rainfall with elevation 

8-(c) Regression Iine of length of growins penod with annual rainfall 

8-(ci) Regression line of length of growing period with 
rainfall within zrowins season 

8-(e) Regression line of length of gowing penod with elevation 

9- Maps resulting from overlaying the calculated isolines of climatic 
parameters over the soi 1 pol ygons (current paradi gm) 

10- Maps resulting from overlaying the calculated isolines of climatic 
parameters over the point sampIe sites map (proposed pzlrridigm) 

Il-  Müps resulting from overlriying the calculated Thiessen polygons 
of climatic parameters over the soi1 polysons (curent partidigrn) 

12- Maps resulting from overlaying the calculated Thiessen polygons 
of climatic parameters over the point sarnple sites rnap 
(proposed paradi-m) 

vii 



13- Length of growing penod for five stations in Tescoco area 

14-Omnidirectiond variogram for yield 

15- Variogarn for yield Texcoco Watershed: Gaussian model 

16- Variogram for yield Texcoco Waters hed: Exponenti al model 

17-Variogcarn foi- yield Tescoco Watershed. Direction:hr-S 

1 8-Variogram for yield Texcoco Watershed. Direction:BT-S W 

19- Fuzzy membership function for suitable land 



LIST OF TABLES 

Table # 

Land suitability classes related to yield estimation 

Length of gowing penod values (days) c;ilculated 
for the five meteoroIogical stations 

The suitabiiity matrix for current paradism 

Land suitability evaluation matrix for hstrd-point data 
"proposed paradibm" 

Batch statistics for suitability classes and yield data 

Isotropie models parameters 

Observed and predicted yields at 37 test sites. Texcoco basin 

The results of the percentage deviation of the three 
yield predictors from the observed yield. 

Page # 

92 

L 14 



LIST OF MAI'S 

1 - Texcoco River watershed 

2- Soi1 sample distribution for the srudy area (part of the Texcoco 
Ri ver Waters hed) 

3- Soi1 polygon classes of Texcoco River Watershed 

4- Meteorological stations 

5-Predicted yield by suitability classes on soi1 mapping 
units or pol ygons (current paradigm) 

6- Psedicted yield by suitability classes on soi1 polygons 
or mapping units (current paradi-m):Rasterization of rnap ( 5 )  

7-Predicted yield by Kriging 

8- Suitrrbility classes predicted by Kriging 

9-Fuzzy membership cIasses 

10- Observed (measured) yield data (todha) at the 37 random 
check sites 

11- Spatial distribution of deviations of yield estimates (todha) from the 
Obsenfed. Estimates denved from the evaIuation of soi l pol ygons 
(cun-ent paradigm) 

Paoe # 

70 

12- Spatial distribution of deviations of yield estimates (ton/hü) h m  the 138 
observed. Estimates derived ti-om the evaluation at point-data and their 
spatial interpolation by Kriging (proposed paradigm) 

13- Spatial distribution of deviations of yield estimates (tonha) from the 
observed. Estimates derived from the evaluation at point-data and 
their Fuzzy classification (proposed paradi gm) 



The ability of land to produce crops is limited and the limits to production are set 

by clirnate, soi1 conditions, the senetic potential of  the crops and by the use and 

manasement of land. 

The assessment of land potential is an essential component of land use planning 

and requires a cornprehensive exercise in l a d  evduauon. Such an exercise involves 

detailed data on the physical, chernical and rnorphological characteristics of land 

resources, land uses and the technical, infrastructurai and economic settings surrounding 

such land uses. Accordingly, knowledse of the land resources endowment and its 

potentid I s  an essential prerequisite to planning optimal land use and subsequent sound 

"Ion,s term7' agicultural development. 

The term "land?' has been used in a comprehensive integratin3 sense to refer to a 

wide variety of naturai resource attributes, ranging fiom the near atmosphere d o m  to the 

sub-soi1 and the underlyins rock- Land evaluation is the process of assessing the 

potential uses of land for agiculture. ensineering, forestry and recreation. Specific 

agicultural uses include arable farming es~ensive gazin% and irrïgated agriculture. Land 

evaluation is based on the interpretation of physical land attributes with respect to kinds 

of land use and the excent to which crop production or the given tarset performance of the 

land-use, can be achieved optimally and on a sustained basis (Le. without deteriorating of 

the land resources). The relevance of the land use for the economic anci social context of 

the area concerned should be also accounted for. Additionally, land evaluation 

determines the best management and improvement measures for each alternarive kind of 

use. 



Land use decisions are based on the characteristics of the land which need to be 

inventoried and rnapped. In mm, the characterinics ofthe land may show considerable 

variability over space and over tirne. Thus, the information and the accuracy of the 

statements that can be made about mil properties depend to a large extent on the spatial 

varîability of the soil and on the accuracy wirh which it is characterized and portmyed in - 

maps. The effects of inaccuracies introduced by mapping methods and techniques on the 

tnttffilness of the statements that can be made about soil variabiIity and on the predicted 

values of soil properties, and subsequentiy on the suitability ratings assigned during land 

evaluation, are unknown and need to be investigated. - 

Land suitability ~Iassification is an approach in land evaluation that concems the 

appraisal and grooupping of specific areas of Iand in terms of their suitability for specific 

uses (FAO, 1976). The Food and Agricultural Organization of The United Nations 

(FAO) proposed jeneral classification for lands suitability is universally accepted in 

land-use planning, particularly in the developins world. In this method, the suitability 

classes are defined as discrete groupings, separated by strict class definitions or fixed 

class limits. Land units that have a degree of suitabiIity sornewhat intermediate between 

classes can  however, only be placed in one single suitability class (Tang et al., 1991). 

Thus, the problem of characte~ing and mapping of soil spatial variability 

through the use of dis~rete classification systems in land evaluation needs to be exarnined 

thorouphly for its implication for land-use planning. Many conventional soi1 

classification systems establish a series of subdivisions, which place individual soi1 

profile descriptions into a hierarchically structured, and to a geat  extent rigid, scheme. 

Examples of such a scheme include the United States Department of Agriculture 



(USDA)'s comprehensive "Soil Taxonomy" (Soil Survey StafS 1975), Northcote7s 

(1979)'A factual key to Ausudian soils', and FAO's Soil Classificarion Synem (FAO, 

1989). These hierarchically arranged classes are rnunially exclusive with s h q  
C 

boundaries between class limits. Each class identified is defined by a central concept 

(Burrou-&1989). The conventional method outiined above therefore implies that soil 

classes are discrete with abrupt boundaries, represented by a centrai concept and makes 

no allowances for either class impurities due to missing or unrecorded data or vagueness 

in the definitions of the class boundaries- According to the existing systems of soil 

classification, any soi1 individual belongs to exactly one cIass- 

This study focuses on comparing the effects of applying the current and the 

"proposed" paradigms for spatial soiIAand resources representation. Particular attention is 

paid to the accuracy and practical value of interpretive maps for land-use planning such 

as land suitability maps derived from them. 

Based on measurements fiom the Texcoco watershed in Central Mexico, the 

objectives of this smdy were the followin,o: 

1 .  to test the validity of the current paradigm of soil variability representation against a 

set of methods, procedures and models, which make up a "proposed paradi,omn; 3.to 

compare (quantitatively) the virtues of both current and "proposed" paradigms of soil 

spatial variability representation in terms of accuracy of predictions and interprerasions; 

and Lto assess the practical implications of using each paradigrn for soil/land suitability 

interpretations, pmicularly in terms of errors and in tems of applicability. 

The proposed rnethodology aims at  examining the practical implications of the 

paradigm shifl fiom the conventional mapping and interpretation of soiYiand 



information, as used in current land evaIuation and suitability interprerations, to the 

proposed paradis that utilizes a diEerent way of aealing with spatial variability and 

spatial interpolation and with uncertainty in mapping. The merhods designed will 

compare the current and the "proposed" paradigms (proposed by this research) in tems 

of the accuracy of interpretative classifications afker land suitabiliry evaluation using 

expert system models (Automated Land Evaluation) and raster maps derived from spatial 

analysis and interpolation of point data by Knging and other interpolators. 

Under the proposed paradigm, boundarïes of such maps will recognize the 

uncertainty in class allocation and in zapping boundaries by representing transitions by 

means of membership fünctions in Fuzzy Sets. This membership function has values 

between O and 1. Unlike Boolean sets, £ùzzy sets can overlap and an individual can be a 

member of the overlapping sets ro different degrees (Burrough and LhkDo~e l l ,  1998). 

Predicted ga in  maize yields denved by both current and proposed methods (including 

interpoiated and fuuified methods) will be compared aginst observed rnaize yields. 

Finally, the different methods applied to determine land suitability will be  discussed in 

tems of their efficiency and accuracy for representing and mapping soi1 spatial 

variabiIity. 



2 BACKGROUND 

2.1 Current Paradigm for Providing and Processing Soi1 

Information for Land Use Planning 

Soil survey and soil classification have traditionally been the most 

practical approach t o  grouping sirnilar and separating different soils on a 

regional scale. However, soil survey and classification, in t h e  traditional 

sense, are based on the notion that soil forms discrete, internally uniform 

units, with sharp boundaries at their edges (Odeh e t  al., 1992).  Therefore, the 

conventional methods imply that soil classes are discrete and discontinuous 

with sharp boundaries, and that they can be represented by a central concept 

known as a typical profile (Mazaheri et al., 1995). The ultimate use of soit 

profile classification is to establish a rnap with a set of clearly defined and 

mutually exclusive classes that can b e  used for transferring information about 

the soil. The soil map produced by conventional concepts is a single display 

of the  spatial distribution of the classes o f  the  initially constructed 

classification scheme? with soil boundaries interpolated between points where 

the soil is allocated ro different classes (Burgess and Webster. 1984). 

Information resarding soil properties over a given area is usually derived from 

the existins soil survey maps in which the carefully drawn lines give the 

impression that the  map unit (usually represented as a polygon) is relatively 

homogeneous with sharp boundaries (Burrough, 2983) .  



2.1.1 Conventional Soi1 Survey 

This section will focus on explaining definitËons and concepts  omsoil 

survey. The key f a c t o r  in determining what kind cnf soil  survey needs to b e  

taken and what propert ies  a re  to be measured a n d h r  observed is t he  ultimate 
, 

use of the survey. The usefulness of soil survey d e p e n d s  o n  two things: the 

accuracy with which soi1 properties a re  mapped mut, and the relevance of  

those properties t o  t h e  purpose a t  hand (Dent and  Younp,  1981). 

A soir survey is very 

source of soil information 

important for soi1 m a n a g e m e n t  because i t  is the  

which is needed by laand use  planners t o  make  

decisions about the  suitabili ty of  land for a vari  ecy o f  purposes. F o r  land 

evaluation, the basic questions are: Given a soil s u r v e y ,  what use can we make 

of it? How reliable is i t? How specific are i ts scaternents? To answer these  

questions we must understand the purposes and ki nds of soil survey, and how 

they are made. 

2.1.1.1 Field Procedures 

The sreps in soi1 survey are soil descriptiona. classification, analysis and 

soil mapping. These will determine the types and p a t t e r n  of occurrence of soil 

mapping units (polygans on  a map) on the  1andsc:ape and the d r a w i n g p f  them 

on rnaps. 

Avery (1978, p. 1) gives the  most general de f in i t ion  of the  objective of 

soil survey: "The general  aim of  soil  survey is t a  provide information about 

6 



the soil of  areas of landT'. This definition incIudes any svstemaric soil 

investigation, not just mapping, and maps of any type (classes, single-factor, 

etc.). Nevertheless, most authors consider mapping a fundamental part of soil 

survey (e-S., Eyk et a1.,1969). The primary purpose o f  a soil survey is to  

recognize and identify three-dimensional bodies o f  soi1 which have 

significance for some particular objective, and to plot their geographic 

distribution o n  a base map. Dent and Young (1 98 1) emphasized the same idea, 

which is to concentrate on the main objective or  purposes of soi1 survey so as 

to  define the  type o f  soil survey needed. The practical purpose o f  soi1 survey 

is to  enable numerous, more accurate and more  useful predictions to  be  made 

for  specific purposes chan couid have been made otherwise (i-e., in the 

absence of location-specific information about soils). Again t h e  USDA (1982) 

definition emphasizes the objective o f  soil survey. A soi1 survey describes t h e  

characteristics of the soi1 in a given area, classifies t h e  soi1 according to a 

standard systern of classification, plots the boundaries of  the soi1 on a rnap, 

and rnakes predictions about  the behaviour of soils. - 

The different uses of soils and how management affects thern are 

considered in desijning and carrying out the survey. The information collected 

in a soil survey helps in developing land-use plans and in evaluating and 

predicting t h e  effects of land use on the environment. 

From the previous definitions it appears that the main objectives and  

purposes of soi1 survey include the following: 



- Establish and research t h e  relationships that exi5r between soil morphology 

and other soi1 properties of interest. 

- Provide information and describe the characteristics of soil which can be 

interpreted fo r  a wide variety of  land use  purposes. 

-Classify the soi1 according to  a standard system of classification. 

-Produce soil rnaps with associated reports. 

-Make predictions about t h e  behaviour of soils. 

-Help t h e  farmers, foresters, engineers, planners,  development agencies and 

other users t o  make wise decisions about Iand use and land management. 

Even though the main reason for soil survey is t o  show t h e  geographic 

distribution o f  soils, there are important differences in the objectives o f  

surveys. Thus, a soil survey may b e  one of  two kinds: jeneral purpose o r  

special purpose soi1 survey. 

General-purpose soil surveys are expected t o  provide the basis o f  

interpretations fo r  many different purposes, some of which may not yet be 

known. General purpose soil survey involves rhe production of a pedological 

map, which shows the distribution of soil units defined primarily according to 

their morphology, and t h e  acquisition of field and laboratory data on other 

physical, chernical and b io lo~ica l  characteristics of these units. These surveys 

can be used f o r  many purposes and are rnost useful where little is known 

about the soil cover, particularly in less developed regions. However, these 

surveys cannot be used for specific purposes. Some data collected by this type 



of survey may never b e  used due to their generality. Special-purpose soi1 

surveys are carried out for a specific and known purpose (e-g-  an irrigation 

project or  any other conservation- oriented farm planning). The advantase of 

this type of survey is that it is very rapid because the  purpose is well known 

so the surveyor can concentrate on properties of  interest. Generally speakins 

this type of  survey is less expensive than general-purpose surveys. 

In  the field the soil can be sampled by either a free survey or  a grid 

survey. In the free survey the  surveyor is free to choose sample sires 

according to a prior study o f  the ciirnare, geology, geomorpholo_oy, 

vegetation, land use and land use  history of the area- In this case the surveyor 

will predîct the relationships in the landscape and use aerial photographs to  

draw the boundaries between different mapping units. The surveyor's 

judgement and experience are very important. The free survey is more 

efficient than grid survey because its sampling strategy is based on aerial 

photograph interpretation. In grid survey statisticaI methods are used to 

divide the space into a regular rectangular grid over the survey area. This is 

useful for large -scale intensive survey t o  take into account the spatial 

variability and investigate the relationships between properties in a cornplex 

area o r  where there are no rnorphologic controls on  soil properties. A major 

disadvantage of a grid survey is that it is inherently wasteful; a significant 

proportion of sites are unrepresentative, including, for example, settlements, 

or near landscape boundaries when the soil class is indeterminate. Inflexibility 



of site selection can also be  a severe disadvantase where access is frequently 

interrupted by creeks, dykes and so on, so that time is wasted reaching the 

specified sites (Dent and Young, 1981). What seerns to be a useful approach 

to overcorne the disadvantages of both free and erid &mey is to combine the 

rwo types of survey. This allows the surveyor to cover most of the area, and - 
at the same time enabling hirn or  her to choose other sites for observations 

according to his o r  her judgement.  

2 - 1 - 1 2  Soi1 Classification 

Soil classification is the  categorization of soils into groups at varying 

levels of  generalization according to their morphological properties and/or 

assumed genesis important for the  objectives of the classification (Buol et al., 

1989) .  The purpose of any classification is to orzanize our knowledge so that 

the properties of objecrs rnay b e  remembered and their relationships rnay b e  

understood most easily for -a specific objective. The processes involve 

formation of classes b y  grouping t h e  objects on t h e  basis of  their cornmon. 

properties. Xny system of classification groups soils so that a greater number 

of most precise and most important staternents can b e  made for the objectives 

of the survey (Rossiter, 1994). Soil classification plays an important . .  role in 

predicting soi1 properties at unknown places and transferring soi1 management 

technology €rom one place to another. 

There are two kinds of classification (i.e. technicar and natural 

10 



classification) and we differentiate between them as follows: 

Technical classification: organization o f  objects in a grouping (either single 

level o r  rnulticategoric) for a specific applied purpose- 

Natural or scientific classification: categorization in which the purpose is t o  

bring out relationships of  the  most important properties o f  the population 

being classified, without reference to any single specified applied or  utilitarian 

purpose ( C h e ,  1949) .  

Only two systems of soil classification enjoy very wide international 

recognition: Soil Taxonorny (USDA. 1982) and the  Soil Map of  the World 

(FAO-UNESCO, 1974). The Soil Taxonomy is a hierarchical system with six 

levels of detail, each contained in t h e  next-hishest category. Each class has 

a central concept and a range of variation of  the properties defineci. The class 

represented by the central concept has r is id lirnits. On the other hand, t h e  

Fm-UNESCO Soil Map of  the World is the source of soil data in many areas 

of the world. The objectives of the Soil Map of the  World (F.40, 1974) are 

to: 

- make the first appraisal of the world 's  soil resources; 

-supply a scientific basis for  the transfer  of experience between areas with 

similar environrnents; 

-promote t he  establishment of a generally accepted soil classification and 

nomenclature; 

-estabIish a common framework for  more detailed investigation in deveioping 



areas; 

-serve as a basis document for educational, research, and developrnenr 

activities; and 

-strengthen international contacts in the field of  soil science. 

A decision o n  the soil classification is usually made in advance of 

fieldwork. If the  USDA system is used, there is a cornmitment to a 

considerable amount o f  analysis necessary t u  establish the classification o f  

each soi1 unit. The classes in the legend can be  locally defined, or taken from 

external systematic classification. In the local classification, classes are 

established locally o n  observed differences between soils as they occur in the 

field. They are generally given local names. In the systematic classification the 

classes are established in some hierarchical taxonomical system, and t he  local 

soils must f i t  into one  of the existing classes. 

The decision on  choosing one of t h e  classification systems depends on 

the purpose of t h e  ciassification and t h e  level of  the generalization attempted. 

If t h e  purpose of the survey is precisely defîned, then  t he  soil properties are 

to be measured at specific known sites. Then the  soils from these sites can be 

grouped on an ad hoc basis. In  contrast, t h e  general purpose or taxonomic 

classification usually is of national scope and only general predictions of soil 

properties and thei r  response to management can be made. In  the field, the 

surveyor examines soil profiles, which are  point samples of the soi1 cover. 

These sample descriptions are then stored into conceptual g o u p s ,  o r  



taxonornic units. Each of  these are defined by a typical profile form (that is, 

the  central concept), and an allowed ranse of variation around it (Dent and 

Young, 1981)-  

One of the major problems that arises with the use of discrete classes 

in soi1 mapping is that classes are discrete. Therefore sharp cut-offs have to 

be imposed in the character space that disregard the continuity o f  the soil- - 

Furthermore, if these are projected onto the geographic space the continuity 

here is also lost (McBratney et al., 1992). Another assumption made in  soil 

classification systems and in soil survey practice is that soil differences can 

be adequately characterized by relatively few diagnostic properties that are 

used to define categories. Taxa of soi1 classification systems are ideally those 

which have greatest independence of variation from each other but which have 

high covariance with many other nondiagnostic properties. This results i n  the 

variance within taxonornic units measured over al1 properties being minimized 

with respect to their total variance (Trangmar et  al., 1985). 

2.1.1.3 Soi1 Mapping 

Soi1 rnapping first invoives classification. The two processes cannot b e  

separated. The surveyor maps out the soil continuum as a pattern of soil 

areas. Each mapping unit is supposed to have the same properties throughout 

and the selected profile is supposed to represent the variability of these 

properties. Almost al1 boundaries may be drawn on the basis of aerial 
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photograph interpretation 

sarne as  taxonomic units. 

and field observations. Mapping units a r e  not t h e  

Mapping units  are real soi1 areas. The  surveyor 

inserts the  boundaries o n  the soil  map which depict  a s  faithfully as possible 

the perceived situation and which del ineate units that  a re  as homogenous as  

possible. The decision as t o  whether  t o  use simple rnapping units. i -e .  those 

containing soil of only one  taxonornic unit, o r  whether to use cornpound 

mapping units which contain soil o f  two o r  more taxonomic groups, needs t o  

be made. The decision depends o n  t h e  complexity o f  the  soil pattern and the 

purpose o f  the  soil survey. 

In reconnaissance survey almost  al1 boundaries are  drawn during photo 

intepretation. The surveyor will concentrate  on the transitional zone t o  make 

a ciear separation between two classes.  However, if the  observations (auger  

holes, pits) are spaced closely enough  we can draw the boundaries by eye- 

Nevertheless, there is a real problem with false precision. The other  option is  

using t h e  landscape analysis approach in which the  boundaries w e  draw are 

visible over  their whoIe length on  t h e  landscape. 

The scale o f  the published map  sets  limits to the amount o f  detaii that  

can b e  shown and the level of  generalization. As pubiished map scales become 

smaller, s o  . the minimum size o f  a particular mapping unit that can be-shown 

increases. 

T h e  results o f  a soil survey a r e  presented in a map and associated 

report. T h e  ease with which t h e  map can be  used depends upon t h e  



cartographie quality and t h e  clarity of information on the iegend. A more  

general  legend rnakes fewer separations. based o n  few categories and more  

general  classes than  a specific Lesend. 

Generally, t he  soi1 rnap, or  indeed any type of map,  is used as  a 

predictive tool; t h e  aim is to  indicate the na ture  and properties of soil at  one 

o r  more points o r  areas.  A soil rnap is designed t o  answer any specific types  

o f  questions and any user of t h e  results should  b e  aware of the associated 

errors .  Subdivision of a landscape into uni ts  that  are separated from each  

o ther  by sharp boundaries is unnatural. because natural boundaries tend t o  b e  

gradua1 rather than  abrupt (Bouma. 1989). Ideally, rnap unirs should be 100% 

pure, as assessed by a set of randornly selected sites o r  check points. which 

are used to find t h e  dominant soil class. i n  practice, the purity of mapping 

units does not exceeds 55% and in the  bes t  of cases is around 6 5 7 5 %  

(Beckett? 1984).  In their review of  this topic,  Beckett and Webster ( 1  971 ) 

concluded that  simple mapping uni ts  might actually averaze on ly  50% purity. 

Burrough et  al. ( 197 1) found tha t  mapping. puri ty  varied wirh  map scale a n d  

observation density. Pur i ty  ranged from 45-63% at  a scale of 1:63.360 t o  6 5 -  

87% at a scale  of 1:75,000. This  apparent ly h i ç h  degree o f  taxonomie 

variability within mapping units is often underestimated in its importance 

because impurities often differ only in minor definitive features and d o  not  

require different manasement (Bascomb and lavis ,  1976). X further problem 

that  arises in a field survey is tha t  soil uni ts  which a r e  practical or  easy to 



map are not necessarily equivalent to the taxonornic classes of a srandard 

system of soil classification. 

Finally, it must be noted that thematic mapping, which can be  

considered as a special purpose survey. can produce maps at large scales by 

computer automation for every soi1 property and for any plant nutrient. Such 

oreatest a procedure has a great potential for use in land evaluation and the = 

predictive value for land characteristics if knowledge of  spatial variability is 

incorporated into the spatial-prediction algorithm (Ponce-Hernandez. 1995). 

2.1.2 Interpretation of Soi1 Information 

It is well known that soil survey is very important in assessing and 

aiding in land use and management planning from scales ranging from t h e  

slobal to the individual farm. Soi1 survey produces a range of information 

required for its interpretation and application. including land use porential_ 

management practices. plus data needed to  be used as a basis for economic 

evaluation. The soil survey users are interested i n  interpretations. Le .  what 

the survey says about actual and potential land uses and land management 

strategies. If we consider soi1 as a part of the  land resource, soi1 survey has 

become an input to land evaluation. The basic idea is to  interpret detailed 

information from soi1 survey reports in terms of land suitability and land 

capability classifications. 



2.1.1.1 Land Capability Classification 

It is relevant t o  define some important concepts  that are  involved in the 

process of land evaluation. Land - according to F A 0  (1976) land is a n  area 

of the  earth's surface, the character is t ics  o f  which embrace al1 reasonably 

stable, o r  predictably cyclic, a t t r ibut  es  o f  the  biosp here vertically above  and 

below this area. A land unit  is  an a r e a  of  Iand distinctively different in its 

attributes from others ,  and which possesses sufficient interna1 uniforrnity in 

its characteristics relevant to i ts manasement that  can be manased in the  same 

way. A land unit can be t rea ted  a s  a sinole entity, and is the  result of 

inventory and surveys.  A land uni t  can becorne a land management  unit 

(Ponce-Hernandez, 1995).  Land evaluation is t h e  process of estimating the 

potential of  Iand for alternative kinds o f  use. These i n c h d e  product ive  uses, 

such as arable farming, livestock production and forestry. These  are  uses that 

provide services o r  o ther  benefits. such as water  catchment areas,  recreation. 

tourism and wildlife conservation (Dent  and Young, 198 1 ). Land evaluation 

involves a cornparison between t h e  requirements of t h e  land use  and the  

qualities of the land (Dent and Young, 1981).  Land Capabi l i ty  is the 

potential of the l and  fo r  use in specified ways, o r  with specified management 

practices (Dent and  Young, 198 1). Land Limitations are land characteristics 

which have an adverse  effect on  capability. The  assessrnent of land capabiiity 

involves an evaluation of the degree  o f  limitation posed by permanent o r  semi- 

permanent a t t r ibutes  o f  land to o n e  o r  more Iand uses. I t  is essentially a 
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negative approach whereby as the degree of constraint increases. so land is 

allocated to  lower classes. Land capability assessment is based o n  a broader 

range of characteristics than soil properties. Information on slope angle, 

climate, flood and erosion risk, as well as on  soil properties is required. The 

main product of land capability ciassificarion is a map if which areas of land 

are put into capability classes ranging frorn best to worst. The prime objective 

of the method is to assess the degree of limitation to land use potential 

imposed by land characteristics o n  the basis of permanent properties. A scale 

of land capability can thus be envisased with the de-ree of limitation and 

hazard defining the class. As the degree of  limitation increases, so the range 

of land use option decreases. There are three categories recognized: capability 

classes, subclasses and units .  Capability classes are groups of land units that 

have the same deeree of limitation. The risks of soil damage or  limitation 

become progressively Sreater from class I to class VII-  The USDA capability 

classification is one of a number of t h e  interpretative groupings based 

primarily on interpreting major kinds of land use.  The classes show the 

general capability o f  a land unit for agricultural use. Capability subclasses are 

defined on t h e  basis of major conservation problerns- such as: 

e- erosion and runoff 

w- excess water 

s- root-zone limitation 

c- climatic limitation. 



The capability subclass  provides  informat ion on the  kind o f  conservat ion 

problem o r  Limitation involved. Class  and subclass t oee the r  provide the map 

user  with information abou t  both the  kind of problem involved and the  degree 

o f  this limitation. A capabili ty unit  i s  a subdivision unit o f  ciass o n  the basis 

of potential  product ivi ty .  -111 soi ls  wi th in  a sub-class having comparable  

potential  productivity be long  to the  s a m e  capability. 

This means tha t  soils in a capabil i ty unit  a r e  sufficiently uniform to :  

a )  p roduce  similar kinds of cu l t iva ted  c rops  and  Pasture plants under  

similar management practices:  

b )  require  similar conserva t ion  t r ea tmen t  and management: and 

C )  have comparable  potent ia l  product ivi ty .  

2.1.2.2 Land Suitability: The F A 0  Land Evaluation Framework 

Land suitability is t he  f i tness  o f  a given type o f  land for a defmed use 

( F A 0  1976). Suitability is  a sra tement  of t h e  adaptabil i ty o f  a given a rea  fo r  

a specific land use.  By na r rowins  down  t h e  range of land uses considered. it 

is possible t o  be  more  specif ic  abou t  t h e  fi tness o f  t h e  land for  a $en use, 

this being implied by t h e  word  suitabil i ty ra ther  than capability. 

T h e  F A 0  proposed  s e n e r a l  classification for  land suitability is 

universally accepted f o r  land use  planning purposes ,  particularly in t he  

developing world.  I n  t h i s  system t w o  suitabil i ty o rde r s  are discerned: 

suitable (S) and unsuitable (N). The o r d e r  S is subdivided into a very suitable 



(SI ) .  moderately sui table  ( S 2 )  and marginally suitable ( S 3 ) .  The order  i N )  is 

subdivided into current ly unsuitable ( N  1 ) and permanently unsuitable (N2)-  

A suirability map s h o w s  t h e  suitability o f  each  land-mapping unit fo r  each 

defined kind o f  land use.  

The objective o f  land evaluation is ro judge  the anticipated performance 

o f  an area for  defined purposes.  The framework ( F A 0  1976) is designed so  

that through land evaluation a user should b e  ab le  t o  ânswer questions o f  the  

following type: 

How is the land current ly manaeed, and what will happen if present practices 

remain unchanged? What  irnprovements in management practices. within the 

present use, a re  possible? What other uses o f  Iand are  physically possible and 

economically and socially relevant? Which o f  these  uses offer possibilities o f  

sustained product ion or o ther  benefits? W h a t  adverse effects. physiczl, 

economic o r  social, a r e  associated with each use?  What recurrent inputs a re  

necessary to  bring about t he  desired product ion and minimize the  adverse 

effects? What a re  t h e  benefits of each form of Iand use? 

The evaluation process does not in itself determine the land use changes 

that are tu b e  carr ied out ,  but provides d a t a  o n  the basis o f  which such 

decisions can be taken. Various steps are necessary in order for the evaluation 

exercise to answer  these  types of questions. In  the  first instance there must 

be a clear s ta tement  o n  t h e  objectives of t h e  s tudy.  

Selection o f  relevant land characteristics (attributes o f  land which can  



be  measured or  estimated) is possible only within the context o f  a particular 

study. Two strategies are possible according to the F A 0  framework once the 

objectives of a study are stated (Fig.1). In  the two-stage approach: an 

economic and social analysis may follow from a qualitative land classification, 

while in  the parallel approach the analysis of the land and land use 

relationships proceeds concurrently with economic and social analysis. 

The parallel approach is expected t o  give more accurate results in a 

shorter period of time. It offers a better chance of concentrating survey and 

data collection activities on producing information needed for the evaluation. 

The suitability evaluation involves relating mapping units to specified types 

o f  land use. A distinction is made between a major kind of land use and land 

utilization type. The former is a major division of rural land use (for 

exampie, Pasture land, forestry or  recreation), whilst the latter is a type of 

land use described in  greater detail (FAO, 1976). 

It is also possible to have multiple land utilization types, and this term 

refers to a situation in which more than one kind of land use is practiced 

within an area. A land quality is a complex attribute of land which acts  in a 

distinct manner  in its influence o n  the suitability of land for a specific kind of 

use. It is assessed from land characteristics which are attributes o f  the land 

that can be measured or estimated (for example, dope  angle, rainfall, and soi1 

texture). Thus, the framework for land evaluation recommends that  the land 

should be  evaluated for land utitization types in terms of  land units. To 



achieve such an evaiuation- diagnostic criteria are recognizedr these may be 

land qualities or characteristics, b u t  they are known to have a clear effect on 

land use output or potential. Critical values are associated with diagnostic 

criteria so that  suitability classes can be defined. 
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2.1.2.3 Interpretation in Terms of Agro-Ecological Zones (AEZ) 

Approach 

The term Agro-ecological Zones (AEZ) refers to  a reas  of land which 

have been delineated by a method of  dividing the  ea r th7s  surface into 

relatively homogeneous a r e a s  with respect t o  t h e  physical f ac to r s  that a re  

most important t o  c rop  ( o r  plant) product ion.  The term f irs t  came into 

prominence with the  F A 0 7 s  effort  of the m i d  1970s to de termine  potential 

human carryins capacity (Davidson, 1992) -  

The starting point of t h e  procedure is the  preparation o f  land resources 

databases in the  form of digitized maps to define several cornponents for each 

mapping unit. In the Agro-ecological Zones project, inventories o f  crops were 
-- 

prepared based on  their  climatic requirements  (including moisture. 

temperature, radiation and photoperiod), and  their  effect o n  crop growth and 

phenology. The combination of available w a t e r  and adequate temperature for 

crop growth is expressed in the  growinz period. The  soil requirements inchde  

internal requirements (e .3.  soil  temperature,  moisture, aera t ion ,  fertility, 

depth. stoniness, salinity and others) and external  requirements, such as slope 

and flood conditions. Potent ial  yield is t h e n  calculated for  major  crops, and 

the  result is predicted yield as a percentage o f  potential yield f o r  each crop. 

Ponce-Hernandez (1998) developed a methodology fo r  ecolo_gical and 

economic zoning for  the Amazon Basin based on the AEZ principles. The main 

aim for the project was t o  provide flexible methodological guidelines and 
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procedures for zoning the Amazon basin based o n  both ecological and 

economic criteria- The methodology consists of five main stages: 

a) The compilation and development of spatial and attribute databases of 

natural resources (Bio-physical databases); 

b) the integration o f  the  thematic maps and their attributes from (a) above 

(e -g .  soi1 units, agro-climatic units, vegetation, etc.) into Ecological Zones or 

Ecozones; 

c) the compilation and development of land-use spatial and attribute 

databases; 

d) the integration o f  Land-use variables into Land Utilization Types (LUT); 

and 

e) evaluation or assessment of suitability of Ecozones for LUT. 

Typically. land evaluation is an exercise which demands fairly large 

volumes of data and therefore a considerably long processing time, i f  done by 

hand. Such volumes of  data and processing times demand automation, which 

is becoming a standard practice in land suitability assessment exercises. For 

instance, ALES (Automated Land Evaluat ion  System) is a cornputer 

program that allows performance of  land evaluation processes (Rossiter and 

van Warnbeke, 1995 ) .  

The principles of the F A 0  framework were used by Rossiter and van 

Wambeke (1995) t o  develop the automated Land Evaluation System software 

that allows land evaluators to  build models that can be used to  compute 



suitabiliry nssessmenrs. Erich sipal ulirion rnodel consists or' a ser of proposed 

land utilization types. a set of outputs. and n ser of land characterisrics. Each 

land utilizotion type is specified i n  terrns of its land use  requirernencs and 

outputs. Each land'use requiremenr within a land utilizarion type has a model- 
- 

builder-specified number of severity levels (Le. le\rrls of lirniration of the 

corresponding land quality). The model builder describes to ALES Iiow ro 

determine the severity of each lirniration on the basis of land characterisrics. 

Land characteristics have a formac defined by  t h e  mode1 builder, thus 

a user-defined numher of classes. each with its own i o d e  and continuous 

values. These are related to cornmensurate discrete characreristics for further 

use i n  t h e  knowledge base. The model builder d s o  constructs data entry 

templates n-hich control how data clin he entered h y  t h s  model user. or  be 

read from orher data bases. The \vsy  i n  which the .-\LES mode1 builder 

1-easons i v i t h  ~ Iass i f i ed  dacri is 1-eflected i n  the mode1 i r i  clle i o r m  o f  decision- 

trees. Decis ion trees Lire hirrarchicril inulr iwriy keys in  \\hich the lerives are 

r-esults s u c h  as Iand quality 1-arings. and the interior nudes ihrnnch points) of 

the tree rire decision criteriri such as land chriraccerisrics \.rrfues. These trees 

are consti-ucted by the rnodel buildet-. and trüversed during t h c  compùration 

of an evüluation result. using rhe actuül Iand data. The result is ü complete 

land suitnbilitp clnssificntion foi- hoth physical and economic mapping iinits 

iRossiter and v a n  Wambeke, 1995: Ponce-Hernandez. 1989). 



3.0 STATEMENT OF THE PROBLEM 

Most natural properties of the earth's mantle Vary continuously. 

However, the observations that describe these properties which form the 

databases of GIS are usually fragmentary. This is because* in general. we can 

observe at only a finite number of  the infinity of possib!e locations. Even 

where a complete cover of  information exists. for instance from satellite 

images, we often need to  sample because the resolution of the data is too 

coarse for the purpose a t  hand. o r  there are too many data to handle o r  

analyse in any reasonabie time (Atkinson et al.. 1990). Even for a small area 

and over short distances soil properties show yreat spatial heterozeneity. As 

much as half the variance of soii properties present within 1 ha is already 

present within a few rnetres (Becket and Webster. 197 2 ) .  Soi1 properties Vary 

also with depth. Different treatments affect the soil to different depths 

(Askew and Rigg, 1932). Nutrient o r  water uptake is not always €rom the 

same depth in different soiIs. So, soi1 variability is nor the same at al1 depths? 

nor does it change with depth in the same way in al1 seasons o r  for al1 

properties (Beckett and Webster, 1971; Raupach, 195 1; Towner, 1968). 

Soi1 survey maps are a source of  very important quantitative and 

qualitative information, which can  be  used for Land evaluation. The 

traditional mode1 of discontinuous soi1 variation represented by  choropleth 

mappinç (Hole and Campell? 1985) implies that the predicted value of a soil 

property at any unsampled location within the mapping unit is the value for 



the typical pedon o r  the mean value for the  m a p p i n ~  unit. Regrettably, this 

has led to the belief among many soil-rnap users (and indeed users of  rnaps for 

other natural resources) that deiineated units on maps are internally uniform 

with respect to specific diagnostic characteristics (Lyford- 1974). However- 

many studies (e-g. Becket and Webster, 1971. Burrough, 1987) have shown 

that within-unit variance is o f  en unacceptabIy high for soi1 maps produced by 

conventional methods. Conventionally, soiI and landscape classification 

proceed by identifying the central concept of class. Thereafter, the class limits 

are defined. usually in terms of a set of discriminating criteria. Most 

commonly, the boundary values delineating the class are sharply defined: for 

example, in Soil Taxonomy (Soil Survey Staff, 2976) the iower Iirnit of 

organic matter for a histic epipedon is set at 14%. In  this type of 

classification mode1 i t  is implicitly assumed that al1 change between classes 

takes place at the class boundaries and that within the classes little change of 

imporrance occurs. The conventional mode1 of spatial classification divides 

a landscape into the units of a choropleth map in  essentially the same way. 

The basic entities ( t he  data models of the phenornenon of  interest) are then 

so-caIIed homogeneous mapping units separated by sharp boundaries. This 

method is used even though spatial changes in  the field may occur gradualIy 

over distances that are substantially greater than the narrow zone covered by 

the thin line drawn on the paper (Burrouçh, 1998). In  this case the classes are 

discrete and therefore sharp cut-offs have to b e  imposed in the character 



space disregardine the continuity. Furthetmore- if these a re  projected onto  

the geographic space- the continuity here is also lost. This has been a major 

problem in the preparation and use of soil (class) maps (McBratney et al., 

1992). 

The central purpose of  soil classification and soi1 mapping, as products 

of conventional soil survey, is to enable a user to predict values of any given 

soi1 property at any specific depth and at any specific geographical location 

within a mapped area, without having to 30 there to observe or  measure again. 

Soil  classes and soi1 mapping units are the main sources of  data for practical 

applications, such as in land evaluation. Therefore, these products are central 

to  procedures for land evaluation, site suitability assessrnents and many other 

practical applications that require data on soil and land. Many conventional 

soi1 classes and their mapped spatial extents in conventional (choropleth) soil 

maps are being converted €rom analogue to digital form via dizitizing, during 

the development of spatial databases in many organizations of many countries. 

In turn, these databases are utilized as sources of information for land 

evaluation and decision -making regardinj land use. However. there may be 

fundamental problems with the information derived from the conventional soi1 

classification and soil maps. 

The validity o f  the interpretations, for practical purposes, that are  

derived from such information, whether aided by rnodels and/or by  analytical 

procedures in Geographical Information Systems (GIS), needs to be assessed 



and, if necessary, improved. The inherent risk o f  error propagation through 

various analytical steps in GIS and through the use  of models, if unchecked, 

may lead to  completely erroneous results with serious pracrical implications. 

The origin of this problem could be traced back to the two stages of 

information generalization that soil data have to  undergo during soil resources 

inventory: i.e. soi1 classification and soi1 mapping. Burrough (1989) pointed 

out that the quality, and hence the  usefulness. o f  the maps that have been 

derived by reclassifying and recombining the soil map units with each other 

or  with other mapped data is soverned by t h e  quality of t h e  basic data and by 

the ways in which data are encapsulated and stored (Burrough, 1998; Webster, 

1968). Research into the spatial variation of soil and the errors associated 

with t h e  fieid and Iaboratory estimates of  soil properties has accumulated 

much evidence to suggest that the  simple mode1 o f  rigidly defined uniform 

building blocks ernbodied in most soil ciassifications, such as Soi1 Taxonomy, 

and also in the areai units mapped by conventional soi1 survey, produces an 

incomplete and sometimes unsatisfactory or  even misleading description of the 

landscape. 



4 HYPOTHESES 

HoIr There are no significant differences in accuracy of estirnates of 

land performance, as  predicted b y  suitability class and measured bu crop 

yields, between suitability maps der ived from the current soi1 information 

paradigm based on generalization (Le. soir classes and polygons) and a new 

paradigm based on retaining ungemeralized "hard" point-data, optimal spatial 

interpolation techniques and the "'Fuzzy" representation of soi1 boundaries. 

Hal: There are significant d-ifferences in accuracy of estimates of  land 

performance, as predicted bv sui~tability classes, derived from the current 

paradigm of soi1 information and a paradigm based on  ungeneralized data, 

interpolation and Fuzzy boundaries- 

HOZ: FUZZY boundary represl entation does not significantly improve the 

accuracy of land performance, as predicted by suitability classes and measured 

crop yields? over t h e  accuracy obtained from optimal spatial interpolation 

techniques alone. 

HA2: Fuzzy boundary represenration significantly improves accuracy of 

predictions of land performance-- as predicted by t h e  suitability class and 

measured by crop yields, over the accuracy of estimates derived from optimal 

spatial interpolation alone. 



5.8 METHODS AND .4NALYSIS 

5.1Proposed Paradigm for Providing Soi1 Information for 

Land-Use Planning 

The methodology advanced by this thesis aims a t  exarnining t h e  

practical implications o f  t h e  paradigm shift f rom the conventional mapping 

and interpretation of soii/iand information, a s  used in current  land evaluation 

and suitability interpretations,  to a paradigm that utilizes a different way of  

dealing with spatial variability and wit h uncert ainty in rnapping. Geostari stical 

prediction methods can  b e  used in o rde r  t o  give a n  unbiased spatial  

prediction. Such a predictor has the  capacity to  generate continuous multiple 

coverages o f  individual soi l  properties over  t h e  study area .  Many different 

techniques are  available f o r  spatial  prediction. These essentially involve some 

form of spatial interpolation o f  point data .  T h e  different algorithms o f  the 

Kriging technique are being used extensively by soil scientists as a spatial  

predictor. and hence for  reconstruction of t h e  continuum of spatial variability 

o f  a given soil property over and  area. s tar t ing from point-data (Ponce-  

Hernandez, 1994). 

On the o ther  hand, Fuzzy Set Theory applied t o  so i l  classifications is 

useful for  creating cont inuous  classes that t ake  into account  t h e  transitionai 

nature o f  soi1 variability. Odeh et  al- (1992) applied a combined approach 

that uses Fuzzy Set calculus to  generate the  continuous soil classes? and a 



K r i g i n  technique for optimal interpolation o f  the coefficients that represent 

the degree of membership t o  a given class. 

There is sufficient evidence in published work to believe that  a 

paradigm, consisting of retaining ungeneralized or "hard" point data in the 

databases. and a set of algorithrns for optimal spatial inierpolation and Fuzzy 

boundary representation o f  a given soil property, would alIo w for providing 

thematic coverages (one property at a time) frorn the database upon request, 

doing away with the need for  classification and choropleth rnapping and al1 

their shortcomings. 

5.1.2 Ungeneralized Point Data 

Point data refer to  sets of varues of soi1 or site properties obtained 

from the srnaIl areas occupied by a pedon, o r  t o  the small areas from which 

soil samples were bulked before analysis. 

The scientist cannot record what the soil is Iike everywhere: h e  o r  she 

can at best measure properties. whether directly in the field or  o n  material 

taken into the  Iaboratory, of a small portion of the m a d e ;  that is, from a 

sample. If we want to know what the soil of  any area is like, we must be 

satisfied with rneasurements made on a part of  it, that isz on a samp1-E. Soi1 

also varies €rom place to place. often very considerably, so measurements of 

the soil at  one sampling site cannot be used to describe al1 the soil. Usually, 

it is more meaningful to use averages to describe the soi1 of each region 



separately. When a soi1 survey is carried o u t  fo r  planninz land-use. the  

sampling sites and maps produced from them a re  usually intended t o  enable 

land managers t o  predict values of soil propert ies  a t  sites that have not  been 

sampled, and t o  supply soil information t o  the  land user in order t o  guide 

future land-use decision-making. 

Conventional soil maps have been used with considerable success in 

this way where t h e  soil surveyor bas had a g o o d  understanding of the  land- 

use decision likely t o  be  made o n  the basis of t h i s  map. However. changes in  

agriculture and the  introduction of novel land uses mean thar-  increasinely, 

future land use  decision makers will make dernands on a soil rnap that  t h e  

surveyor could not  have anticipated. Under these circumstances not only 

would land use capability maps compiled based on soil survey be irrelevant, 

but also the soil map itself would often be o f  seriously limited usefulness. 

These limitations would arise either because observations required by  the  

eventual user were not made in the first place, o r  because the observations 

that were made were not incorporared in the  classification scheme used in the  

soil map. 

While there is no real alternative to  resurvey in the fïrst instance 

(where necessary observations have never  been made), many problems arise 

simply because a soil map is an  inadequate da ta  retrieval system for  t h e  

volume of point information collected in a soi1 survey. Typically even a quick 

auger observation involves recording of a number of soil properties (color,  



texture. etc.) over a r a q e  of measured depths. T h e  to ta l  information content 

(even if observations irrelevant to  a particular a r e a  a r e  excluded) is unlikely 

t o  be much less than 100 bits per  observation po in t  and it frequently rnay be 

mcch greater.  et; o n  a conventional soil map this  information must be 

reduced by assignment o f  a single rnapping unit. The number of mapping units 

on  a soil map is usually less than 100 and so t h e  information content fo r  any 

point on the map is at most 6-7 bits. The soil map thus contains less than 10% 

(and often much less)  o f  the point information generated by the original 

survey (Giltrap, 1980) .  However, such information i s  o f  Iittle practical value 

unless we can use it as a reliable description o f  t h e  a rea  a s  a whole. We  want 

information that is t ruly representative of the area. and means of sampling that 

will ensure this, bear ing  in mind tha t  soil is ve ry  variabie. 

Conventionally, in order  to mode1 natural  phenomena in terms that  

people can understand.  it has been always necessary t o  abstract and to 

generalize. Because most  natural phenomena a r e  cornplex. varying a t  many 

scaIes in space and  time, scientists have been  forced t o  select the  most 

important aspects o f  any given phenornenon and t o  use  these as  the basis For 

information s t o r a ç e  and transfer- Generalizing and abstracting compIex. 

multiscale phenomena requires ser ious thought:  it is far  €rom easy. The best 

generâllzation for  one purpose rnay be unsuitable f o r  another.  Ideally, each 

discipline and each scientist would derive a sepa ra te  generalization fo r  every 

different situation a s  t h e  need arises (Burrough and Frank. 1996).  



In order to characterize and portray soil variability, landhoil resources 

surveys have used two important tools: generaiization and classification. Soi1 

classification uses crisp discrete classes and every soil in the area falls into 

a class. Class limits are sharp and discrete, yet by imposing an arbitrary 

breadth of class and by Ietting the cIass be represented by a central concept 

(typical profile) the original field information is generalized. The second stage 

of generalization involves t h e  determination of the spatial extent of the soil 

class. I n  reality, since rnost soil changes are not abrupt, the mapping of t he  

continuous variation of the soil landscape into parceis of land with discrete 

boundaries involves information generaiization and the inclusion of soils from 

other classes in the form of impurities (Beckett. 1984; Ponce-Hernandez, 

1994). 

Without a computer it has been often difficult to handle the volume of 

data produced and to<%?Zre them properly. An alternative to the discrete 

polygon data mode1 for soi1 is to assume that soi1 properties Vary gradually 

over the landscape. The soil is sampled at a series of locations and attributes 

are determined for these samples. The alternative procedure would be to focus 

on retainins ungeneralized hard point-data, since the cornputer storage 

capacity and technology for storing and manipulating t h e  large volumes of 

data eenerated from field survey now exists. Then. one would create surfaces 

that represent the continuous spatial variation of soil properties by spatially 

interpolating these hard point-data. The retention of ungeneralized point-data 



avoids the t w o  generalization s tages  in classification and mapping (Beckett. 

1984; Ponce-Hernandez. 1994,1995; Burrough- 1996). 

5.1.3 Point Data in Geographical Information Systems (GIS) 
- 

Until recently, al1 spatial da ta  were stored and presented t o  the user in 

classified form o n  paper maps. Developments in cornputer technology now 

enable land use planners t o  analyse mapped d a t a  and to link them to o t h e r  

relevant information so that al1 kinds o f  ques t ions  related t o  the  position o f  

an object in relation to o the r  objects can be  ascertained. The  new GIS 

technology also makes it possible to evaluate various scenarios (Le. possible 

plans) before they are carr ied out .  The  tools  that provide these new 

opportunities for creative planning are now part  of Geographical Information 

Systems (GIS). GIS are the  result  of developments in a number of related 

sciences, includinç computer-aided design, cornputer-assisted cartography. 

remote sensinp, spatial statistics and database technology (Burrough, 1987). 

Their development has been t h e  result of a rnarriage of  new technology with 

t he  basic requiremenrs of a planner who wishes to be able to  use al1 available 

data  t o  the  full. Basically, a modern GIS s to res  spatial da ta  about  soil, land 

use, climate and  so  on_ in terms o f  basic ~ r a p h i c  entities such as points, l ines 

and areas (polygons).  Sets o f  attributes describine the values o f  properties 

that apply t o  t h e  whole entity a r e  held in a n  associated relational database. 

The spatial  distribution o f  the points. lines o r  areas may be represented 



in either the raster (grid cell) o r  the vector formats. Data a t  individual p o i n t  

locations (soil profile pits) can be given a spatial extent. in the for rn  o f  

polygons, in several ways. These are: 

a) by reclassifying the area entity in which the point falls; 

b) by numerical interpolation and threading o f  contours; and 

c) by using a function(e.g. as exponential decay) to model variation over 

space, 

The vector data model represents space as a series of  discrete emtity- 

defined point, line o r  polygon units which are  geographically referenced by 

Cartesian Coordinates. Simple points, lines and polygon entities- are 

essentiaily static representations of phenornena in terms of XY coordimates. 

They are supposed to be unchanging, and d o  not contain any inform ation 

about temporal o r  interna1 spatial variability. -4 point entity implies t h a t  the 

geographical extents of the object are 

specified by  one set of XY coordinates 

abstraction. The attributes of entities may 

imited to a location that c a n  be 

at the level of resolution mf t he  

be expressed by Boolean, nominal, 

integer, or real data types. In  GIS the primitive entities are points. lines, 

poIygons, and pixels (grid e1ements)- Complex entities are defined in t e r m s  of 

their geographical location (spatial coordinates or jeometry), their at trrbutes 

(properties) and relationships (topology). For example, delineation o n  a soil 

rnap can be represented as an area entity (the set of XY coordinates de5ning 

the boundary of the enclosing polygon). The associated attributes will be t h e  



soil properties a s  defined in the  map lesend. and related topologicai 

information may indicate the kinds o f  soil that are adjacent t o  the delineation- 

Besides providing faciiities (a) for entering al1 the necessary spatial and 

attribute data, (b) for  rnaintaining a digital database and (c) for extractins and 

displaying information from the database. a GIS can  provide a wide range o f  

options for transforming the  d a t a  according t o  a user 's requirements. The 

options allow the user  to  operare  on  the spatial and attribute da ta  separately. 

Points are used to  represent t h e  location of geographic phenornena at  a point 

o r  t o  represent a map feature tha t  is too smsll to be shown as  an area o r  line. 

In a vector-based GIS, the identification o f  the  points  and lines contained 

within a polygon area  is  a specialized search function. In a raster-based GIS, 

it is essentiaIly an overlay operat ion.  with the polygon in one  da ta  layer and 

the  points and/or lines in a second data layer. A neighbourhood operation 

perrnits a point to  b e  considered in terms of its surroundings. For  example. a 

value of an attribute at an unsampled point can be estimated €rom surrounding 

observations. A rnovins window can be placed over  a set o f  points and the  

mean, maximum, minimum- range  o r  index of  diversity can be estirnated from 

the data therein. The rate o f  change of a continuous function a t  the point can 

be estimated ( e - g .  estimates o f  =radient and aspect  o f  slope from a disita1 

terrain mode1 of  the hypsometric curve), as can the  steepest downhill path. A 

buffer zone can be generated around the point to a given distance, spreading 

out  either isotropically over  a çiven surface (such a s  a landform), o r  rhroush 



given barriers, such as those caused by natural features or  by other constraints 

(Burrough 1987.1989. 1998; Aronoff. 1995). 

5.1.4 Spatial Variability of Soil and Regionalized Variable 

Theory 

Variation of soil properties from point to point in the landscape is 

derived from many causes. Climate produces jradual changes over large 

distances and variations csî saii properties induced by climate are different 

from one zone to another. Climatic regions are especially useful for regional- 

scale land evaluation where the broad ciimaric differences are of overriding 

importance. Maps based on systems modelling regional variations are usually 

at smail scaIe. For instance, there are soif variations that can be attributed to 

climate. Soils from temperate regions may be contrastingly different to those 

from semi-arid regions. Typically, organic matter content is low in soils of  

arid regions a n d  so is their organic N content (London, 1991). This contrasts 

with the same parameters in  temperate regions. 

Parent materials affect soil distribution at  two scales. small and large. 

The former is that of broad types of parent material. Soi1 may Vary irregularly 

over short distances, as in t h e  main types of drift material. Kantey and Morse 

(1965) and Robinson and Lloyd (1915) poinr out  that soils formed o n  

transported materials tend to  be more variable than those weathered from 

bedrock. 



Relie. with its associated influence on hydrology, produces the 

detailed distribution patterns which dominate soil maps at medium to large 

scale soil surveys. Within the soi1 itself some physical and chemical processes 

tend to increase lateral variability. Many biological activities increase local 

variability, for example the localised uptake of  nutrient and water. or  their 

concentration beneath the tree canopy (Beckett and Webster- 1971). 

In general, the chanse in spatial variability wirh increasing scale factor 

depends on the soi1 factors determining spatial change (Wilding and Drees, 

1983). Total variance wiI1 increase as sampling area increases (Beckett and 

Webster, 1971), but relative contributions of variance at different scales to 

the total variance follow no consistent pattern (Wilding and Drees, 1983). 

Much of the  variability for some properties may occur over short distances 

wi th in  sampling units (Dent and Young, 198 1 ). 

A review of soil variability by Beckett and Webster (1971 ) revealed 

that up to 50 percent of the variability between similar soils occurred within 

1 m, a clear indication of the differences which can occur within individuaI 

pedons. In their srudy of changes in soil properties over a ranse of sampling 

distances, Webster and Butler (1976) found that most of  the within field 

variance of phosphorous occurred within a distance of 5 rn; of bulk--density 

and water content over 18 rn; of soluble potassium over 56-180 rn; of pH, 

over 56-180 m; and morphological properties over 50  to 180 m. Variability 

(Coefficients of Variation) of eIectric conductivity (EC) and Sodium 



Adsorption Ratio (SAR) in 1-44 ha of a cultivated field was 79941 and 81%- 

respectively. In  general, soil chernical properties show erearer  spatial 

variability than physical and mineralogical properties (Ponce-Hernandez 

1995).  Soil variability is o f  the  utmost relevance to  soi1 mapping. Even when 

mapped in detail, only about  one tenmillionth of the soi1 body is actually 

examined. A perfect soil map is impossible (Burnham, 1986). When mapping 

soils in a cornplex area with a mixture o f  taxonomic units, it is expected that 

the  taxonornic units with more than 10% of the  characteristics o f  the central 

concept pedon will be  mentioned in t h e  map key and report. These inclusions 

can  be expected t o  account  for 70% t o  95% of  the area beinz mapped. 

Sometimes soi1 series are  used. b o t h  as  mapping units and as low level 

taxonornic units. It is important to remember the  distinction. Many soil series 

used as mapping units will be made with up t o  80-90% of that series'central 

concept in the taxonornic sense, with 10-20% o f  other series a s  inclusions o r  

irnpurities (Burnham,  1986). However, in practice, some soil series mapping 

units may contain no more than 5 0 4 0 %  of the  centra1 concept of  that series 

(Ragg and Henderson- 1980).  Recognition o f  the  importance o f  soil spatial  

variability has led to  the study of soi l  heterogeneity ranging from local scale 

t o  the global scale (FAO, 1974). 



5.1.5 Regionalized Variable Theory 

Retaining point d a t a  represents a very successful alternative t o  

conventional rnapping to  examine the  nature o f  the spatial  variation from 

values at  data points before  any interpolation is carried ou t .  This has been 

precisely the approach o f  Geostat is t ics  which considers al1 at t r ibutes  to  Vary 

throughout the two-dimensional o r  three-dimensional space  as Regionalized 

Variables. As far as  soi1 science is concerned, some of the most  promising and 

exciting developments, however,  have taken place only s ince  the last  decade 

with the application o f  Regionalized Variable Theory (Matheron. 1971). This 

theory enables the  spat ial  dependence in a property t o  be estimated 

quantitatively from data, under  reasonable assumptions, and then t o  be used 

to estimate means with minimum variance (McBratney and Webster,  1 9 8 3 ) .  

Regionalized Variable Theory assumes that the spatial variability o f  any 

variable can be expressed a s  the  sum of three major components-  These are: 

(a) a structural component.  associated with a constant mean value o r  a 

constant trend or  drift; ( b )  a randorn- spatially correlated component,  known 

as  the  variation o f  the  regionalized variable; and (c) a random noise o r  

residual error term. 

Let x be a position in 1,2 o r  3 dimensions. Then the  value of a randorn 

variable Z at x is given b y  



where m (x) is a deterministic function describinz the structural component 

of Z at X; E (x) is the term denotins the stochastic. localiy varying but 

spatially dependent residuals from rn (x)- the repionalized variable: and E is 

a residual, spatiaIly independent Gaussian noise term having zero rnean and 

variance a'. 

In order to investigate each of these components of spatial variability, 

the first step is to  decide on a suitable function for m O ( ) -  l n  the simplest 

case, where no trend or drift is present, m ()O equals the mean value in the 

sampling area, and the average or expected difference between any two places 

x and p h  separated by  a distance by t h e  vector h. will be zero: 

where z (x), z (x+ h )  are the values of random variable z at locations x and 

x + h. Also, it is assumed that the variance of differences depends only o n  the 

distance between sites, h,  so that the mathematical expectation is: 



where y ( h )  is known a s  the semivariance. The two conditions (i-e. stationarity 

o f  difference and variance of differences) define the requirements for  the  so- 

called intrinsic Hypothesis of Regionalized Variable theory. This means that 

once structural effects have been accounted for, the remaining variation is 

homogeneous, so that differences between sites are  mirely a function of  the 

spatial covariance structure and the distances between t hem. I f  conditions 

specified by the intrinsic hypothesis are fulfilled? the semivariance can be 

estirnated from the sample data: 

where n is the  number of pairs of sample points of observations of t h e  values 

of attribute t at position x separated by distance h. 

A plot of y ( h )  against h is know as t h e  rxpcr ime~r /n /  srmi-i-nriogrnm 

(Fig.2).  The experimental semi-variogram is the key to providing a 

quantitative description of the spatial covariance structure of the attribute, 

which provides usefui information for interpolation? optimizing sampling and 

determining spatial pattern. The semi-variogram is quite useful as a tool for 

elucidating the nature and structure of spatial variability in a ,given 

regionalized variable. A mode1 can be f i t  to  such variarion allowing for 

quantitative representation of spatial variability. This information can then be 

used for estimation of  values across the space by incorporating it i n  the 



spatial interpolation method. The semi-variosram is  central to geost atist ics 

and the single most important tool in çeostatistical applications to soil 

(McBrateny and Webster, 1986). Its accurate estimation is critical in the 

success of spatial interpolation and the generation o f  raster maps (Ponce- 

Hernandez, 1994). Semi-variogram analysis has the  added advantage of 

defining parameters for local estimation by Kriging. Fig.2 shows a typical 

experimental variogram o f  data €rom a varying attribute. such as a soil 

property. The curve that  has been fitted through the  experirnentally derived 

data points dispiays several important features. First, at large values of the 

lag, b, it levels off. This horizontal part is known as t he  sill (C); it implies 

that at these values o f  the lag there is no spatial dependence between the data 

points because al1 estimates of variances of differences will be invariant with 

sampie separation distance. Second, the curve rises f r o m  low value of y ( h )  to 

the  sill, reaching it a t  value of Cr known as the range. This is the critically 

important part of the variogram because it describes how inter-site differences 

are spatially dependent. CIearly. if the distance separating an unvisited site 

from a data point is greater  than the range then  that  data point can rnake no 

useful contribution to  the interpolation; i t  is too fa r  away (Burrough? 1998). 

Semi-variogram ranges depend on the scale of observation (Le. the minimum 

lag distance) and t h e  spatial interaction of soil processes affecting each 

property at the sampling scale used (Trangmar et al., 1985). Semi-variances 

may also increase continuously without showing a definite range and siIl- thus 



preventing definition o f  a spatial variance and showins the  presence of trend 

effects and nonstationarity (Webster  and Bureess. 1980). Ideally, the 

experimental serni-variosram should pass  through the origin when the  distance 

o f  sarnple separation is ze ro .  However,  many soi1 properties have nonzero 

variance for  serni-variances as  h tends t o  zero ( ~ i ~ . 2 ) .  This nonzero variance 

is called the nugget effect (Co)  (Journel  and Huijbrests, 1978; Isaaks and 

Strivastasa. 1989). The experimental serni-variogram exhibits pure nugget 

effect (100% of siil) when y ( h )  equals the  sill at al1 values o f  h .  Pure nugget 

effect arises from very Iarze point-to-point variation a t  shor t  distances and 

indicates a to ta l  absence of spatial correlat ion at the  sampling scale  used. 

Increasing the  detail of sampling will of ten reveal s t ructure in  t h e  apparently 

random effects of the nugget  and pure nugse t  variances (Burrough,  1983). I t  

is usuaI to fit a mode1 to  t h e  discrete sample semi-variances because the true 

variogram of a region is continuous and  the estimates are subject  to  error. 

especially if the sample is small. which may make the variogram appear erratic 

(Oliver and Webster, 1990) .  





Spherical, exponential. linear and Gaussian models (Fig.3)  are commonly 

used as best-fit functions through the scatter of points in the semi- 

variogram. A variogram that can b e  fitted by a Gaussian variogram model 

indicates a smoothly varying pattern, such as often occurs with elevation 

data, and it  is often used to model extremely conrinuoui phenornena. A 

variogram modelled by a spherical variogram. which is the most commoniy 

used, has a clear transition point which implies one pattern is dominant. 

The choice of an exponential variogram may suggest that  the pattern of 

variation shows a gradua1 transition over a spread of ranges o r  that several 

patterns interfere with one another. The exponential mode1 is linear over 

very short distance near the origin; however' it rises more steeply and t h e n  

flattens out more graduallv. The linear model is not a transition model 

since it does not reach a sill. but increases linearly with h in a non-bounded 

way. [t is important to choose the appropriate model for estirnating the 

semi-varioçram because each mode1 yields quire different values for the 

nugget variance and ranse, both of which are critical parameters for 

Kriging (Burrouqh, 1998; fssaks and Srivastava. 1989) AI1 above models 

describe isotropic variation. But soi1 does not Vary equally i n  al1 directions. 

There are numerous situations where the variation is anisotropic. In  this 

situation each direction has its own semi-variogram differing from those in 

other directions. For example. soi1 properties are isotropic if they Vary in a 

similar manner in al1 directions and one semi-variogram applies to al1 parts 



of  the study area. Geometrical anisotropy o c c u r s  w h e n  variation fo r  a given 

distance h in one  direction is equivalent - to  var ia t ion  over a dis tance kh i n  

another direction. T h e  anisotropy ratio k indicates  the  relative size in 

which directional variation is elonzated in t h e  direct ion o f  minimum 

variation. The direct ion of maximum variation is assumed to occur  

perpendicular t o  t h e  direction o f  minimum var ia t ion  (David, 1977). The 

anisotropy ratio would  equal 1 a n d  define a c i rcu la r  zone o f  influence if 

variation was the  s a m e  in al1 directions. i.e. isotropie (Trangmar e t  al.. 

1 9 8 5 ) .  I f  t h e  sampfe pattern is noticeably anisot ropic?  with t h e  sarnple 

spacing being much smaller in some directions than  on  t he  others.  the 

distance parameters wiIl depend on  the  direct ion i n  which the  anisotropy is 

present- The utility o f  anisotropic modeIIing Lies in identification o f  

chanses in spatial dependence with direction: which in t u r n  reflects soil- 

forming processes (Trangmar. 1985). However,  soil  properties which are 

highly correlated and whose semi-variojrams Vary anisotropically often 

have anisotropic cross-semi-variograms- i-e. a semi-variogram that 

accounts for the  s t rength  o f  association between t h e  two properties 

(McBratney and Webster ,  1983) .  



Fig 3. Esampies of the most comrnonly used variogram models: (a) spherical: (b) esponenüai: 
(c) l i n e x  and (d) Gaussian (Sourcc : Burrough and McDonell. 1998) 



5.1.6 Spatial Interpolation (estimation) 

Interpolation is the procedure of predicting the value of attributes at 

unsampled sites from measurements made at point locations within the same 

area or region. Interpolation is used to convert data from point observations 

to continuous fields so that the spatial patterns sampled by these 

measurements can be compared with the spatial patrerns of  other spatial 

entities. So spatial interpolation, in a sense, is a process of spatial estimation. 

interpolation is necessary: 

(a) When a discretized surface (i-e. a surface resultins from the division of an 

area into a set of regular or  irregular tiles or "thessellations") has a different 

level of resohtion than what is required. In this case interpolation is needed 

to create the tiles or  pixels at the new resolution required. This function is 

often called "resampling" in  GIS software. An example of this is the 

conversion of  scanned imases (aerial photographs or  rernotely sensed images) 

from gridded tessellations, with a given size and/or orientation. to another, 

or 

( b )  When a continuous surface is represented b y  a data mode1 that is different 

from that required. or 

(c) When t h e  data we have do not cover the domain of interest completely 

(Le. they are samples) (Burrough, 1998). 

The methods of interpolation can be divided into two groups, caIled global 

(e-g. trend surface models) and local interpolators (e-g.  Thiessen poly,oonsl 



inverse distance, bi-cubic splines- Kriging) depending on  the structure o f  t h e  

interpolatins function. Global interpolators use  a11 available data to provide 

prediction fo r  t h e  whole area  o f  interest, while local interpolators opera te  

within a srnaII zone around the  point being interpolated t o  ensure tha t  

estimates a r e  made only with data €rom 1 0 c a t i o ~ s  in the  immediate 

neighbourhood and fitting is a s  good as possible. The chief global approach 

is trend surface analysis, whereby poiynominal o r  sometimes trigonometric 

functions a re  fi t ted by least squares regression on the  spatial coordinates as 

predictors. This  simple approach has several shortcomin_os: it loses detai l  

because o f  powerful smoothing; instability may be caused by outliers o r  

observational errors  o r  when enoush terms a r e  included in the function to  

retain local detail;  and variation in one part o f  the  reçion affects the fit  

o f  the surface everywhere (Oliver, 1990). Therefore, the global approach 

is only useful fo r  describing broad geosraphical trends (cf.  B u r r o u g h  e t  al., 

1977)- 

When da ta  are abundant. most interpolation techniques r ive sirnifar 

results. When data  a re  sparse. however. the  assumptions made about  the  

underlying variation that h a s  been sampled and the choice o f  method and its 

parameters can be critical if one is to avoid misleading results CBur-rough, 

1998). 

Since the  soil scientist has been concerned with spatial variation of  

soil. geostatistical methods o f  interpolation. popularly known as Kr i j ing  in 



various forms, are being used extensively as a spatial predictor. Kriging 

atternpts to optimize interpolation by dividing spatial variation into three 

components: deterministic variation, spatially autocorrelated variation. and 

uncorrelated noise. The character of spatially correlated variation is 

encapsulated in the descriptor function such as the semi-variogram. Since Our 

main objective in recognizing the variability over the study area is to estimate 

soil properties for land-use plannins purposes, Kriging (block Kriging) 

appears to have al1 the attributes desired for modelling the continuum of soil 

variability and estimatins values for the study area. This can be done by 

interpolating at çrid cells o f  a specific size. For quantitative spatial modelling 

in this thesis, Kriging will be used. The technique clearly fulfils the 

requirements in our research plan. The development of Kriging has been due 

largely to the development of the main body of Regionalized Variable Theory 

(section 4 . 3 . 7 ) .  The term Kriging embraces a set of methods for local 

estimation, including simple and oràinarv Krijing, CO-Kriging. universal 

Kriging and disjunctive Kriging. Simple point estimation is probably the most 

common Kriging procedure used i n  soil science (Trangmar et al.. 1985).  Given 

that the spatially dependent random variations are not swamped by 

uncorrelated noise, the  fitted variogram can be used to determine the weights 

A 
h, needed for local interpoiation. The interpolated value (2) of a regionalized 

variable Z at location f i  can be calculated frorn: 



where  n is t he  number  of neighboring sampIes  Z(xi)  and h,  a re  weights 

appl ied t o  each  Z(xi) T h e  weights  are chosen s o  that the es t imate  Z(xn) of 

t h e  t rue  value  Z(XQ) is unbiased, Le.:  

And t h e  es t imat ion  var iance ok' is minimized,  i.e.? 

n 
0: = VAR [ Z  ( x , )  - Z(X,,)[ = minimum 

The weights p laced on  each neighboring s a m p l e  s u m  t o  1 ,  and thei r  un ique  

combination f o r  which a,= is minimized can be obtained when: 

T h e  values y(xi ,xj ) and y(xi, ,  xo) are t h e  semi-variances,  e r  preferably  t h e  

covar iances  (second- o rde r  s ta t ionar i t  y), between observed loca t ions  X; and 

X, and be tween  t h e  observed loca t ion  X i  and t h e  interpolated loca t ion  x o  , 



respectively. These values are obta-ined from t h e  semi-variogram o f  Z .  The 

quantity p is the Lagrangian multipelier associated with minimization o f  ok2. 

Solution of the  n + l  equations o f  th le  Krisjng system for each h, and p 

enables the kriged estimate Z(xo ) t o  be determined by Eq- ( 1.5) and the 

estimation variance to  be determinerd by solving fo r  

In block Kriging, a value for an are- o r  block with its centre at x,, is estimated 

rather than values at  points. As in punctual Kriging? the Kriged value o f  

property Z for any block V i s  a w e i g h t e d  average o f  the observed values f i  in 

the neighborhood o f  the  block : 

The only difference in Eq. (1.10)r €rom t h e  estimation equation ( 1 . 5 )  for  

punctual (point) Kriging is in the determinat ion o f  the weighting coefficients. 

In the weighting procedure. the semi-var iances  between data  points and the  

interpolated points o f  punctual K r i g i n g  are  replaced by the average  semi- 

variances between the data points a n d  a11 points  in the block [ y ( x i ,  m. The 



estimation var iance  is  rninimizea. The minimum est imat ion variance f o r  bIock 

where y(xi,V) is t h e  a v e r a g e  semi-variance be tween  t h e  sample  points  xi in the 

neigborhood and those in the block 1'. H V , V )  is t h e  a v e r a g e  semi-variance be tween  

ail points within V (i.e., the within-block variance of  classical statistics). and p, is t h e  

lagrangian p a r a m e t e r  assoc ia ted  with t he  minimizat ion.  

The re  is o f t e n  IittIe difference be tween  the  e s t ima te s  from point  

Kriging and  block Kr iç ing ,  bu t  the block e s t ima te s  may seem more reliable 

because a s  t h e  s i z e  o f  t h e  b lcck  increases t h e  es t imat ion  variances 

decrease.  Block  e s t i m a t e s  may also be m o r e  real is t ic  s i nce  the  informat ion 

from a point  is usua l ly  intended to  represen t  a n  a r e a  sur rounding  i t .  T h e  

size o f  th is  a r e a  o r  b lock  will depend on t h e  pu rpose  o f  t h e  survey (Oliver ,  

1990). T h e  mos t  co rnmon  use  o f  block Kriging has been  f o r  product ion o f  

isarithmic maps  o f  so i l  proper t ies .  Exper ience  ind ica tes  t ha t  block Kriging 

produces  s m o o t h e r  m a p s  than point Kriging by  in te rpo la t inç  average  Galues 

over  blocks,  wi th  t h e  effect  o f  smoothing Iocal discont inui t ies  (Tranymar ,  

1985). Block  Kr ig ing  has  afso been appl ied to in t e rpo l a t e  spatial e f f ec t s  of 

crop response  t o  var iabiI i ty  imposed by soi l  management  practices. T a b o r  
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et al. (1984) found that maps of block-Krioed values for nitrate content of  

Cotton petioles indicated a strong response to direction of  planting rows 

and application of  irrigation water. Block Krigins of a very fine mesh of  

grid cells forms the basis o f  interpolation procedures developed by Giltrap 

(1983): which provide for prior stratification of the landscape into a 

number of land classes and can either restrict interpolation to cells within 

the same land classes or  ailow interpolation across land classes us ine  a 

separately calculated autocorrelation function. Using these procedures, 

Giltrap (1981) was able to  produce maps rapidly and cheaply fo r  many soi1 

properties at any scale similar to  that of the original interpolation grid. 

5.1.7 Geographic Objects with Indeterminate Boundaries: 

Fuzziness o f  Soi1 Boundaries 

In  the past, scientists and administrators have ignored o r  suppressed 

important aspects of inexact o r  Fuzzy phenomena and for their own reasons 

have forced them to be objects with crisply defined boundaries. even i f  s u c h  

phenomena a r e  more ofren thought of as continuous fields. Practical 

scientists, faced with the problem of dividing undivided complex continua 

have often been forced to  discretize. S u c h  is the case in the aerial photograph 

interpretation of soi1 or  vegetation patterns. The result has been that different 

scientisrs have mapped the same area differently (Burrough, 1998). 

Furthermore, conventional or  crisp sets allow only binary membership 

functions (Le- True or  False): an individual is a mernber o r  it is not  a mernber 
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o f  any given set .  The  problems associated wi th  binary logic for  re t r ieva i  c a n  

b e  seen from the  following simple example  t aken  €rom the  discipline o f  land 

evaluation (Burrough et al.. 1992) .  With  bina. Loeic. complex land  qual i t ies  

and suitability classes can be defined u s i n e  any  o f  the operators  AND. OR? 

NOT. XOR t o  specif-y just which combinat ion o f  attr ibute values is requi red  

fo r  rnembership in a class f o r  any g iven  purpose.  Class membership is  

commonly defined by specifying the  r anges  o f  a certain number  of key  

proper ty  values thar an individual rnust meet .  T o  qualify as a mernber of  a 

given suitability class, an  individual point. line o r  area must m a t c h  al1 t h e  

specifications o f  that  class. These specif icat ions  can be expressed  a s  a 

multiple Boolean ".ANDx, o r  intersection,  a s  in a typical GIS overlay 

operation:.  

R= "true" if ( A A N D  H A N D  C A N D  B . - . - . ) .  

where R is the  result and A' B, C. D, ..... represent the specified ranges  of t h e  

properties. The  result is binary, true be inç  represented by the  c b a r a c t e r  1, 

false being represented by the  charac te r  O.  This  logic is often extended t o  a 

limited number o f  discrete classes ( > 2 )  t ha t  describe grades  o f  sui tabi i i ty  

throuçh the principle of most limiting fac tor  (FAO. 1976). For example,  if the  

suitability o f  a s i te  for a given land u s e  is  determined from t h e  levels o f  

several land qualities. then t h e  land qual i ty  with the lowest suitabil i ty ra t ing 

(maximum limitation) determines the  s i t e  classification: 
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R = MIN ( Qf,Q2, Q3' ....... Qn) 

where the Qi are the classifred values o f  each key land quality (usually 

integers). 

Consider for  example, t h e  problem of  measuring the attributes in the 

field to  assess the erosion hazard in gently sloping sites: 

IF SLOPE r 10% AND SOIL TEXTURE = SAND AND VEGETATION 

COVER s 25% THEN EROSION HAZARD I S  SEVERE.  

This rule specifies a central concept, namely, tha t  bare sandy soils on  more 

than gently sloping sites are prone to extreme erosion. If  the rule was used in 

a GIS on soil polygons with simple attribute values, however, then the data 

retrieval operation would only find those polyqons with an exact match. 

Clearly, polygons that for one reason or anorher had attributes tha t  were just 

outside t h e  class boundaries would be rejected. The result m i s h t  lead to a 

serious underestimate of the area of  land that is prone to severe erosion (cf. 

Burrough, 1989). In addition, in existing systerns of soi1 classification, any 

one individual soil belonss to exactly one class at any one level. Each 

individual is allocated to  a single class, although its proper allocation may be 

uncertain because of errors in data or  vagueness o f  class definition. No rnatter 

how small the differences in  properties may be. t h e  allocation of individuals 

changes abruptly when crossing a class boundary. I n  this sense the existing 

classification systems are discontinuous (Mc Bratney et  al., 1992). 



Soi1 classifications are often littie better than a t tempts  to  subdivide a 

compiex continuum into smalter units (Chang and Burrough, 1987). The best 

approach to a particular soi1 classification problem will depend t o  a large 

extent on the distribution o f  the soi1 individuals in some attribute or character 

space  (Butler, 1980). Instead o f  Brst classifying obsèrvations into exactly 

defined classes and then averaçing the class scores, another  s t r a t e p  would 

be to rescale the original data on  a continuous scale by assigning conrinuous 

class  membership values. These  continuous values could be assigned to 

individual attributes or to  Zroups of attributes- Individuals that  exactly 

matched strictly defined classes would receive a mernbership value depending 

on  their degree o f  closeness t o  the strictly defined class. Therefore an 

individual with an observed value just outside the class limits might receive 

a membership value o f  0.95 t o  indicate that it was not a full member of t he  

class. but should by no means b e  completely rejected. Individuals t h a t  were 

so far  away from the  strictly defined classes limits that they receive a 

membership value of less than O S  could be safely rejected. 

The problem of dealing with undefined classes and vague boundaries is 

not unique to soi1 science but is a part o f  human experience. Lrntil recently 

there  was no reasonable and quantitative way to  handle such imprecisim, but 

Zadeh (1965) introduced his Fuzzy set  theory as  a means of  dealing with 

inexact concepts. In conventional set theory points are allowed to belong only 

to o n e  set, whereas in Fuzzy-set theory they may belong totaliy, partly or not 

at  al1 to  a set. A Fuzzy set is a class of objects with a continuum o f  srades of  
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membership (characteristic) function which assigns t o  each  object a grade  of 

membership ranging between zero and one. Notions of inclusion. union. 

intersection, complement, relation, convexity. etc., a r e  extended to such sets. 

and  various properties o f  these notions in the contexr o f  Fuzzy se ts  are 

established. In particular, a separation theorem for convex Fuzzy se ts  is 

proved without requiring tha t  the Fuzzy sets  be disjoint (Zadeh. 1965). A 

Fuzzy set o f  attribute values is defined mathematically as follows: 

If X =( x denotes a universe of at t r ibute values (i.e. range of values), then 

the  Fuzzy set A i t l  X is the  se t  of ordered pairs 

where p&) is  known as  the  'grade of  membership o f  X in A ' and x E X 

means that x is  a value contained in X. UsualIy p&) is a number in the range 

0 , l  with 1 representing full membership o f  t h e  set  (e-g.  the 'representative 

profile') and O non-membership. The  grades  of membership o f x  in .4 reflect 

a kind of ordering that is not based on probability but on admirted possibility. 

Put another way. the value of p A ( x )  o f  attribute value X i n  A can be 

interpreted as the degree o f  compatibility o f  the predicate associated with set 

A and at t r ibute value ,Y. Therefore the  value of ,UA@) $ves us a way o f  

giving a graded answer ro the  quesrion: "to what deçree  is a soil profile with 

attribute value x a member of soil class A l " .  

The sirnplest mode1 is given by the  following equat ion which is a general 
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symmetrical beII-form membership func t ion :  

1 
MF-r = [l+{(x-b)/d} 1 for O r  x 5 p. 

The parameter b defines t he  value o f  t he  a t t r i bu t e -x  a t  t h e  central c o n c e p t  o r  

the standard index o f  t h e  set .  The form of t h e  membership func t ion  and  t h e  

posit ion of t h e  crossover  points can  b e  easiIy changed by c%anging the value  

o f  t h e  dispersion index, c(. T h e  parameter  d gives the w i d t h  o f  t h e  bel1 cu rve  

a t  t h e  crossover  points which defines t h e  transit ion zone  a r o u n d  t h e  cen t r a l  

c o r e  of the  se t  in the same units as t h e  central  concept  (Bur rough  e t  al.. 

1992). 

Membership functions can be d r a w n  f o r  different soiL proper t ies  within 

soi1 profiles, and s u c h  funct ions  can  b e  used  in Fuzzy o p e r a t i o n s  t o  a n s w e r  

simple or  comple'c queries.  Land suitabiIi ty assessments based o n  a Fuzzy 

opera tor  with cross-over values r ep re sen t in s  the cri t ical  v a l u e s  o f  land- use  

requirements -ive bet ter  results  than  r h e  str ict  B o o l e a n  a p p r o a c h  (cr isp 

boundaries) with operator "OR"? "AND": etc. (Burrough. 1,989).  Applications 

o f  Fuzzy se t s  in soil modeling have been explored by, among o the r s ,  Chang 

and Burrough (1987), Burrough et  al.? (1992). Tang et al. c1991) ,  Triantafilis 

and McBratney (1993) ,  and  Davidson e t  al. (1994).  Irn soi l  d i s t r ibu t ion  

rnodelling the  use o f  Fuzzy sets  and Fuzzg logic was initia ted by D e  Grui j te r  

and McBratney (1988) and McBratney and De  Gruijrer ( 1  992) .  For instance,  

Tang et  al.  (1991)  found tha t  Fuzzy s e t  methods differ fr om t h e  paramet r ic  



methods in the use o f  an  explicit weight for the impact of each land 

characteristic, and i n  the  way of combining t h e  evaluation o f  each land 

characteristic into a final suitability class o r  suitability index. Besides a 

dominant suitability class? the Fuzzy set method equally provides information 

o n  the  degree to which the land unit belonss t o  each o f  the suitability classes 

discerned. Davidson e t  al. (1994) concluded that  their study, by applying 

Fuzzy se t  rnethodology in a land evaluation project in Viotia in Greece. 

yielded more a satisfactory result than the traditional one using the Boolean 

approach. Finally, Burrough et al. (1992) s tated (p.207) "the Fuzzy approach 

is ciearly more flexible than Boolean methods f o r  analysis o f  land suitability. 

Because Boolean intersection only accepts s i tes  that match  al1 the s tr ic t  

requirements, many sites are rejected". The only critical issues in the use o f  

Fuzzy set methodology are  the choice of membership function. class centers. 

cross  over values and weight. Research on how these can be determined €rom 

the  da ta  themselves may yield more objective results (Burrough, 1989; 

Davidson. 1994) .  

5.1.8 Elements of the Proposed Paradigm 

In this research three alternative procedures to  the  currenr paradigm for  

providing and processing soi1 information a r e  proposed and investigated. 

1-Retention o f  hard-poin t-data: Storage of ungeneralized point data in t h e  

database as they were collected €rom field survey and lab analvsis. 
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2.SpatiaI interpolation: Use o f  geosratistical tools in o rde r  t o  obtain spatial 

prediction estimates and thematic mapping o f  individual soi1 properties on 

request from reappraising point data. The combination o f  geostatisrical 

estimation and GIS can provide the  interpolating algorithm and tools needed 

fo r  a new paradigrn in acquiring, storing and providicg soil/land resources 

information. 

3.Fuzzy Set theory: Application of continuous classification based on  

constructing a g rade  o f  rnernbership on the interpolated classes in order to 

create smoother and transitional boundaries between t h e  classes.  

S. 1.9 Methodological Procedures 

The methodological procedures used in this thesis were designed for 

carrying out a comparison of paradigms for  representinz and providin- soi1 

information, and fo r  examining the  practical implications o f  a paradigm 

shift. The shift in paradigm would be from the conventional discrete 

classification and  mapping of soil/iand, as used in current  land evaluation. 

to  a proposed new paradigrn tha t  utilizes a different way o f  dealing tvith 

the transitional nature of  spatial  variability o f  soils. The overall  sequence 

of  procedures used in t h e  methods for this research design can be s e e i  in 

the  flow chart  displayed in  Fig, 4 and Fig. 5. 
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5.2 Description of the Study Area 

This srudy was conducted in rhe axa covered by the Texcoco river watershed in 

central Mexico- This watershed is located 48 km northeast of Mexico City (~Map 1). The 

watershed is located in Universal Traverse Mercator (UTM) zone 14 and has boundaries 

within the coordinates of 5 14000? 11 46000 and 530000,2 156000. The watershed is close to 

300 km2 in size and ranges in elevation fiom 2300 to 4000 rn above sea level. The area was 

selected because data are available nithin this area- 

The climate of the area is characterized by cold and dry winters? while summers are 

warm with abundant rain. AnnuaI average precipitation varies fiom 450mm to more than 

1500mrn depending in physiographic position. More than 80% of al1 precipitation falls 

between June and October. Frosts are typically severe fiom November to February, but 

generally they begin in October and l m  well into February . The raina1 partem is monsoonal. 

Scattered showers occur From Novernber to May Substantial showers begin in May and 

become consistent fiom June until mid-September (Sandres et al., 1979). The mean annual 

temperature varies between 12" C and 18" C .  The temperature of the coldest month varies 

between -3 and 18" C and for the warmest rnonth between 6.5 and 22" C (Vargas, 1993). 

The watershed has several dEerent zones with varying soil types. Soils are generdly 

medium textured and sandy loarns and thus weI1-suited to maize-based agriculture with hand 

tools. Soi1 depth is quite variable. Wthout taking into account all the differences in soil depth 

the soirs of Texcoco have some important characteristics for management, such as: 

- Soils with incipent structure. 

- Friable soi1 asgregates which are puiverized easily. This makes them susceptible to erosion 
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when they are bare. 

- Soil with low bulk densiry values and high total porosity values. 

According to LNEGI (1 986) the main soi1 units for Texcoco are Zotonchak. Vertisol, 

Phaeozem, Litosol and Cambisol (Vargas, 1993). 

The main crops grown on the irrigated 8at lower pidonof the watershed are corn 

beans, bariey, peas, onion par ,  wdnut and apple trees. KaIfofthe watershed is covered with 

crops while the other halfis covered with deciduous forest. Corn alone or in association with 

beans and squash are the  most frequently-found crop associations in t e m s  of area covered- 
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5.3 Sampling Strategy 

A soi1 sampling campaign was undertaken in most of the agiculturally-based area in 

the watershed m a p  2) .  The aim of  the survey was to sample the spatial variability of the 

main fertility-related characteristics of the soil in the area. The sarnpled fields were chosen 

to be representative of the varÏability of corn growing conditions in the area. Modifications 

were made to the initial "fiee'? survey strate=, whenever permission by the f m e r  was not 

obtained, or when cooperation with the project not ~ a n t e d .  In that sense. the sarnplin,a 

strategy became some f o m  of hdybrÏd between "fi-ee" survey and random survey, since other 

sites were chosen at random to replace the unavailable ones in the general sampling design. 

At each point pIot, five soil sarnples were taken and rnixed to produce a composite 

bulk sample representative of the plot. Soi1 samples were air dried, passed through a 3 mm 

sieve and stored in plastic bag,  ready for Iaboratoq analysis (Trent University). The sampling 

design yielded a total of 83 sarnples. It is worth mention that only the centrai portion of the 

- watershed was sampied. This is due to the fact that this is the portion of the watershed that 

is intensively cultivated under rainfed agriculture. and this type of agriculture is one of the 

main concerns of this thesis. Therefore this study concentrates on the  middle portion of the 

watershed where the most important land use is rainfed agicuiture, and the land has slopes 

that Vary fkom gentle to flat. 
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5.4 Sampie Treatment and Laboratory .4nalysis 

At each sarnpling site the following measurements were made to create a data- base 

of site charactenstics: slope, altitude? depth and coarse m e n t s  (Appendix la). The slope 

was meanired with a clinorneter, depth to the hardpan was measured with a soil au- and 
- 

tape, coarse hgments were estimated as a percentage value, and the altitude was measured 

using a calibrated altirneter. A GPS (Global Position System) was used to record the 

coordinates of each sampling site and to check the altitude value given by the altimeter. The 

samples were taken to the laboratory and the soi1 was analyzed for: p H  organic matter 

content (OM), exchangeable cations such as potassium (K), magnesium (Mg), calcium 

(Ca), Cation Exchange Capauty(CEC), eleetrical conductivity (EC) and soi1 texture or 

particle size distribution (Appendix Ib and c). 

The pEJ of each sample \vas determineci in water. A 5 g sub-sample of sieved soil was 

added to 20 mL of distilled deionized water in a paper cup, mixed several times over a 15 

minute period with a plastic stirrer and left to seale for 45 minutes. The pH of the clear iiquid 

was then measured using a Coming 135 pWion meter with a glas  electrode. 

The Omanic matter of the soils was estimated by the loss of  weight on i-gîtion 

(LOI), according to Karla and Mayard (1 99 1). A 1 g sub-sample of sieved soil was weighed 

in a crucible and then ignited at 400 OC for 12 hours in a muffle furnace before coolinç and 

reweighing. The weight of the sample after ignition allowed for the calculation og LOI as 

follows: 

Loss on ignition(Oh0M) -ei~ht  of samole before ienition- weieht after i~nition"100 

Weight of sample before ignition 



The procedure was completed three tirnes for each sample, and the mean of three 

measurements per site was taken as O h  OM. 

Exchaneeable cations and cation exchanee ca~acitv were detennined by rnanud 

Ieaching using vacuum extraction according to Karla and Maynard (1991). The method 

involves leacbg soii with a buffered (pH 7.0) 1 .OM ammonium acetate solution in wbich the 

displaced exchangeable cations were measured. The exchange capacity was filled with 

ammonium as the soiI and solution was left to stand overnight. Then the leachate was fltered 

from the soi1 solution using gentle sudon. An aliquot was saved for detemination of K, Mg 

and Ca concentrations using atomic absorption spectrophotomeq. The excess ammonium 

acetate was then displaced by ethg alcohoi. Acidified sodium chloride then displaced 

exchangeabIe ammonium which was measured to yÏeid a quantity for the CEC. 

Electrical conductivitv was determined by saturation extract (Black, 1965). 

Distillecl water was added to 200 g of soil until a paste was fomed (there ivas a shùiy surface 

but no standing water). Mer  allowing the saturated soi1 paste to stand 4 hours, the paste was 

filtered by using a large filter apparatus and vaccum pump. 1 drop of 0.1% sodium 

hexarnetaphosphate solution was added to the filtrate. A dbrated conductivity meter (probe) 

was then inserted into the filtrate to record the electrical conductivity. 

Soi1 texture was determined by hydrometer analysis (McKeague, 1978). In this 

method the minera1 part of the soi1 was separated into different-sized fractions (sand at >50 

vm, silt between 50 and 2 um and clay < 2 vm). 

The % of Base Saturation was calculated from the following equation as the 

proportion of the CEC accounted far by exchangable bases f Ca, Mg, K and Na ) 

(London, 199 1): 



Percentage base saturation = LOO* exchangable bases/CEC 

A widely used measure of Na levels in soi1 is the exchangable Na percentage (ESP), which 

is defined as (London 199 1): 

ESP = (Exchangable Na/ CEZ) * 100 

5.5 Spatial Database Development 

The Integrated Land and Water Monnation System (LLWIS) was used to digitize 

three cover maps of the watershed boundary rnap (Mapl), saidy area showin9 sample sites 

(Map 2) and soi1 polygons (Map 3). The boundary of the watershed was delineated using a 

1 :20000 ortho-photomap. The boundary delineation was based on a previous delineation in 

the study area with sorne modifications, usuig aerid photographs. A base map at a scaie of 

1 :20000 was first referenced using the Universal Transverse Mercator (UTM) Projection- 

Four c o n t d  points in UTM coordinates (5O6OOO,2 146000; 506000,2156000; 

53OOOO,Z 156000 and %OOOO,2 146000) were specified in order to caiculate the 

trandomation between digitizer and map coordinates. 

A coordinate system that included a UTM zone 14 for North America was used for 

georeferencing, and a segment (vector) map for the watershed boundary was created. The 

segment rnap was then copied and used as a base map to digitize the other cover maps so as 

to ensure the same scaie and base map. 

A soit map of 1:50000 scale published by Direction Genral De Geografica (1983) was 

used to produce a soi1 polygon map. This soit map contains aii the variables necessary (for the 

suitability evaluation), as attnbute tables. These variables are the sarne variables included in 

the database for the proposed paradigm. 
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A point map shows ail the samples that were taken in the watershed which was 

created and added to the boundq  base map in order to determine the position of each sarnple 

within the watershed (Map 2). 

Sînce the land suitability assessment Uitended as part of the objectives of this work 

invoives not only soil parameters but climatic pararneters too, mips representing the spatial 

variability of such climatic pararneters over the study ara  are also part of the spatial database 

development. Given the fact that dl of these parameters constitute point-data recorded at the 

discrete sites of the meteorological stations, spatial interpolation techniques were used to 

compute maps of the observed meteorologicd variables, or of variables derived fiom 

calculations using the original variables recorded. The procedures used for treatment of 

chat i c  data are given below. 



Map 3: Soil polygon classes of Texcoco River Watershed 

Soil Type: BQ Be, Bh (Cambisol) 
Hh (Feozem) 
Re (Regosol) 
Tm (Ansosol) 
Zg (Solonchak) 
Vc (Verlisol) 
Tm (Andosol) 
Soil Texture Classes: l(Coarse), 2 (Medium) and 
3(Fine) 



5.6 Data Sources for Developing Land Suitability Models 

The required data for building an automated land evaluation mode1 for the study area 

were identsed and selected from a compiled list of requirements (section 6.7.3) cornmon for 

growing maize (FAO, 19785 Sys, 1985; Ponce-Hemandez and Beemart, 1991). 

Data for 12 meteorotogical stations (Map 4) were obtained fiom records of the 

penod fiom 1961-1988. The 12 rneteorolocjcal stations seiected showed some data gaps in 

terms of records absent for some climatic variables, namely, annual rainfall and length of 

gowing - penod- Such data needed to be estimated fiom present records, either by 

interpolation/extrapoIation of values, or by finding an ernpirical regession equation with the 

missing variable as dependent variable and any of the other variables with complete records 

as independent variables. Appendix (2) shows the values for minimum and mean temperature, 

annual rainfd, rainfd within growing season and growing period dong with the coordinates 

for dl the stations used for the analysis. 





Regression Analysis for Estimation of Missing Data 

In order to estimate missing data for annuai rainfall and kength of growing penod, a 

regression equahon was computed. This analysis set out to explore-the relationships between 
- 

the different climatic variables in the study area. Where a statistically si-pificant regression 

equation was found with a high coefficient of determination, such equations were then used 

for estimation of missing data and for fiiling data gaps. iMap 4 shows the spatial distribution 

of the 12 meteorologicaI stations in the study area. 

5.6.2 Clirnatic data interpolation 

In order to build the spatial and attribute databases for climatic requirements needed 

to evaluate suitability for the current and proposed paradigrns, an ASCII format file for each 

variable was created and entered into the Sufler ( version 6.0) computer program . This 

pro'gram provides gndding and contouring algorithms which interpolate point-data from the 

meteorological stations. For the purposes of interpolation and given the fact that only 5 point 

data were used, inverse distance functions and bicubic spline algorithms were used for 

- interpolation of meteorological variables. This is because it was not possible to apply a 

Knging technique with so a few point-data to produce a Grid file. The grid file is used to - . .  . 

draw a plot and a contour map. Bicubic spiiies and inverse distance interpolation were used 

for the generation of a regular rectangular array of g i d  values contained in a grid [GRD] file. 

This method worked well in generating regularly gidded data. The smoothness of estimates 

derived by inverse distance methods is desirable if contouring is the final goal of estimation 



(lsaaks and Strivastav- 1989). However, another rather simplistic method was used to 

predict the value of  each climatic vanable within a spatial domain by assigning the nearest 

data point to each g ï d  node- This technique creaes a set of "tiles" GT Thissen po1ysons which 

are spatial domains within which the value of data of the meteorological station c m  be 

extrapolated with confidence. CIimatic data are commonly interpolated this way in the 

absence of local data corn a weather station close by. ïhe Overlay Map command in Sufer 

was chosen to combine the interpolated contour map resulting from use of inverse distance 

weighting as interpolation fùnction. Then the maps corn Thiessen polygons interpolation were 

produced for each variable (e-g. annual rainfi) with the soil polygon map. This polygon rnap 

represents the polygons of mapping units for the current paradîgm. The overlay aUows for the 

assigning of the values of each climatic variable to every single polygon. The values of each 

climatic variable for soil polygons (current paradigm) were computed by integrating the 

contours through a weighted average over the area of the polygon. The weights were 

calculated according to the distance between each two contour lines over the total area for 

each polygon. This is weighted mean is supenor to the simple mean because it considers 

possible uneven spacins between contour iines. On the ot her han& the soi1 point rnap contains 

the sample sites for point data (proposed paradigm). The soil point data map was combined 

with both the contour map and the Theissen polygons map for the interpolated climatic 

variables, in order to predict the climatic variables required for the mode1 for each site. 

5.6.3 Length of Growing Period (LGP)  Data 

The combination of avaiIable soil rnoisture and adequate temperature for crop growth 

is expressed in the growing penod. The growins period is taken as the continuous period 
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from the tirne when raid31 is greater than haif the potentiai evapotranspiration unril the t h e  

when rainfàll is l e s  than the fùil potentiai evapotranspiration., plus a number of days required 

to evaporate an assumai 100 mm of soi1 moisture resewe when availabIe (FAO, 1978). These 

100 mm of rnoisture are assumed since the water holding capacity of each soi1 is not known, 

thus preventing the caiculation of a fùll warer baIance per meteorologicaf station. The data 

used to calculate l e q t h  of growing period for the study area were obtained from five 

rneteorologicai stations in the watershed and its surrounding area. Historical records of 

evaporation and precipitation spanning about 29 yearç were used to  calculate the potential 

evapotranspiration. The following empirical equation was used by Marquez Rodiles ( 1990) 

to estimate evapotranspiration (ETP). This equation has ernpirically been shown to work 

better in this part of Mexico than the other known equations for calculation of potential 

evapotranspiration. Such an equation was considered a good option given the lack of 

information required for other equations (egThomthwaite): 

ETP = 0.8 EV 

where EV is the monthiy evaporation averase and 0.8 is an ernpirical coefficient estimated 

for central Mexico according to the World Meteorological Organization as a substitute 

method for the Penrnan equation in situations where the radiation and wind speed terrns can 

. not be obtained, such as in the study area . The data required to calculate the LGP were 

entered into a spreadsheet for al1 the stations and the results were compiled and piotted in the 

form of climographs. These graphs were used for estirnating the length of qowing period. 



5.7 Development of Models for Land Suitability Assessment 

The Autornated Land Evaluarion System (ALES) is a computer program used for land 

suitability assessrnents. The rnodels developed for both the current and proposed paradigrns 

are based on the class limits of some key climatic and soi1 variables. Such variables dehe the 

data set required for land suitability assessment for a given crop or  land utilization type 

(LUT). Matching the land quality values with land use requirements of the LUT is the 

essential part of the land evaluation exercise, which results in suitability classes. This rnatching 

process was implemented by developing and building a computer mode1 based on decision 

trees for the suitability assessment of land utilization types selected within the area. 

5.7.1 Definition of  Land Utilization Type (LUT) for the 

Assessment 

Maize alone was selected fiorn the cornmon LUTs and potential LUTs in the study 

area. The cultivation of maize is restncted to the rainy season between late May and earty 

October. The successful germination of seeds and maturation of plants durîng other parts of 

the annual cycle are severely restricted by inadequate rainfall and even more so by severe 

winter frosts (Parson et al.. 1971). As has been stated. the main objective of this study is to  

compare the final suitability maps produced f?om the two paradibas in terrns of the accuracy 

with which suitability is predicted rather than investigate the suitability of rnaize in the 

watershed per se. 



5.7.2 Definition of Land Management Units (LMU) for the 

Assessrnent 

( i )  LMU for the current paradigm 

The LMUs for the current paradigrn were defined in the area according to the soi1 
- 

polygon delineation (Map 3). The selectïon of the representative soi1 profile for each LMU 

was based on it being the centrai concept of the polygon. The data required for every rnapping 

unit were obtained fiom a soil map scale of 1:50000 published by National Institute of 

Geography and Statistics (1 978). 

( i i )  LMU for the proposed paradigm 

In the case of the paradigrn that is proposed here, the LMUs became the retained 

hard-point-data, since no polygons (mapping units) were used as generalized data. Ody hard- 

point-data were retained, and therefore the assessment was carried out at each soi1 sampling 

locations (point-data). The required data to identie soi1 characteristics for each point (in thk 

case LMU) were obtained from the soil analyses done for the 83 samples collected fiom the 

study area. However' other data such as climatic requirernents were obtained from the 

interpolated maps of climatic parameters which were produced fiom Surfs. then overlain on 

the hard-point-data representing the soil samples. In this way, both soi1 and climatic 

parameters that can be matched to the requirements of the land use can be obtained. 
- . . 



5.7.3 Definition of Land Use Requirements (LGR) 

All the decision tree models were based on six groups of requirements. For 

each of the groups there is a decision tree. The decision-tree includes al1 the requirements 

within each group of limting factors. The following are the six groups of requirements for 

rnost crops and particularly for maize (Sys, 1985): 

1. Clhatic requirements 

2. Soil physical requirements 

3 .  Soil fertility requirements 

4- Soil salinity and alkalinity requirements 

5. Soil flooding and drainage requirements 

6. Topograp hy requirements (si ope). 

5.7.4 Definition of Land Characteristics (LC) 

Land characteristics are the measured or estimated properties of Iand which form the 

data items in the ALES data base. In models. the'; are used as the elements of the decision 

tree that determines the severity level of each Iand quality, that is the status of Iand qudity in 

meeting a requirement of the crop, and ultimately the final suitability ratings of the various 

LUT by the overall assessrnent of individually-assessed land qualities in rnatching the 

requirements. The land characteristics chosen in this study for the land suitability evaluation 

are the same as those in the decision tree models. The six groups of land use requirernents 

define the six sets of characteristics on which the land is to be evaluated and they have to be 

the sarne parameters defined in the models so that they cm be matched to the LUT 



requirements during the suitability assessment. Appendix (3) a and b shows the total land 

use requirements and land characteristics considered in this study dong with their defined 

code- 

5.7.5 Suita bility Classes 

Land evaiuation involves the assessrnent of the suitability of the land for a particular 

use. A physicai evaluation is the only concern in this study, without taking into account 

econornic considerations The physical assessment emphasizes the relatively permanent 

aspects of suitability- such as climate and soi1 conditions, rather than changeable ones, such 

as prices. The land suitability classification used in this snidy consists of the following 

catego ries: 

Two suitability orders: 

S (Suitable) and N m o t  suitable) 

Six suitability classes indicating the Ievel o f  limitations: 

SI-0 Very suitable- no optimai limitations, optimal crop yield 

SI-1 Suitable, slight limitations, alrnost optimal yield 

S2 Moderately suitable, severe limitations, low yieId 

S3 Marginally suitable, severe limitations, low yield 

NI Not recommended, very severe limitations, but potentially suitable 

conditional upon some improvements. 

N2 Not recornrnended, very severe limitations, unacceptable yield- 

The simplest method by which ALES detemhes the physical suitability of each land 

unit fiom the set of LUR is the maximum limitation method, The decision about the suitability 
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classes and sub-classes is taken by cornbining the effect of the diEerent land characteristics- 

At the end of each branch of the tree a suitability class is assigned to summarize the suitability 

class of that group (e.g+ climatic). 

5.7.6 Models and Decision Trees 

The way in which the ALES mode1 builder classifies data is to build decision trees. 

Decision trees are hierarchical multiway keys in which the leaves are results such as land 

quality ratings, and the interior nodes (branch points) of the tree are decision criteria such as 

a Iand characteristic value. In the models developed for the current and proposed paradigms 

in this study, the physical suitability for each group of land use requirements ( e g  clirnatic) 

is assigned directly. So, instead of having the seventy level for each branch the seventy levels 

are assigned dong the branches. at the intenor nodes of the tree. The method deveioped in 

the mode1 of this study is to order the land use requirements for each group according to their 

importance or the importance of the expected effect on crop performance. A decision is 

reached for one group of characteristics at a tirne. by followin_o each branch in the decision 

tree and assi-g6ng a value for every cIass within the branch. Then the same process continues 

to the end of the rree to decide the final suitabiliry class for this branch as illustrated in Fig. 

6 .  The levels illustrated in Fig. 6 are shown as criteria in Appendix 3(a). The process starts 

by choosing one level in the cation exchange capacity classes which is the most important 

variable in the fertility decision tree. Then the following class of input level for base saturation 

is chosen. Al1 other classes remain empty at that level. This process continues to the last 

variable in the decision tree which is organic matter %, and the suitability class for maize 

production is obtained according to the maximum limitation method. The same procedure was 
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followed for each branch and for each tree. Xppendix (4) aiso shows one of the deçision 

trees created for climatic requirements. 

Data entry templates were used to spec* the land characteristics for which data are 

to be entered into the model, and their orcier Gn the data entry form which is to be filled-in by 

the mode1 user. The ternplate is customized to the data specificdy needed in the decision 

trees for the LUT (maize) in this study. 0 m  the other hand the same remplate is used to 

extract the 0ngina.î data fiom the database. 

ALES provides several ways to exchange information with other cornputer- based 

systems. Database fdes for al1 land characreaistics and requirements were created in a data 

base management system package (dBase) and exported to ALES (Appendix 5a and b). 





5.8 Computation of Evaluation and Results 

(i) Suitability evaluation of LUT on soi1 polygons: the current paradigm 

The mapping units which are represented by soil polygons in the current paradi-gm of 

soi1 information need to be d e b e d  before performing the suitability evaluation. In this case 

IO polygons were delineated to represent the study area for the current paradigrn. These 

mapping units were included in the database files and given codes to be reco-gnized by ALES 

dunng the evaluation. Once the model was fed with the data the computation toolc from 20 

to 40 seconds for 10 polygons. This tirne was very short because we are evaluating only one 

LUT for al1 polygons. 

(ii) Suitability evaluation of interpolated rasters of soils: the proposed 

paradigm 

The procedures used for the computation of suitability under the proposed paradigm 

were the same steps that were taken for the current paradigm in ALES. However. 66 hard- 

point data were defined as the "management" units for the proposed paradigrn. In this case 

every data point was evaluated separately and in this way the suitability rating at these points 

was predicted by the model. The land characteristics requirernents used by the model were 

the same list for both paradigms. 

5.8.1 Measurement of Maize YieId 

Maize yields were rneasured for 48 of the 76 plots during harvest time in 1997. 

The method used to measure maize yields was as follow: four sub-plots of 5'2 m (10 m') 

were measured within each plot, and in each sub-plot the harvested maize cobs were 



weighed- followed by the rest of the above ground plam matter (stalks and leaves). These 

measurements are considered to represent dry weight- as the maize in Texcoco is Iefi to 

dry compIeteiy in the field before hawesting. The sub-plots were located in the four 

corners o fa  square site, or in zigzag pattern if the plot was Ionç and narrow or terraced. 

The sub-plots were located several meters in 6.om the edge of a plot to avoid edge effects. 

Average values from the four sub-plots were used to determine weight-per-hectare of 

cobs and above gound biomass for plot (Wilson, 1999). It should be noted that the 

measured yieid might have some uncertainty due to some variations in the yield estimation 

procedures. These variations were induced by the timing of harvest which made it 

impossible to measure multiple fields simultaneousIy. Thus, in only a few instances yields 

were estimated d e r  the f m e r  had harvested the field, by weighing a sample of gain sacs 

obtained from the whole plot and counting the number of sacs obtained. 

5.8.2 Converting Suitability Classes to Yield Data for Spatial Interpolation 

The land suitability dassification for maize on 66 hard-point data were converted to 

yield data in order to interpolate the resuIts of the assessrnent and generate a spatial pattern 

comparable to the suitability map derived from soi1 polygons. Each point was çiven a value 

of Iow input yield as descnbed by Sys (1985) and Ponce-Hernandez and Beernart (1991). 

These equivalent yield values were then interpolated to produce a raster map for yield data 

to be used for the compaxison between the yield maps resulting &om the curent and proposed 

paradigms against a set of random check sites. At each of these randody-chosen "check 

sites" observed grain yields in the study area were recorded (the data panially counesy of 

Claire Wilson, 1999 MSc thesis Watershed Ecosystem Graduate Program, Trent University). 
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The land niitability classes that correlateci to the yield data and were used for data conversion 

and estimation are shown in Table 1 (Ponce-Hemandez and Beernart, 199 1). 

Table 1: Land suitability classes reiated to yield estimation 

Suitability class Low levei inputs 

tonnia - 

1 SI-O 1 2.7-4.0 I 

5.9 Spatial Analysis of Yield Data from Suitabiiity Classes 

The 66 hard-point-data that constitute the total data set for the proposed paradigm 

were included, once the suitability classes had been converted to yield d u e s .  

.4n ASCII file was created to enter the yield data points in GEOEAS for spatial 

interpolation. The X and Y variables were Eastings and Northings, respectively, whereas the 

Z variables were the soi1 suitability class and yield d u e s  for each data point. The andysis in 

the GEOEAS program consisted of spatiaI interpolation. Each variable involved was 

processed independently and its spatial variability was anaiysed by means of semi-variograms. 

The purpose of calculating semi-variogams is to define the nature of the spatial variation in 

the study area and to enable the best estimation of the semi-variogram mode1 and its 

parameters needed to use the Knging algorithm and provide Knged estimates at previously 

unrecorded points. 

The strategy for the computations for any given variables was as follows: 



(i) Caiculation of "omnidirectionai" semi-variopms. 

Omnidirectionai serni-varïograrns were calculated with an angle of 90' to allow al1 

pairs to be uicluded regardless of direction, Le. assuming isotropic variation of the variable. 

Spherical and exponential models were fitted to set the best estimate of the y-intercept 

(nugget), maximum value (sill) and the effective range (range), as well as the best type of 

models to be used for Krïging. 

(ii) Caiculation of "Directional" variograms 

Semi-vkograms were computed in four directions (East-West, North-South? N - 

east-S West  and N west-S east by using an angular tolerance for each direction of 30'. This 

was done in order to detennine whether there was anisotropic variation of yield over the 

entire area and in order to detect preferentid directions of regionalization, i. e. anisotropies. 

(6) Cross-validation for choosing the best variogram mode1 

The eficiency of the selected variogram was assessed with a cross validation 

procedure available in GEOEAS. This is a form of ccJack-knife" technique that allows for the 

calculation of residuais at each point lefi out of estimation and for which yields are known. 

The available models were fitted to the experimental semi-variograrns based on the 

criterion of greatest accuracy in predicting the yield parameters. 

The residual mean square (RMS) between values predicted by the rnodel and the 

observed values was used to assess the accuracy of prediction by each model. The RMS was 

calculated by c'jack-hifing" at each point. These results were sqüared and surnrned (Eastm. 

1997;Ponce-Hemandez, 1991 ). The model with srnailest RMS was considered to be the most 

accurate for interpolation- 



5.9.1 Interpolation of Yield and Grid Production 

The parameters computed in the semi-variogram annlysis were used for Kriging to 

oenerate gid maps for representing both suitability class and yield data. In addition to these 
C- 

paramecers, Kiiging requires specification of the type of Kriging and the searcb for 

neighbouis foi- interpolation conditions. These conditions could be inferred from the 

knowledge saineci fi-om the calculated semi-vanograms. Ordinary Kriging was used to 

perform the interpolation. A polygon file contained the longitude and latitude for the limits 

of the stiidy nt-eea in UTM coordinates This w u  fed to the program to draw the interpolated 

grid and the Iimits of the ürea. By using an in-bouse program the *d fi!e was converted to 

an image file format and exported to the IDRISlfor Windows software p r o p m  to produce 

two rastei- maps of suitability and yield data for the study area. 

5.10 Application of Fuzzy o r  Continuous Classification 

The main feature ot' Fuzzy sets is the groirping of individuals into classes where 

boundmies are not, or cannat be, sharply defïned. The application of Fuzzy sets i n  this 

Stiidy was intended to ci-eate a continuous classification for the concept of "suitable land", 

wliich is cleiirly more transitiond thm any crisp classitication, by identifying the 

membership of the yield classes with di firent degree of membership to "siritable land'. The 

clüss membership wns applied for the yield classes that resiilted in the Kriged map. The 

Frizzy membership fi~nction required control points to define the transition. These controI 

points are iised to determine the membership valrie at the edze of the set. From the values 

were given toi- yield estimation (Table 1) the membership function curve for suitable land 

w:is selected from 600 kg/ha to 2250 kgha. A yield of 600 kgha has a membership of O, 
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and a yield of 2250 kgha has a membership of 1.0. Between 600 and 2250, which are the 

extreme points. the Fuzzy membership of yield to the concept "suitable land9> gradually 

increases on the scale from O to 1. 

The Fuzzy module in IDRISI for- Winciows is designed for the generation of Fuzzy 

maps deiived from ad-hoc membership functions. The module offers three types of 

membership functions: a sigmoidal ("S-shaped"), J-shaped and linear function. 

A sigmoidal membership function requires four control points (a, b, cl and d) to be 

defined along the x axis (to govem the shape of the curve). In rhis study we use an S-shaped 

sigmoidal membership function. and four control points were also defined (to govern the 

shape of the curve) as shown in Fig.7, where the four control points monotonically rise but 

do not retum to zero. The first inflection point (a) would be 600 kgha where the suitability 
t 

degi-ee for this class starts from zero and nses at 600, and the second (b) would be 2250 

kgha, which was assigned as the suitable land in our case. Since the cuve never falls again. 

inflection points c and ci wodd be given the same value as b. 



Fie. 7 Sigmoicid mrmbership firncrion 



5.11 Cornparison of Suitability Assessments Derived from the "Current" 

and "Proposed" Paradigms 

5.11.1 Converting Fuzzy Mem bership Values to Yield Data 

The resultant map for F i i ; ' ~  classifkation contains the yieid data as membership 

values for the specific class. The Eaended Cursor Inquiry option in IDRISI for Windms 

allows queries of the values at a specific location across the image. These values are updated 

for each location quened in the image. Sirnultaneously the three maps of Kriged, Funy, and 

conventional classifcation were displayed and quened for the same locations consisting of the 

random check sites for which data were obtained. The following mernbership hnction was 

used to calculate the yield data fiom the membership values in the hnction (Burrough, 1997): 

where MF c m  be read as "'the F u z q  membership function" to  the class or set A. The 

pararneter u govems the shape of the ftinction and c defines the value of the property 2, in 

this case yield, at the central concept. This equation was applied to determine the yield (2) 

for the chosen location check sites from the membership vaiues. The equation was 

programmed in a spreadsheet and a gaph  representing hl1 membership of suitable land was 

created. In this study a is estimated using the central concept of the "class suitable land7' 

as being 2250 kg/ha. This value and the equation of the membership function allow for the 

calculation of the cross-over point (Le. the "shape pararneter", which is dimensiodess). This 

pararneter turned out to be 0.0000015. 



5.11.2 Cornparison of the Resulting Suitability Maps 

In order to judge the efficacy of the prediction of the digerent merhods applied for the 

current and proposed paradigms- the estimated values of  maize yield were compared to the 

observed maize yields at the "random check sites" by Sums of Squares o f  t heir residud from 

the observed as a measure of the to td  error in estimation. The most accurate technique was 

that which gave the smallest RMS. 

These residuals were calculated with following equations: 

Ym = Yobs - Ypolygon 

Yres = Yobs - Yiirigd 

yres = y o b r  yfuzzy 

Where; Y,, = the residual value 

Yobr = the observed yield value (random check sites) 

= the  (predicted) yield value from a polygon map 

Ykigni =the (predicted) yield value from Knsed map(from hard point-data) 

Y ruw = the (predicted) yieid value from the huy map 



5.11.3 Spatial Distribution of Deviations of Yield Estimates: Mode1 

Calibration 

In order to provide an indication of the spatid distribution of the accuracy of yieid 

predictions by the model. the deviations of the predicted yield values by the model from the 

field measured yield values at 37 random check sites were calculateci and plotted on the rnap 

of the study area Three maps of deviations of the predicted from the observed were plotted, 

one per each of the techniques used as predictors (Le. polygon rnap, map inrerpolated by 

Kngùig and the map derivesi fiom Fuzzy classification). These maps showed the areas within 

the watershed where the models or  predictor techniques over or underestimated yïeld, and 

whether or not such deviations formed a spatial pattern. The visualization of a such pattern 

would allow for model calibration and for the fornualtion of an explanation of mode1 

behaviour in the study area. The deviations are also expressed relative to the observed values, 

thus providing an indication of relative accuracy as calculared by: 

Observed - Predicted * 100 
Observed 



6 RESULTS 

6.1 Predicting Missing Data by Regression Analysis 

The results of the exploratory regression analysis, in order to develop a model to 

estimate missing climatic data fiom existing data are shown in Fig8 (a, b, c. d and e). 
- 

It can be seen fiom these results that only the regression of annual rainfall on 

rainfall within growing season is significant and usefbl for prediction purposes (R' = 

0.99). Hence, only this equation was used in the estimation of missing data of annual 

rainfall- 
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6.2 Climatic Database Results 

The climatic inventory and the methods for calcdation of climatic parameters 

described in the preceding chapter allowed for the development of a database. Fig. 9 (a, 

b, c, d and e ) ,  Fig. 10 (a, b, c and e), Fig. 11 (a, b. c. d, and e) and Fig. 13 (a, b, c. d 

and e) show the resuiting isoline rnap and Thiessen polygon maps for each variabIe 

overlain on both the soil polygon rnap representing the current paradigm, and on the point 

map for sample sites representing the proposed paradigm, over the study area. The value 

for each climatic requirement was then extracted by locating the point sample position 

within isoline interval limits for each cIass. However. for the current paradigm (Le. soil 

polygon) a value for each clirnatic requirement was obtained from the isolines of 

interpolated maps, weighted by the respective isoline interspacing. This average value 

was used for ail classes in the polyson. ln that sense the vaiue was generalized. 

6.3 Length of Growing Period Results 

Of particdar interest in the clirnatic inventory is the calcularion of the Length of 

Growing Period. Fig. 13 (a, b. c,  d. and f) shows the climographs for the five stations 

used to calculate LGP and the values for each station are shown in Tabie 2-  
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Fig 9(e) 

Fig. 9 Maps resulting from overlaying the calcuiated isolines of climatic parameter: 
a) LGP (days); b) Mean temperature within growing season (OC ); c) Mean 

minimum temperature within growing season CC ); d) Annual rainfall (mm) and e) 
Rainfafl within growing season (mm), over the soi1 polygons (current paradigm). 

Fig lO(a) 
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Fig 1 O(d) 

Fig 10(e) 

Fig 10 Maps resulting from overlaying the calculated isolines of cliinatic parameter: 
a) LGP (days); b) Mean temperature within g o w i n g  season (OC ); e )  Mean minimum 

temperature within growing season (OC ); d) Annual rainfall (mm) and e) Rainfall within 
growing season (mm), over the point sample sites map (proposed paradigm). 
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Fig. 11 Maps resulting from averiayin,a the Thiessen Polygons of dimatic parameter: 
a) LGP (days); b) Mean temperature within growing season (OC ); cf Mean minimum 

temperature within growing season (OC ); d) Annuai rainfall (mm) and e) Rainfall within 
growing season (mm), over the soi1 polygons (current paradip). 
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Fig. 12 Maps resulting fkom overlaying the Thiessen polygon of climatic parameter: 
a) LGP (days); b) Mean temperature within growing season (OC ); cf Mean minimum 

temperature within growing season (OC ); d) Annual rainfall (mm) and e) Rainfall within 
growing season (mm), over the point sample sites map (proposed paradigm). 
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Fig. 13 Length of Growîng Penod for five stations in Texcoco area 

p- precipitation ETP- evapotranspiration a- beginning of zrowing penod 

b- end of growing period 
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Table 2: Len-gth of growing period values (days) caiculated for the 5 

meteorologicaI stations. 

1 code 1 Station Name / LGP Calculated 

2 El tejocote 161 6 

i 

3 L a  Grande ' 163 I : 
4 

I 
San Andres I 

i 
Nativitas i I 

I 



6.4 The Current Paradigm of Soi1 Information: evaluation results 

The evaluation results matrix is a two-dimensional array with rows being the map 

units that were evaluated (here, polygonl, polygon2- ..polygon10), and the columns being 

the land utilization types for which an evaluation was computed. In this case only rnaize 

was evaluated, and the corresponding suitability dass  is s h o w  in each cell. The results 

of the evaluation for the current paradigm (Table 3), in the form of suitability matrices, 

were imported into the GIS cornponent of the Integated Land and Watershed 

Information System (ILWIS). Using the creating module in (ILWS) the segments map of 

the study area for soil polygons (Map 3) were polygonized @Iap 5). Attnbute files were 

created with thern and labels were assigned for polygons of an already digitized soil map. 

The raster suitability rnap (Map 6) that resulted will be compared to the map that will be 

produced for the proposed paradigm. 
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Map 6: Predicted yield by suitability classes on soi1 polygons 
or mapping units (cunent paradigm): Rasterization of map (5) 



6.5 The Proposed Paradigm of Soi1 Information 

The same approach to evaluating the accuracy of  suitability assessments for maps 

derived from soi1 polygons. part of the so cdled "current paradiem". Las also adopted 

for sample point data (proposed paradigm). As a part of the proposed paradigm. methods 

based on spatial interpolation and fwzy set theory were used The resuits of applying 

such techniques to the sample point data (the proposed paradigm) are snown in Table 4. 

Suitability matrices were caiculated. These matrices predict the suitability rating for 

targeted points on the area. These rarings at target points were then converted into crop 

yield equivalents in order to be able to estimate from spatial interpolation the suitability 

at any point within the study area. 
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6.5.1 Spatial Analysis 

Summary statistics for 66 sampling data points are given in Table 5. The 

principal tool in the use of Kriging interpolation is the experimental semi-variogram 

analysis. Fust, the distance ciass intervals (lag) and directional tolerances for computing 

the experimentd semivariograms of yield point data fkom conversion o f  suitability 

ratings were specified. The usual practice is to cornpute and plot variograms dong 

transects in severai directions and compare them visually (Burgess and Webster, 1980)- 

The omnidirectional variogram (Fig. 14) with 90 O tolerance shows a well-defined 

spatial structure except for the fifth point, which is low. The default las intervals are 

computed from a rule-of thumb which states that variograms are generally not valid 

beyond one-haif the maximum pair distance (Englund and Sparks, 1991). Therefore the 

maximum pair distance was divided by two, and then subdivided into ten equal distance 

classes. Different lag distances were traded-off to  include the maximum nurnber of pairs. 

This causes an increase in noise comparable to the default lag, which is 4S5m. 

Following the estimation of the Iag distance, the of Regionalized Variable Theory 

called for the fitting of  one of several of models provided by the GEOEAS progam used 

in the calculation. Gaussian and Exponential (Fig. 15 and 16) modeIs were fit to the 

omnidirectional semivariogram and both of the two models proposed were satisfactory- 

The parameters of the isotropie mode1 (omnidirectional) selected are shown in Table 6 .  - - .  . 

However, it should be noted that the si11 value in the program GEOEAS is calculated by 

removing the nugget effect fkom the total value of the sill. Upon completion of the 

omnidirectionat semivariogram modelling the directional nature of variability was 

explored. The semivariograms were fit using "tnie" directional tolerance of 30' for four 



directions at  angles of 0, 45. 90. and 135 degrees. These four directions are likely to 

show an erratic and imegular behaviour especially in the East-West and N-west-S east 

directions and thÏs can be explained by the short distance beween the width of the 

watershed in these directions, which tend to be very narrow. T h e  directions North-South 

and N-east-S-west (Fig. 17 and 18) have a break in the semivariogram around the 2000 

and 4000 m distances. This discontinuity tends to confirm the range of influence in the 

omnidirectional models where the semivariograrns have the same breaks at the  same 

distances. This is presumably due to the shape of  the watershed and the change in the 

temperature from the north to the south direction- The selection between two candidate 

models fitted to directional data is considered an important part in the process of spatial 

interpolation. The accuracy of the sernivariogarn models was checked using a cross- 

validation technique in the x-valid section of the GEOEAS program. This arnounts to 

applying a "Jack-knife" technique. The Residual Mean Squared (RMS) values for the 

models compared after cross validation were 0.63 for the Gaussian mode1 and 0.93 for 

the exponential rnodel- Afier the estimates of RMS for the semivariograms were 

compared, the Gaussian mode1 was îÏtted and the parameters of the mode1 were used for 

spatial interpolation. 



Table 3: Batch statistics for suitability classes and yield data 

obtained from STATS menu in GEOEAS 

Table 4: Isotropie models parameters 

Suitabilïty Classes Yieid k+ 

N of points used 66 66 
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Fig.14 Ornidirecrional variogram for yield 
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Fig. 15 Variogram for yield Texcoco Watershed: 
Gaussian mode1 
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Fig. 16 Variogram for yield Texcoco Watershed: Esponential mode1 
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Fig. 17 Variogram for yield Texcoco Watershed, Direction: N-S 
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Fig. 18 Variopun for yield Texcoco Watershed. Direction; N-S 



6.5.2 Estimation by Kriging 

The values of yield were interpolated by ordinary Kriging at the selected target 

points. This was done by "jack-knifing", that is, by leaving the taroet point in turn out 

o f  the calcuIation estimating it, then moving to the next point while re-introducing the 

previous point into the calculation until the whoie set  of target points was estimated- The 

yield and suitability classes at the target points, once caiculated. were used for spatial 

interpolation by Kriging. Kriging estimates for blocks on a square gnd were also 

computed. The interpolated blocks were set (by default of the software used) to the 

maximum resolution possible. This turned out to be 78 metres (approximatelv three 

quarters of a hectare). The kriged resdts were d e n  to a g i d  file. Thus, the blocks 

forming the -gid o f  interpolated yield values covered the entire study area- 

6.5.3 Raster Maps 

The grid maps of yield and suitability classes were converted to raster maps 

using an in-house format-conveninç program. The resulting image maps were then 

imported to the IDRISI for WNxi0ow.s GIS program. A document file containing the 

number of rows and columns. the reference system and the minimum and maximum Y 

and X was created to ensure al1 the images had the same parameters. The resulting raster 

map (Map 7) shows the predicted yield within the study area. However, to produce a 

map to iIiustrate the suitability cIasses, the raster map o f  yield was classifiecf using the 

RecIassiQ module in IDRISI for Windows and assigning new values corresponding to 

the limit of each suitability class (Map 8). 







6.6 Fuzzy Mapping 

The Funy classification created for yield data was performed in the GIS 

IDRISI for Windotc"i. In this case. 15 Firzzy membership classes were produced- For 

this study, the membership hnction (Fig. 19) for each yield class was drawn up to reflect 

the generai yield predicted in the study area. The map produced from F q  analysis 

(Map 9) on the yield data ageed weI1 with that obtained fiom Kriged analysis (Map 8). 

- - 

Fig. 19: F u z q  membership hnction for suitabie land 





6.7 Cornparison of Results from Suitability Maps 

The estimates of maize (yield) were predicted from suitability classes derïved 

fiom the three methods: from soi1 polygons (current paradip). kom spatial interpolation 

by Knging and from F u z q  classification (proposed paradigm). The yield predictions by 

the three methods were then compared with yield measurements (at 37 target points) and 

between themselves. 

Tabie 6 shows the estirnated values for the three procedures dong with their 

RMS values obtained fiom cornparison with measured values. The resuhs i n k t e  that 

the F q  rnap is the most accurate method for prediction. The ne.- most accurate 

rnethod fdi iand suitdbiIity evaiuation was the Kriged interpolated values. Eowever. the 
1 .  

curt-ent rnethod (estimated Born pdiy@d rnap) sHbws the lowest accuracy compved tb 

I i 

tkie other two rnettldds, with a telatively high RMS value. 



Table 5: Observed and predicted yields ar the 27 test sites. Texcoco basin 

l 

rem methods toniha ! Grain Mai2 
Observed 

3 



6.8 Spatial Distribution of Deviation of Yield Estirnates: iModel 

Calibration 

The foIlowing maps (Map IO. 11,12, and 13) show the results of plotting the 

observed yield values and the deviations of the estimates from the observed yields for the 

two paradigms. These maps show the distribution of the spatial pattern of deviations as 

indicative of accuracy over the study area. There is no apparent spatial pattern of 

residuals for any of the predictive methods. Table 8 shows the results of caIculatin,a the 

percentage of overestimates or underestimates. 
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Table 8 The results of the percentase deviations of the three yield predictors from the 
observed yield 

! Observed yield t 
I (tonha) 

Soi1 polygons 
estimates % 

IO 
70 
-73 
70 
4 5  
29 
-34 
-29 
56 
70 
65 
70 
48 
38 
44 
29 
38 
67 
1 O 
70 

Kriged 
estimates % 

-76 
40 
-64 
40 
4 8  
-7 1 
-3 5 
-23 
12 
41 
46 
40 
-20 
4 9  
-16 
U 
30 
23 
-30 
42 
43 
29 
47 
-77 
-13 
41 
50 
49 
37 
U 
60 
7 1 
7 1 
68 
70 
70 

estimates % i 

-78 



7.0 DISCUSSION 

7.1 General Discussion 

The automated land evaluation model was developed and used as a fiarnework to 

allow the user to enter any new parameters and data to cornpute an evaluation for each 
- 

rnapping unit or hard point data 

The land evduation methodolog involves a great number of environmental 

factors (Le. soi& climate, Iandscape, etc.). The variability of these factors in time and 

space and the approaches used to deal with them significantly affect the results obtained 

in this research - 

An important factor in determinhg the nature of results obtained is the number of 

meteorological stations used to denve the climatic parameters to feed the model. Only 

five had sufficient records to interpolate such parameters spatially. Therefore, the 

goodness of these interpolations and the algorithrns used May be reflected in the accuracy 

of results, aithouzh most of the stations used were very close to the study area. 

Moreover, the ratin% system in the definition of suitability classes is based on 

knowiedge and experience. These are knowledge bases. In this case two sources were 

used for deriving values for classes: Ponce-Hernandez and Beernart (1 99 1) and Sys 

(1 985). These existins knowledge bases contain information for each land characteristic/ 

land use requirernent and for each LUT. It is not known whether the use of other pnges 

and threshold values from different knowledge bases would have produced significantly 

different results. However, it is clear that such results would be consistent in terms of the 

effect on them by the set of procedures involved in the two predictions tested in this 

thesis. Furthermore, Hewit and vanwambeke (1982) pointed out that in the application of 



an existing rating system to other areas. or at different rimes. it is imponant to consider 

the particular land unirs and the factors on  which the transferred systern is developed. If 

regions within national boundaries differ greatly, it rnay not b e  possible to develop 

criteria and lirnits for an overall national evaluation system. Each rezion may need a 

separate treatment. 

Another important point is that the spatial variability, represented by polygons in 

the current paradigm, may not be fairly represented by the selecrion of  the representative 

profile. When an area is bounded by a line and assigned to a soi1 mapping unit, the 

implied assumption according to the selection of the representative profile of such a 

mapping unit is that the variation over the area of mapping unit is the same or very 

similar. This may have an effect on the interpretation denved fiom polygons with interna1 

variability. This is true, since the variation of land resource properties is to be expected 

within any polygon in the study area. Sometimes, the soi1 interna1 properties ( e g ,  the 

depth and physical properties) Vary even over very short distance within the study area. 

In this case, for land evaluation purposes. it is necessary to produce valid generalizations 

about areas relevant to particular land use issues. 

7.2 Discussion on Regression Analysis 

The exploratory regession and correlation analysis gave only marginally 

encouraging resuits. This analysis was undertaken in order to estimate rnissing climatic 

data and so to be able to increase the accuracy of  predictions using these data by the 

evaluation models within the study area. From these results introduced in section 6.1 a 

high correlation was found between annual rainfall and rainfall growing season, with a 
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coefficient determination of 0.98. ûther relationships explored between annual rainfall 

and for instance, elevation did not yield any significant correlation with coefficient of 

O. 11. In order to predict the data for length of growing period, the anaiysis perforrned 

found that there is no significant correlation of this variable with none of annual rainfall- 

rainfall within the growing season and with elevation- The coefficienrs are 0.08. 0.09 and 

0.2 respective1 y. Thus, only one regression equation (annual rainfall with rainfall growing 

season) was used in the estimation of missing climatic data. The number of "usable" 

rneteoroIogical stations for annual raidaIl became 12: (five with original data and 7 with 

estimated data by the regression equation). These enhanced the results of spatial 

interpretation of climatic parameters for the suitability assessment rnodeI- 

7.3 Discussion on Spatial Analysis and Interpolation 

Analysis of spatial dependence of suitability ctasses represented by predicted 

yield for the study area, using sernivanograms, indicated that variation of suitability 

classes and predicted yield was generally isotropic. Directional semivario~rams in the 

North-South and N-east-S-west directions indicated that the variation become irreçuiar 

at a distance of 2000 m and 4000 m due to the shape and size of the study area. The 

- dominant limiting cIimatic factors were temperature and rainfall. These two variables 

change from east to wen. Temperature increases uith decreasing altitude and rainfall 

decreases to the West with decreasing altitude in the middle of the watershed. The 

isotropic semivariogams were estimated directiy from the data and the Gaussian 

semivariogram mode1 turned out to be the most accurate. On the other hand, cross- 

validation results for the selected semivariogram did not appear to show significant 
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differences between the RMS values for the two selected models for the omnidirectional 

semivariogram. This indicares that there are no preferential directions of regionalization 

of crop yields in the study area. 

Block krïged values of suitability ratings and yields in Map 7 ranged fiom 550 to 

1945 kg/ha for grain yield values. This wide range of values is evidence of the intrinsic 

&ability of soi1 and climatic factors that determine crop yields over the study area- 

In most of the points that were evaluated? the classes tended to be S3 and S2 for the 

limiting factors other than climatic factors. Howeveq some points were controlled by 

salinity and slope, and while others were limited by fextility and other factors. 

It must be noted that the results may be strongly influenced by the characreristics 

and intnnsic limitations of the suitability rating knowiedge bases tapped into. For 

instance in some cases the mean minimum temperature was 9' C. This value falfs exactly 

on the border between class SZ (with range between 7-9 O C )  and class S3 (wirh range 

between 9-12 O C).  However. based on a 9' C value the land would be classified as S3, 

which seems not to make much intuitive sense. On the other hand if there is a 

temperature reading of 8.5 O C then this would be classified as S2 even thou-h this is only 

0.5 degree away from the higher class. So, the "crispness" of classification may be a 

hindrance to accuracy of interpretive results. 

It most be noted that the differences between estimates produced fiam applying 

any of the interpolation methods for ciimatic data do not have any effect on the results 

obtained fiom the suitability assessrnent models in ALES. This is because the decision 

trees constructed in the mode1 use as nodes of the tree suRcientIy broad ranses for each 

suirability class so as to allow for differences in interpolated climatic values wirhout a 



change in the resulting suitability class &er applying the decision rree models. 

7.4 Discussion on the Soi1 Information 

In this section the two paradi-gns will be discussed and the cornparison between 

the three different methods of suitability evaluation will be addrèssed. 

7.3.1 Land Evaluation from Hard Point Data 

Conventional methods of providing soil information (current paradigm) are based 

on the published soi1 map? and the information that c m  be retrieved from them is at a 

higher level of aggregation, the level of map units. Predictions at points can be derived 

from a soil rnap, but they are equal for al1 points in the sarne map unit (Burrough, 1998: 

De Gmijter et al., 1997). Therefore, at best the prediction consists of averages of any soil 

property over the entire area of the mapping unit 

The methodology of land evaluation used in this study as a part of the proposed 

paradigm is needed to produce a suitability map. This consisred of the combined use of 

the Regionalized Variables Theory and Fu- set theory to enable mapping of the study 

area as a continuous surface. 

The evaluation, interpolation and continuous classification strategy that has been 

followed aimed at evaluatins al1 point observations and predicting the total suitabjlity . . for 

the study area, in order to avoid any data generalization when changing from traditional 

crisp or discontinuous classification (current paradigm) to the continuous one. In other 

words: "evaiuate first, interpolate later" instead of" interpolate first and evaiuate later". It 

was possible in this study to ascertain what would be the effect on results if the order of 



procedures would ha\-e been in\-erted. -4 disad~antage of this srrates- mav be that the 

information about the spauai distribution for each variable invoived in the assessment is 

beino included within the others in the rating. The opposite ivouid be to interpolate e v e n  

variable independenri>-- then create a thematic raster map for each variable (pH. 0.41- EC. 

etc.) then overia- them o n  top of each other to create the suitability rnap by a 

combination of such amibutes. This option was not esploreci due to its computationally 

intensive nature, as weIl as time Iimitations. 

In spire ofthe difficulties faced by the procedures in the proposed or --new" 

paradigm of this thesis. it became evident that this approach is very usehl since the 

actual hard point data are retained. interpoiated and Fuuified. This is so. even afer 

considering t hat onl>- the results of evaluating suitabilit y Lvere inrerpolated and not the 

actual variables needed to cary out the interpolation. 

7.4.2 Land Evaluation from Generaiized (Polygon) Data 

The phiiosoohv . - behind the suitability ~Iassitication ( F-AO. 1076) is that the 

polygons definea for rhe study area are iiornogeneous over [lie niapping unit. The 

poly-ons were evaluated by exnacrino rhe soi1 characteristics that are necessary as input 

into the decision-tree niodels, tiorn the  legend of the soil map. Typically. the legend 

reports data in rems of a soil class. The soil class 'nas a central concept. the typical 

protile. that characteri zes the whoIe area covered by the poiy~on. So- a given suitability 

class derived tiom tne assessment of the t'pical protile and class- applies to the whoIe 

extent of the polygon with no regard for the possible interna1 variabiiity of such polygon. 

Further. if adjacent polyeons end up wirh the same assigned suitability class. they wili al1 



into one larger area with the same suitability class- 

The most important issue in changinç paradigms was to avoid the loss of 

information during the two processes of generalization mapping and classification. It 

must be mentioned too that, due to the scope and time limitations of this research. 

interpolating the suitability class resulting from evaluating point-data creates the probiern 

of having to assign yield intervals (classes) to such assessments in order to convert them 

to a ratio scale. The errors accrued by this procedure might have decreased accuracy. 

However, in spite of such errors. the procedures in the proposed paradigm were superior 

to these obtained usin3 generalized data in the form of  mapping units for land suitability 

assessment. 

7.4.3 Comparison 

The Kriged and Fuzzy maps (Map7,S and 9 )  are cornpletely different fiom the 

raster map derived fiom rasterizing the polygons part of the curent paradigm (Map 6) if 

they are compared in terms of dissirnilarity ofpanerns. On the one hand- the information 

used to produce the polygon map was taken fi-om a soil map published in 1978. The 

representative soi1 profile was used to estimate the values of the soil characteristics 

within each poly,oon. On the other hand, the other two maps were productd by retaining 

the hard point data fiom the field. However, it should be noted that the maps were 

produced in two different GIS programs, so the results are dependent on the algorithms 

used by such programs. 

The Knged and Fuvy maps have a greater resemblance to one anorher than to the 

polygon map. Only few areas in the Fuzzy rnap appear to have an extension in sorne 



areas between the classes boundary especially in the south east of the study area. 

However. the F u z q  suitability classes (Map 9) and the polygon (Map 6 )  show a 

different representation of the area. Where the polygon rnap has only two classes. the 

Fuzq  map has more classes and shows a greater variation of such classes in the study 

area. 

In order to study the quality of the maps and their effkacy as mechanisms for land 

evaluatioh the yield renilts were compared with observed grain maize yield. The RMS 

values obtained fiom the polygon map, K n e d  rnap and Fuzzy maps were 117.24.38.80 

and 38.59, respectively. The spatial variability of residuals from the observed yield 

values by the three techniques used as predictors (Le. soi1 polygon, Kriging and F u q  

classes) allowed for the elucidation of the spatial pattern of predictive behaviour by the 

models over the studied area. The spatial distribution of yield residual from the observed 

did not appear to have a pattern. A test of randomness of such residuals falls beyond the 

scope of this thesis. However, it can be noted that the soi1 polygon rnap (current 

paradigm) tends to under estimate obsenred yields (see Table 8). These underestimates 

are comparatively high as related to the two orher predictive methods. The residuals from 

estirnates by Kriging and Fuzzy classes show a slight tendency to overestirnate small 

yields and underestimate high yields. However, a barely noticeable (and perhaps may be 

significant) pattern can be noted on the three rnaps. The cluster of point-data in the south- 

centrai portion of the area studied has a slight tendency to yield overestimates by al1 three 

predictive methods. 

In the light of the results obtained in this study, and in spite of its shortcomings, 

there is substantial evidence that the components of the proposed paradigm, ive. Fuzzy set 



and knging inrerpolation methods- are superior for impiemenring suirabilitv e~duat ions  

than the exact polygon approach. However, both Fu- set theoc  and interpolation 

methods produced simifar results over the study area. 



8. CONCLUSION 

The major aim of this research was to introduce and apply a relatively new 

paradigrn to soi1 information and land suitability assessrnent. which does away with the 

need for (generalized) soil information in the form of soil classes and mapping units as 

represented by polyeons. This new paradism consisted of retaining non-generalized 

information and applying geostatistical spatial interpolation and firzzy boundary 

representation through membership functions. in order to develop a final map of land 

suitability classes for maire in the Texcoco watershed of central Mexico. 

In light of the evidence found in this study, it can be concluded that the first 

hypothesis formulated and introduced by this research is rejected. Hence, there are 

significant differences in the accuracy of estimates of land performance. as predicted by 

the techniques part of the new paradigm proposed in this snidy, when compared with 

estirnates derived from the conventional paradigm consisting of generalized information- 

i.e. crisp soil classes and soil mapping units (polygons). Suitability classes denved From 

retaining "hard" point-data interpolation and Fuzzy boundaries represent a significant 

improvement in accuracy 

When cornparÏng the accuracy of pertbrmance estirnates (yield) From rhe 

application of Fu- membership functions to classes against those obtained from the 

application of Kriging interpolation alone, no significant differences in accuracy, as 

indicated by the Residual Mean Square of predictions, were found. Hence, the second 

hypothesis formulated and introduced by this research is not rejected. 

Tt can be concluded that there are considerable advantages, in terms of accuracy of 

interpretations derived fiom soi1 data, by retaining hard point data in soii datâbases and 



then using a suite of aIgorithms for spariaI interpolation and for Fuzzy membership and 

boundary representation to denve interpretive maps. Geostatistical techniques and Fuzzy 

Set Theory and algorithms, used in a Geogaphical Information System (GIS) 

environment resident in modern cornputer technology, are now sufficientiy powerfirl 

tools to prevent and to avoid unnecessary soi1 information losses due to generalization. 

As proven in some instances (Ponce-Hernandez 1994), an alternative approach 

may be to produce thematic raster maps for each variabIe (e-g. salinity, drainage, or any 

soi1 eIements) generated by the application of interpolation to raw-point-data. These maps 

can be then analysed fùrther using modem GIS software allowing for spatial m o d e h g  

and derivation of informative resuits 
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Appeiidix (la): Field nieasureiiiei~ts Ior slopa, deptli aiid coarse iiagiiieiits aloiig witli saiiiples location. 

Code' Easting 
O 
5 17320 
5 17050 
522992 
5 2  1479 
52 1340 
52 1566 
52 1573 
520430 
520430 
5 16486 
52 1788 
521 170 
520935 
520935 
520935 
52 1374 
52 1374 
516455 
52 1894 
520402 
521 151 
521 151 
51661 1 

Nort hing 
O 
2 1 5604 1 
2 155742 
21 52635 
2 152657 
2 1 52776 
2153261 
2 153226 
2154545 
21 54545 
21 550% 
2152413 
2 153048 
2 152876 
2 152876 
2 152876 
2 152672 
2 152672 
2 153799 
2 153074 
2 154304 
2539500 
2 159500 
2154149 

Slope 
(%) 

6 
3 
24 
18 
15 
1 1  
1 1 
24 
24 
17 
12 
I 1 
15 
15 
22 
18 
8 
18 
18 
28 
28 
7 
6 

Dept h 
(cm) 

70 
60 
1 O0 
1 O0 
100 
50 
50 
75 
75 
75 
30 
100 
100 
100 
100 
50 
50 
35 
35 
20 
30 
30 
30 - 

Coarse 
Fragments % 
O 
O 
O 
O 
O 
1 
1 
O 
O 
O 
3 
1 
O 
O 
O 
I 
I 
I 
O 
3 
2 
7 - 
I 

Code 

43 
44 
45 
46 
47 
48 
49 
50 
5 1 
52 
53 
54 
55  
56 
57 
58 
59 
60 
6 I 
62 
63 
64 
65 

Eastiiiy 
ON 

5 17393 
516156 
5 16633 
5 15638 
5 15925 
5 17878 
5 15830 
52 1624 
5151 14 
518618 
5 17430 
5 18483 
5 15678 
5 17396 
520 174 
520000 
5 19736 
5 16761 
5 19978 
5 16664 
5 16734 
5 16566 
5 16677 -- 

Slope 
(??) 

18 
18 
8 
4 
8 
7 
7 
6 
6 
5 
27 
6 
7 
12 
8 
6 
4 
9 
I I  
15 
5 
1 1 
6 

Dept h 
(cm) 
40 
40 
40 
30 
35 
90 
90 
60 
35 
35 
30 
35 
100 
35 
20 
35 
40 
40 
35 
50 
30 
35 
40 ---- 

Coarse 
Fragments % 
O 
3 
3 
1 
I 
O 
O 
O 
O 
6 
O 
O 
4 
O 
3 
9 
3 
I 
6 
3 
3 
2 
O 

---p.. - .- 





Appendix ( I  b): Soil chernical analysis 







Appendix (1 c): Analysis of soi1 texture 

Code Clay 
% 

Silt % Sand 
% 

Texture 

S L 
SL 
SL 
S 1, 
L 
L 
SL 
SL 
S L  
S L  
S. S 
L 
L 
S. L 
SL 
CL 
SL 
L 
L 
L 
SL 
SL 
L 
L 
SCL 
SCL 
S. S 

Code Sand 
% 
44 
52 
48 
31  
3 1 
45 
4 1 
19 
32 
57 
53 
78 
1 I 
37 
48 
47 
53 
15 
47 
34 
54 
40 
25 
26 
24 
48 
37 

Texture 

L 
S. L 
L 
1, 
L 
S. L 
L 
SL 
SL 
LS 
L 
L 
L 
L 
L 
SCL 
L 
L 
L 
L 
SL 
L 
CL 
L 
L 
ss 
S L  







N T  
4 -?- II: I - t  



Glossarv of the texture svnibols: 

Cm: massive clay 

SiCni: massive silty clay 

c+ 60,v : fine clay, vertical structure 

c t  60, s: Iiiie clay, blocky structiire 

c- 60, s: clay, blocky structure 

SiCs; silty clay, blocky structure 

Co: clay, ocisol structure 

SiCL: silty clay loaiii 

CL: clay loaiii 

Si: Silt 

SiL: sih loaiii 

SC: sandy clay 

L: loaii-i 

SCL: sandy clay loain 

SL: saiidy loain 
' 1  

LtS: loamy fine sand 

LS: loaniy saiid 

L.çS: loaiiiy coarse saiid 

1's: hic Sniid 

S: saiid 

CS: coarse sand 



Aaneodix 13bh Climat ic requirenients 

I Ciimatic I 
Characteristics 

Annual Rainfall (mm) 1 
I Lengtli Growing Season (days) 

Rainfall Growiiig Season (IIIIII) 

Mean Teinperaiure (" C) 
Growing Seasoii 

Relative Huniidity 
Devel. Stage % 

Relative Huinidity 
Maturation Stage% 

idN Devel. Stage 

1 n/N Maturation Staile 1 

Climatic class deyree of limitation and raiiiig scale 

n/N Devel. Stage=relative Iiumidity development stage 
ii/N Maturatioii. Stage= relative Iii~niidity maturation stage 














