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LAND QUALITIES IN SPACE AND TIME 

J. Bouraa 

Dept. Soil Science and Geology, Agricultural University, Box 37, 6700 AA 
Wageningen, The Netherlands. 

Introduction. 

This introductory paper attempts to describe the particular focus and 
character of this symposium and to provide a broad introduction to the 
invited papers. Several conferences have been held in 1988 with topics 
that relate to the one of this Symposium. Utah State University 
sponsored an International Symposium on: "Water Quality Modeling of 
Agricultural Non Point Sources" in Cooperation with the International 
Science and Education Council of the United States Department of 
Agriculture. The Department of Agronomy of New Mexico State University 
has sponsored a workshop on; "Validation of Flow and Transport Models 
for the Unsaturated Zone" and the University of Minnesota sponsored a 
Workshop on: "Soil Resources: Their Inventory, Analysis and Inter­
pretation for use in the 1990's". Results of these three Conferences, 
which were all held during the first part of the year5/ should be 
considered during our Symposium. Several participants to these three 
Conferences will also attend our Symposium and they will share their 
experiences. 
The original concept of our Symposium, as discussed during the ISSS 
Meetings in 1986 in Hamburg, was to give some emphasis on soil survey 
and land evaluation aspects here in Wageningen while a second Symposium 
to be held in Czechoslovakia in the week after August 26, would 
emphasize hydrological aspects. Unfortunately, the latter Symposium had 
to be cancelled. With preparations for our Symposium well advanced, the 
original concept of our Symposium was maintained. A dialogue will be 
stimulated among fieldworkers, involved with soil survey and land 
evaluation, and researchers involved with various modern techniques 
such as simulation modeling, including agronomic, soil physical and 
soil chemical aspects, geostatistics, remote sensing, geographical 
information- and data-management systems. 

Land qualities: A basic concept in Land Evaluation. 

Land qualities are defined as: "Attributes of Land which act in a 
distinct manner in their influence on the function of land for a 
specific kind of use" (FAO, 1976). They are related to Land 
Characteristics as defined in the Appendix. Examples of Agricultural 
Land Qualities are the moisture supply capacity, the trafficability and 
the aeration status of the rootzone. For environmental applications.one 
could also, tentatively, define land qualities, such as the 
nitrification or denitrification capacity, the phosphate sorption 
capacity, and the effective leaching capacity of pollutants. To date, 
however, emphasis has been placed mainly on agricultural land qualities: 
there is a clear need now to define environmental land qualities as well 
(e.g. Nielsen, 1987). Be that as it may, land qualities are considered 
to be diagnostic criteria for land evaluation. Different land qualities, 
considered to be relevant for a particular Land Utilization Type, are 
divided into a number of gradations and are combined to form different 



land suitability classes ranging from SI (highly suitable), S2 
(moderately suitable), S3 (marginally suitable) to Nl (conditionally 
suitable) and N2 (permanently unsuitable) (see scheme in Figure 1). 
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Fig. 1 Scheme for determining land suitabilities for a particular land 
utilization type, considering three different land qualities and 
land characteristics as diagnostic factors (derived from soil 
survey data) which are used to estimate the qualities. 

Selection of relevant land qualities and of the number of gradations 
for any particular land quality, as well as the combination of different 
land qualities into different suitability classes, requires empirical 
decisions which are essentially based on experience. One problem is 
formed by sharply divided classes in what are in reality continuous 
populations. Fuzzy clustering may be a better procedure, offering 
partial membership in different classes (e.g. Kandel, 1986; Chang and 
Burrough, 1987). 
Returning to the basic concept of the land quality itself, different 
levels of detail may be distinguished when defining land qualities. 
These may be required because of different types of questions being 
asked or because of lack of the type of data allowing detailed analyses 
(Figure 2 ) . The land quality of moisture supply capacity (MSC) will be 
used here as an arbitrary example but the principles discussed are 
relevant for other land qualities as well. 

First, we assume that the MSC is being estimated for one particular 
location only. Aspects of spatial variability are to be considered 
later in this chapter. The amount of data needed to obtain estimates of 
the MSC for each level in Fig. 2 increases as estimates become more 
detailed and so do the associated costs. Farmers experience at level 1 
is bound to be highly variable among different farmers and it is often 
questionable whether the MSC as such is specifically being 
characterized because so many other interacting factors play a role in 
agricultural production. Still, tapping farmer's experiences is 



TECHNICAL APPROACH 

LEVEL 1 Farmer's experience 
LEVEL 2 Expert judgement 
LEVEL 3 Avai lab le water (0.3-15 bar) 
LEVEL 4 Simple water balance 
LEVEL 5 Dynamic s imulat ion (s imple) 
LEVEL 6 Dynamic s imulat ion (complex) 
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RELATIVE 
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'GISt-

Fig . 2 Six levels of detail for expressing the land quality "moisture 
supply capacity" and associated required data and costs. Relative 
cost decreases when data are accessible in a GIS. 

important because good farmers see many effects of moisture supply on 
crop growth which may not be considered in narrow modelling exercises. 
Use of expert systems may help to systematically express the available 
experience (e.g. Maes et al., 1987). Level 2 involves the introduction 
of a systematic scientific approach by experts who can interpret 
phenomena also from a more theoretical point of view. Moreover, they 
have visited different regions providing a relatively broad perspective. 
Level 3 introduces one particular type of measurement which is widely 
being applied, the "field capacity" (e.g. McKeague et al., 1984). The 
notion that a static measurement of water held between two water-
potentials is a good measure for the MSC. has widely been challenged. 
However, it does provide a means to compare different soils in a 
reproducible manner. Level 4 includes estimates of fluxes of water at 
the soil surface and beyond the rootzone. This can be done in a 
generalized manner, or by simulation modeling. Simple simulation models 
(e.g. Bouma et al., 1980) had the initial advantage of requiring less 
computer time. With the rapid advance of computer technology this 
advantage becomes less important. More complex models (e.g. Belmans et || 
al. 1983; Ritchie, 1986) can now well be run on PC's. Clearly, the major j 
barrier is not the computing capacity but lack of data. 

The picture shown in Figure 2 is more complicated than it may seem. 
Once Geographical Information Systems are available with a well-stocked 
data-base, specific data may be easily available at little or no cost. 
In turn, an analysis of expected questions and associated data needs is 
crucial to focus future survey and monitoring programs. Only those 
different types of data should be gathered that can be used effectively 
at the different levels being distinguished in Figure 2. There is a 
certain degree of similarity with soil survey procedures where surveys 
are made at different degrees of detail as reconnaissance surveys (e.g. 
scales of 1:500.000), as semi-detailed (e.g. 1:50.000) and detailed 
surveys (e.g. 1:10.000). As mentioned before, focusing of future ,\ 
programs should also be based on an analysis of current and future 
questions being asked, or - more general - on problem analysis. This is! 
not as simple as it may seem at first glance. Questions that can be 
answered with knowledge and data of level 1 are not necessarily all 
simple or broad, nor are questions at level 6 all very complex and 
specific. In general, though, the degree of detail of questions 
increases when going from level 1 to 6. A mixed approach can be followed 



where a broad screening for a particular question as made at, say, level 
2 while more detailed analyses, using simulation, are only made in these 
areas where such studies are relevant. 
Invited papers of this Symposium cover different types of questions and 
different degrees of study detail. Small scale studies covering whole 

; continents or countries to be reported by Dumanski, Fournier, Thomasson 
and Varalyay, are bound to be more general in character in terms of 
detail of the land qualities being considered and of questions being 
asked. Necessary data are bound to be less detailed as well. Field 
scale studies to be presented by Bork and Robert, on the contrary, are 
and can be more detailed in these three respects. Comerma and Guenni 
(1987) have presented a case study for Venezuela in which data needs 
for studies at different scales were analysed and discussed. 
Procedures to characterize land qualities are not always associated 
with the size of the areas being characterized. Driessen and Ritchie 
describe use of simulation modelling for relatively large areas of 
land, following a level 5 approach. Thomasson, on the contrary, uses a 
level 4 procedure for both field and regional level assessments. A 
critical analysis will be made to determine the necessary degree of 
detail of data and modelling for problems at different scales (see 
themes of the discussion groups). 

Space. 

Soil maps. 

Soil survey has traditionally produced maps at different scales, 
consisting of delineations called mapping units. Each of these is 
characterized by a so-called: "representative soil profile" on which 
interpretations are based. Subdivision of a landscape into units that 
are separated from each other by sharp boundaries (Fig. 3) is unnatural, 

Fig.3 Soil boundaries between mapping units suggest sharp, discrete 
transitions and identical properties of each of the units as 
expressed by properties of so-called: "representative soil 
profiles" (Burrough, 1986). 

because natural boundaries tend to be gradual rather than abrupt (see 
earlier comments on fuzzy clustering). Be that as it may, patterns 
presented by the soil map can be used as a first approximation to 
indicate spatial variability patterns at different scales. Kutilek 



(1988) has pointed out that the scale problem forms one of the main 
challenges for soil science in the years ahead. Considering the 
"representative profile", several soil horizons are usually distin­
guished which are based on pedological criteria. Differences among 
pedological soil horizons are not necessarily associated with functional 
differences as well. In other words, different horizons from a pedologi­
cal point of view may behave identically from a functional point of 
view. Thus, soil horizons may be combined allowing the distinction of 
fewer different horizons for simulation purposes. Different combinations 
can be distinguished for different functions, (see also Bouma, 1988). 

Point data. 

Selection of a "representative profile" is based on the experienced 
judgement of a surveyor. His judgement is based on point observation of 
the soil (borings) and on observation of landscape characteristics and 
other surface features. An alternative procedure would be to focus on 
all point observations first and to obtain areal patterns by inter­
polation (v. Keulen and de Wit, 1987). In other words: "Calculate first, 
generalize later" instead of "Generalize first and calculate later" (see 
Fig. 4 from Bouma, 1988). 

Fig.k Schematic diagram illustrating the difference between average 
first-calculate later (procedure 1) and calculate first-average 
later (procedure 2 ) . 

From point to area: interpolation. 

Different techniques are available to interpolate point data. An 
overview of these techniques including a systematic analysis of costs, 
complexity and specific applicability would be quite useful but appears 
to be lacking so far. A general reference for prediction methods is 
Ripley (1981). Broadly, the following techniques may be distinguished: 
1. Kriging comprises a group of statistical prediction methods in which 

the spatial structure of variables is being used, as expressed by 
e.g. the covariance function (e.g. Matheron, 1973). Predictions of 
variable-values and the associated error are provided. Methods 
include: (i) Point kriging, where a point value is predicted; (ii) 
Block kriging, using average values for a point or an area; (iii) 
Disjunctive kriging where the predictor is a sum of functions in the 



points of measurements, rather than observations with a given weight 
(e.g. Yates et al., 1986); (iv) Co-kriging which not only uses 
observations on the parameter to be investigated but also on other 
and usually more simple and more easily available parameters as well 
(e.g. Vauclin et al., 1984; Stein et al., 1988a). 

2. Trend surface analysis. Assuming independent observations, a 
polynomical trend surface of a particular degree can be estimated 
(e.g. Haining, 1987). 

3. Time series analysis essentially focuses on changes in time at a 
given point and has a different character than techniques using 
different point observations in an area. Methods have a broad impact 
in statistical prediction techniques (moving averages, smoothing, 
etc) and are therefore mentioned in this overview, (e.g. Box and 
Jenkins, 1970). 

4. Splines are used as a form of non-parametric regression in which a 
penalty function is minimized, (e.g. Silverman, 1985; Dubrule, 1984; 
Watson, 1984). 

5. Nearest neighbour. This simple method attaches weights to data 
points surrounding points at which estimates are to be made pro­
portional to distance to the estimation point (mentioned in Cliff and 
Ord, 1981). 
Interpolations can be made within a given area of land or within 
defined land units which are distinguished on the basis of soil and 
land characteristics. As such, this would represent input by soil 
survey in the interpolation proces. Stein et al. (1988a) have 
demonstrated an increased accuracy of predictions when interpolations 
for moisture deficit were made within delineated areas for each of 
three major soil types rather than within the study area as a whole. 
They also estimated the most efficient sampling density for the 
particular land quality being considered. The general rule - of-
thumb of soil survey requiring at least three observations per cm' 
map area, turned out to result in a highly inefficient sampling 
program. At the 1:10.000 scale, an identical degree of accuracy of 
predictions was achieved when only a third of the number of 
traditionally required observations was used. (Stein et al., 1988b). 
Obviously, spatial variability patterns must be known to establish 
the most efficient sampling program. Exploratory surveys can be made, 
for example, by using nested sampling schemes (e.g. Burrough, 1986). 
Before applying exploratory surveys - which may take considerable 
time to perform - it is relevant to know the geological and pedo-
logical properties of an area. Some areas are very homogeneous. 
Stein et al. (1988c) used sequential t-testing to avoid making too 
many exploratory measurements in homogeneous areas. 

Time. 

W h e most simple procedure for dealing with variability in time is to 
'make repeated measurements for the land quality being considered. This 

is time consuming and costly. Returning to the land quality MSC, 
measurement would involve determination of the water balance during at 
least a number of growing seasons, requiring e.g. elaborate 
instrumentation of soil profiles with tensiometers and neutron probes, 
and measurement of hydraulic conductivity and moisture retention data. 
In addition, remote sensing data are very useful to provide information 
related to the moisture status of crops particularly of course, in 
moisture stress conditions. Series of measurements are needed to allow 



estimates of the MSC which relates to the entire growing season. 
Obviously, only conditions of the monitoring years would be available 
and these represent a highly restricted database. Use of validated 
computer simulation techniques is necessary to obtain MSC values for a 
wide range of conditions. Models and associated data needs will be 
discussed by Driessen (SOW), Ritchie (IBSNAT) and Wagenet. Wagenet will 
present data-analysis using the super-computer of Cornell University. 
This allows a reflection of the effects of variability of each of the 
soil or land characteristics being considered in the simulation model. 

An analysis of the use of models for studies of land qualities at 
different scales is likely to be part of presentations by other speakers 
as well. 

Basic data. 

Different types of data are needed to characterize land qualities. 
Focusing again on the MSC, the diagram of Figure 5 (from Bouma and v. 
Lanen, 1987) can be used to illustrate how existing data, which cannot 

-CH> 

C5D 

soil water defici! 

hor. 
thickn. 

org. 
matter 

hor. 
code 

geol. 
form. 

external data 
climate 
crop-factors 
rooting pattern 
'sink term) 

legend 
unit 

root 
depth 

water 
table 

soil 
characteristics 

land 
characteristics 

| | continuous characteristic 

Ç TF *) continuous transfer function 

[] 1} ctass characteristic 

(f TF j) class transfer function 

^ T T T " 
procedure to be repeated for all horizons 

Fig. 5 Flow diagram illustrating different procedures to estimate the 
land quality soil water deficit. For terminology reference is 
made to the the Appendix. 



be used by themselves, can be transformed into data that can be used. In 
I this context we use the term "pedo-transfer-functions" which are 

expressions relating different land and soil characteristics and 
properties with one another and to land qualities. For terminology used, 
reference is made to Appendix l.The water regime is expressed here as 
the water deficit (WD) rather than as the moisture supply capacity. We 
consider here a level 5 approach (see Figure 2 ) . 

Four levels of detail may be distinguished when determining WD in figure 
5. 
(1) Use of the name of the soil-legend-unit together with watertable 

fluctuations, if relevant, as a "carrier" of WD data (TF 6 ) . This 
implies that determinations have been made in this unit 
elsewhere. The procedure is rapid, cheap and relatively 
unreliable because the same legend unit may have different WD 
values in different locations, e.g. because of different subsoil 
textures. 

(2) Use of the legend-unit and a particular soil horizon (TF2 and 3 ) . 
This procedure is more specific than (1) and still cheap. Use of 
pedogenic soil horizons as "carriers" of information (here: 
hydraulic conductivity and moisture retention) may be quite 
attractive. Horizons have lateral dimensions and they are well 
defined. If different horizons behave in an identical manner, 
they can be combined with no problems (see earlier section on 
"space"). In the Netherlands, a series of 35 horizons has been 
defined with characteristic hydraulic conductivity and moisture 
retention data. (Wösten et al., 1987; Wösten and van Genuchten, 
1988) . These are used for feeding simulatioxi models for the water 
regime. Other data needed for simulation (Fig. 5) are estimated. 

(3) Use of soil characteristics such as texture, organic matter, 
density and structure to derive hydraulic conductivity and 
moisture retention data by regression analysis. In principle, 
this procedure is more specific than (2) (see Van Genuchten et 
al. and Petach and Wagenet; this issue). 

(4) Direct measurement of hydraulic characteristics and other data 
such as climate, groundwater and rooting depth. This procedure is 
both time consuming and very expensive. 

.' Choice of methods and procedures is to be determined by: (1) an analysis 
l of the necessary degree_s£_detaiJL. of the answers being pursued; (2) the 
I reliability of available data and (3) the prevailing spatial and 
jtemporal variability. Discussing this choice is a key purpose of the 
symposium. Reliability of data is very important. Pleyzier (1986) has 
shown the existence of a high variability when the same chemical 
analysis is applied to identical samples at different laboratories. Use 
of physical methods can also result in high variabilities when methods 
are used under unsuitable conditions or by untrained personel. Use of 
small sampling volumes can produce unrepresentative results when 
measuring, soil permeability (e.g. Lauren et al. 1988). Sampling schemes 
in soils that do not take into account the occurrence of different soil 
horizons may result in larger variability among replicate measurements 
than schemes which use soil profile descriptions when sampling. Little 
attention is generally paid to operational aspects of methods. Rather, 
emphasis is placed on technical and theoretical aspects (e.g. Burke et 
al., 1987). 

10 
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Geographic information technology 

Soil surveys contain geographic information both in terms of soil data i 
and geographic distribution, patterns, which is useful to define land 
qualities in space and time. A recent workshop on Soil Resources in the 
1990's (Finney and Anderson, 1988) demonstrated once again the urgent 
need for rapid communication of research results,-to users in a user-
friendly form. Geographical Information Systems (GIS) allow this type of 
communication, providing a new dimension to the transfer of soil 
information (e.g. Burrough, 1986 artÄBurrough, this issue). 

i 
-A 

Building up relevant databases for natural resources to be used in a GIS 
is a high priority. In this context, special attention will be paid to 
generating a database at the 1:10° scale in the SOTER project. This 
topic is to be discuss>ai by Baumgardner. 

Acknowledgement: The brTWf overview of geostatistical procedures was 
provided by Ir. A. Stein. Comments on a draft of the paper by A. 
Thomassen and R. Brinkman are gratefully acknowledged. 
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APPENDIX with a modified proposal from Bouma and Van Lanen (1987) 
covering the following terms: 

Soil and land characteristics are attributes being obtained during soil 
survey that provide information on soil composition, structure and 
topography (for example texture, org. matter content, soil structure 
type, slope-class). A subdivision is made between continuous 
characteristics which can have a wide range of values (e.g. % clay, % 
org. matter) and class characteristics which are characterized by either 
a specified narrow range of values (e.g. texture class) or by a symbol 
(e.g. horizon designation, mapping unit). % 

Land qualities are attributes which act in a distinct manner in their 
influence on the function of land for a specific kind of use. Land 
qualities can be related to soil and land characteristics. 

Pedotransfer functions (TF) relate different characteristics with one 
another or to land qualities. Two types of pedotransfer functions are 
distinguished: 
Those using continuous characteristics are called: continuous 
pedotransfer functions. Those using class characteristics are called: 
class pedotransfer functions. 
Simulation-models solve differential equations describing ofte or more 
physical and/or chemical processes in the soil-plant-atmosphere system 
which are related to land qualities or to land suitability by using 
external information, and land characteristics. 
Land suitability is the fitness of a given type of land for a specified 
kind of land use. 
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LAND QUALITIES AND THEIR VARIABILITY - PRACTICAL IMPLICATIONS, AND SOME 
OF FAO'S RESPONSES 

Robert Brinkman 

Soil Resources, Management and Conservation Service, Land and Water 
Development Division, FAO, Via délie Terme di Caracalla, 00100, Rome, 
Italy 

Introduction 

As indicated in Bouma's introduction, the main object of this 
symposium is to foster a dialogue between 
- producers and interpreters of regionally distributed field 

information (the soil surveyors-land evaluators); 
- natural resource-information manipulators, whether using geographic 

information systems or other computer-based systems of data base 
management and interpretation, and 

- manipulators and interpreters of remotely sensed information, the 
results of which can be linked to those from the first two groups; 

- modelers of processes either in the time domain or in the spatial 
domain, necessarily working alternately, since a complete integration 
of process models in time and space would multiply computing and 
memory requirements beyond presently practicable bounds. The 
modelers' results serve as a check on present work by the first three 
groups; their work also provides insight in temporal aspects of land 
qualities and land suitability at selected locations (defined in 
conceptual rather than spatial terms); or in spatial aspects of land 
properties or derived qualities viewed as scalar variables, generally 
denuded of their time dimension. 

The interaction between these different groups, and especially 
meetings such as these, help to keep us honest and efficient in a 
scientific sense. The eventual customers, however, who are absent here, 
are the only ones who can keep us honest in the commercial sense. Are 
we delivering value for money to the practicing farmers; to the 
planning departments ; to the researchers needing to tune their 
products, such as new cultivars, to specific, well defined and if 
possible delineated physical environments, and well defined groups of 
farmers? 

FAQ's concerns; some early work 

FAO is concerned with these questions, both for the near term and for 
its long-term perspective planning. Its primary role is that of an 
information broker, stimulating the transfer and adaptation of methods 
aiding agricultural development to farmers, planners and researchers in 
developing countries, from both developed and other developing 
countries. Only where necessary does FÂ0 engage in methodology 
development, or in standardization of methods. This has been the case 
in land evaluation: in the early seventies, FAO jointly with the 
Agricultural University, Wageningen, the International Land Reclamation 
Institute and the International Agricultural Centre, initiated the 
undertaking of a Framework for Land Evaluation, which has since become 
a de. facto minimum standard in many countries. 
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A minimum standard: several aspects were not addressed or touched 
upon but lightly. About a decade ago, the need for an overview of the 
extents of potentially cultivable lands of the developing world became 
evident. In principle, this could be made by putting together the soil 
map of the world data and the land evaluation framework. No ready-made 
methods were available to produce such an assessment on the basis of 
the available worldwide information, namely the soil map of the world 
with its explanatory memoranda, and long-term climatic means for a 
large number of stations. Therefore, a methodology was developed while 
the work progressed. 

The agro-ecological zones study was the result, covering most of the 
developing countries (FAO, 1978-1981). Requirements of eleven mainly 
tropical crops with respect to climate and soil-based land qualities 
were translated into simple, classed variables that could be estimated 
from the available long-term climate means and soils information. 
Variations in space were recognized at two levels: by agroecological 
map units, which consisted of soil map units subdivided by length of 
growing period zones; and by their estimated percentage composition 
(but not spatial distribution) in terms of individual soil units, slope 
classes, surface texture classes and phases (if any). Even at that 
time, the dynamic nature of land qualities was well recognized even 
though year-to-year variability was necessarily dealt with as an 
agro-climatic constraint. Length of growing period, for example, was 
derived from the seasonally fluctuating moisture availability, under a 
simple assumption for soil moisture storage. 

A growing period was considered to staAt when mean rainfall exceeds 
half potential évapotranspiration (PET),^md to extend into a dry 
season until the rainfall deficit (the accumulated excess of potential 
évapotranspiration over mean rainfall) reaches 100 mm. It was 
considered to be broken into two growing periods by a rainfall deficit 
of 50 mm or more (the case for strongly bimodal rainfall). The growing 
period was not considered to be broken, but merely at a standstill, for 
any period with mean 24-hour temperatures less than 5§o§ C. Moisture 
limitations because of the small available water capacity and small or 
inexistent capillary supply of most coarsetextured or shallow soils 
were taken into account in a later stage of the procedure, together 
with other limitations resulting from the nature of the soil unit, 
phase or slope. 

A recent example: Land resources appraisal for Bangladesh 

The considerable amount of soil survey information, published at a 
scale of 1:125 000, for virtually all of the country made it possible 
to produce a computerized land resources appraisal of Bangladesh 
(Brammer et al., 1986-1988) which can be used in Various ways to 
further agricultural development. This land suitability assessment 
programme passes each individual basic unit of the land resources 
inventory (component of land mapping unit) through a series of 
"suitability sieves" (Fig. 1). This is done separately for each crop or 
crop group and for each input level (traditional or modern management), 
on the basis of climatic moisture (Fig. 2) and thermal regimes; soils 
and landform information (Fig. 3); inundation regime (Fig. 4). This 
vast amount of repetitive computation was done effectively, in the case 
of Bangladesh, on a minicomputer. 
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Fig. 1. Schematic outline of the Bangladesh AEZ methodology (activity 
numbers in parenthesis). 

Bangladesh has more than one main period in which crops are grown, 
even though there is one monsoon-type wet season, locally called 
kharif, which is the main wetland crop season. Because this is a single 
country study, it was necessary to analyze the growing period in much 
more detail than was done in the broad, worldscale agro-ecological 
zones study. The moisture conditions were characterized for 207 
locations using historical daily and monthly rainfall data. The 
considerable year-to-year variability was taken into account by 
calculating for every station for each year the lengths of the 
pre-kharif transition period, the (main) kharif growing period, and the 
rabi (dryseason) growing period from the end of the wet season onwards 
(Fig. 2). These lengths of growing periods, with their standard 
deviations, were reported in table and map form. Mean starting and 
ending dates for the different periods, with their standard deviations, 
are available in tabular form for 75 stations in Bangladesh. 
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Fig. 2. Schematic model for characterization of the moisture regime, 
using decad values for individual years. 

The kharif growing period is the season in which rainfed wetland rice 
and (wetland) jute can be grown on level land with suitably low 
hydraulic conductivity and appropriate inundation levels. It starts in 
the first decad (10-day period) for which rainfall exceeds 0.5 PET and 
for which the preceding decad had at least 50 mm rainfall. Bunded 
fields begin to be inundated about that time. This main growing period 
ends in the first decad after the wet season when the accumulated 
moisture deficit (PET minus rainfall) exceeds 100 mm (the assumed 
supply from ponded water) plus 0.5 PET for that decad. This climate-
determined growing period is not considered in isolation, but is 
modified according to the inundation regime, discussed below. 

The rabi growing period, used for dryland crops after the wet season, 
starts in the first decad when rainfall is again less than PET, a|^ 
ends in the decad when the accumulated moisture deficit exceeds 2s^mra 
plus 0.5 PET. These 250 mm may seem a very large reference value for 
soil moisture storage, but this is based on the range of 200 to more 
than 300 mm total available soil moisture per metre soil depth found in 
the loam to silty clay loam texture range of all Holocene sediments in 
Bangladesh, the main soils on which rainfed rabi crops are grown. For 
soils in older materials, and for Holocene sandy loams and clayey 
soils, the values are about 150 mm; for sandy materials 50-100 mm per 
m. These differences are taken into account for the calculation of 
moisture supply of dryland crops. 

The inundation regime, relevant in areas with seasonal flooding such 
as most of Bangladesh, has been summarized in teçms of normal maximum 
inundation depth (Fig. 3, 4) and three aspects of disastrous flooding 
hazard: rapid rise or flow of floodwater; storm surges, with or without 
cyclones; and river erosion or burial by fresh alluvium. The probability 
of each of these is estimated for each land level in a mapping unit: 
<2%, 2-6, 6-20, 20-50 and >50% of years. These probabilities are used 
in downgrading suitability ratings for all crops. The normal inundation 
depth is matched against the requirements of individual crops, also 
taking into account the growing period of the crop and its position in 
the year, compared with the timing of the highest floodwater levels and 
with begin and end dates of inundation for each land type (Fig. 4). 
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Some other studies 

Studies similar to the one in Bangladesh have been completed in 
Mozambique (Kassam et al., 1981, 1982); work is underway or planned in 
various countries. Tables of crop requirements and other aspects of the 
methodology are being adapted to local conditions and data sets, and 
agro-ecological zones studies undertaken, in countries such as Thailand 
(Murata, 1988), Indonesia and the Philippines with very modest - mainly 
moral and advisory - support from FAO. Several other countries have 
requested UNDP-funded-assistance by FAO for agro-ecological zones 
studies or related work. 
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Kenya has extensive natural resource data as well as several national 
planning models, but does not yet have an effective link between the 
two. It provided a focus for efforts by FAO to produce information on 
potential population supporting capacity at a subnational level, 
involving food balances at different input levels for present and 
projected populations, including both crops and livestock, as well as 
fuel supply and demand. Also, the main non-food crops are to be 
included (fibre crops, stimulants such as coffee, tea, etc.). This is 
a prerequisite for results that can form an operational link with the 
planners, who presently tend to rely on statistical - e.g. census -
data for large internally undifferentiated sections of a country. 

As a basis for the work in Kenya and other countries, a set of 
computer programs to run detailed country studies is being developed, 
which work adequately for seven foodgrains, six food legumes, three 
root crops, three perennial food crops (banana, oil palm, sugarcane), 
and grass. The livestock model in the program set is being improved; a 
fuelwood model still needs to be added. The program set can be expanded 
to include fruits and vegetables, fodder crops, stimulants (coffee, 
cacao, tea, tobacco), fibre-crops, etc. 

A module containing semi-quantitative land suitability assessments 
for the fodder crop Stylosanthes hamata cv verano and a number of other 
crops was recently completed for West Africa by Kassam et al. (1988a, 
b). Work on other fodders is in preparation. 

Interannual variability in land qualities: importance to planners, 
small farmers and land evaluators 

A planning model does not merely require long term average yields and 
inputs, as normally provided by land evaluation activities; an estimate 
of interannual variability is required as well. This is provided by 
straightforward climatic analysis as done in Mozambique or Bangladesh, 
or by more sophisticated methods such as those developed by ICARDA, 
which help farmers in semiarid Syria decide on N topdressing on wheat 
or barley on the basis of conditional rainfall probabilities. An 
example of year-toyear rainfall variability as reflected in the length 
of growing period is given in Fig. 5 for a station in Mozambique. The 
Mozambique study (Kassam et al., 1981, 1982) used the proportions of 
different length of growing period classes over the years of record as 
the temporal equivalent of a soil association: the proportions of 
different soils or kinds of land in a mapping unit. This made it 
possible to estimate productivities averaged over each mapping unit as 
well as over time, taking into account the interannual variability. 

At least two aspects of a longer time dimension are important for the 
planner: the annual yield vector over the economic lifetime of a 
perennial such as oil palm or a fuelwood or timber crop as a function 
of environmental parameters; and the yield changes to be expected in 
each kind of produce, especially under rainfed conditions, as a 
function of climate changes. Risk of consecutive years of drought in an 
agricultural area or of drought upstream are other major concerns to 
planners of dryland and irrigated agriculture. Yield functions with age 
for forest crops have been made operational, for example in the context 
of an FAO study on forest management, afforestation and utilization 
(FAO, 1986a, b; Lindgren, 1986). With respect to climatic changes, a 
small study is underway in FAO to estimate changes in population 
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Fig. 5. Distribution of lengths of growing periods for Porto 
AmeliaPernba, Mozambique (mean annual rainfall 890 mm). Of the 31 years 
of record (ordinate), 9 had two growing periods separated by a dry 
period. 

supporting capacity in West Africa by re-running the algorithms of the 
original study (which used climatic normals) with the rainfall data 
available for the last 15 years. Long-term climate trends or 
fluctuations are being studied by others; as results become available, 
FAO^rotends to interpret them for their food and nutrition implications 
in so far as is feasible and resources allow. 

Temporal variability in land qualities may require modification in 
part of the procedure of the two-stage approach in land evaluation. The 
year-to-year variability of land qualities such as moisture 
availability is normally reflected in similar variability in production 
of farm households. However, there is a generally nonlinear relation 
between production level and benefits particularly in the case of the 
small farmer. This makes the two-stage approach in land evaluation less 
appropriate than the parallel approach and may require that 
productivity estimates produced in a first stage be reported for 
sequences of individual years on as probability distributions, rather 
than as means. A qualitative example is summarized below. 

The small farmer's marginal benefits from production are smaller at 
high production levels (in years with good rainfall, for example) than 
in a medium year because of generally low produce prices during a glut. 
They are higher, generally much higher, in years with low production: 
not only because of scarcity driving up prices, but also because in 
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such years the small farmer generally has to borrow to buy grain, at 
effective interest rates that may exceed 100% per year. Thus, the value 
of a unit of produce may easily be 2 to 4 times higher in a year of 
scarcity than in a year of abundance. 

The curvature of the function relating the farmer's benefits to the 
varying production levels at constant inputs, is a measure of the cost 
of year-to-year variability to the farmer. This transfer function 
should be measured, estimated or inferred, and included in the 
year-to-year calculation of benefits and inputs on the basis of a 
historic or modelled sequence of years, before averaging or otherwise 
summarizing the results, if a quantitative land suitability estimate is 
to be meaningful to small farmers-in a variable environment. 

In contrast, the function of benefits against year-to-year production 
variations is essentially linear for a farmer with access to commercial 
banking facilities and facing small produce price variations. Only in 
such cases can physical land suitability estimates be completed before 
considering the socio-economic aspects of the land utilization type. 

Structure of a GIS-based land evaluation program 

A good, practically useful GIS-based land evaluation program should 
be like a glass onion: every successive shell is clear, but the outer 
one attracts the eye. As the customer works with this first shell, new 
results are produced from the data using previously established 
(default) relationships and algorithms, in response to the customer's 
specifications of the conditions which he wishes to explore. This 
should work by "easy" interaction with informative, readily understood 
screens with questions and guidance for the user. The specifications of 
conditions should include transfer functions from yields to benefits in 
cases such as discussed earlier. 

The second shell should be equally clear. As new information becomes 
available, for example about the environmental requirements of a crop 
or use not yet included in the system, this again should be elicited 
from the user of the system by a listing of the variables for which 
values are needed, with examples for other crops or uses, and an 
indication or summary of how these values are used to transform natural 
resources data into suitability ratings. 

The third shell concerns the structural details of these 
transformation algorithms, which are subject to change and improvement 
as more processtype information becomes available, such as validated 
yield or production models for another crop. 

The inner two parts are the structure and composition of the resource 
data as recorded in the data base (often in a different form, and 
summarized, from the data as recorded in the field); and the internal 
relational structure of the data base itself. 

The Bangladesh study used proven techniques, with some newly 
developed modifications to take account, among other things, of 
seasonal and interannual variability in rainfall and of the peculiar 
seasonal flooding conditions in much of the country; it used a modern 
data management system that can be joined to a GIS; it is based on 
large amounts of information that can be collected relatively simply. 
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This study has provided a developing country with a development and 
planning tool that works in practice, both at national and provincial 
or district levels - and that is hoped to be relevant to the practical 
farmers' conditions. 

I shared some of the results from the work of Bangladeshi and 
international colleagues with you, not with the illusion that these 
would contribute decisively to the state of the art or to the level of 
the science. They are examples of a balance between on the one hand, 
models and data sets tending to grow unmanageable by size and 
complexity, and on the other, simplifications tending to shrink too far 
from reality. 

Land evaluation methods need to be further developed so that the 
results are more closely tuned not only yo the needs of planners, but 
also to those of farmers and agronomists. Methods should be developed 
that: 
- capture and express the interannual variability of land qualities; 

and 
- link this variability to early-season observations that will enable 

conditional probabilities to be reported, not only a priori 
probability distributions for the season's qualities. 

The results should enable farmers to respond to, and make good use of 
these conditional probabilities by appropriately deferred decisions on 
variations in management and inputs. 

Methods are also needed to: 
- systematically identify the land requirements of innovations, which 

are improvements or modifications of a use, rahter than of the use as 
a whole; 

- define the land qualities corresponding to these requirements in 
operational terms, with proference for readily observable or mapped 
land data; and 

- define the recommendation domain of such an innovation by identifying 
and delineating land areas ecologically and economically suitable. 

The methods should be readily usable for a range of persons, rather 
than for land evaluation specialists only, and should be transparant 
with respect to assumptions, parameters and procedures used. The 
results, too, should be in a form that is clear to a non-specialist and 
readily usable for land use planning or for land management. Such 
developments would considerably widen the range of practical uses of 
land evaluation in developing countries. 
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THE EFFECT OF HUMAN ACTIVITY ON SOIL QUALITY 

F. Fournier 

UNESCO, Ecological Sciences Division, Paris. 

Summary 

The transformation of soils by human activity causes a variation in 
their quality in the course of time. By undertaking comparison with the 
natural environment, this paper analyses the variation in soils in the 
course of time as they are influenced by agriculture, urbanisation, 
recreation, and by industrial and mining activities. 

Introduction 

The variation in soil quality throughout time and space is currently 
the subject of attention by scientists and decision-makers because the 
earth, from which man derives his sustenance, is a limited, degradable 
resource. This variation is mainly the result of soil transformation by 
man. Transformation is beneficial when it is translated into terms of 
increased production from the resources used. It is harmful when it 
entails degradation of the soils and their qualities. Unfortunately, 
the second phenomenon occurs too often as a result of human activity. 

The natural environment 

The surface of the world is of necessity subject to a number of 
processes which depend in the first place on climatic conditions in the 
surrounding atmosphere, the associated hydraulic conditions and the 
biogeochemical cycles which characterise the biosphere. Under the 
influence of these processes, plants and animals become established in 
various parts of the world. These creatures are often typified by some 
diversity, but also by relative temporal constancy. Even though it is 
relative, this constancy is maintained by the condition of the 
environment and the plants and animals it nourishes. The surface of the 
earth may be regarded as being concerned with a 'natural' environment, 
that is, one that has not been 'disturbed.' Such an environment may be 
the subject of human attention but it remains undisturbed as long as 
these activities do not modify the intensity of the spontaneous 
processes which typify the original system. On the other hand, the 
environment is gradually transformed when human activities affect the 
intensity of the. processes mentioned and modify both plants and animals. 
One of the final results is a variation in soil quality in the course 
of time. 

Agriculture and soil quality 

Soil fertility 

The importance of soil fertility in determining agricultural 
production has long been recognised. The fertilization of alluvial 
plains by deposits of clay during semi-annual floods made the valleys 
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of the Nile and the Tigris the granaries of ancient times. In the 
course of time, traditional systems for maintaining fertility were used 
and are still being used. Animal and human faeces have maintained soil 
fertility for thousands of years in China and during the period of 
Greek and Roman civilisation. In our time, the farm midden and slurry 
continue the practice. Vergil knew the value of legumes in restoring 
soil fertility through the symbiotic fixation of nitrogen. 

In our times, the growth of the world's population and the resultant 
need for food have caused an intensification of agriculture by 
ploughing hitherto unused land, by increasing the yield from land 
already under cultivation by the introduction of new varieties and the 
application of artificial fertilizers. 

But it should be remembered that the 50 hundredweight of wheat that 
may be harvested from an acre require at least 130 kg of nitrogen, 65 
kg of PJOJ., 80 kg of K„0 and 16 kg of CaO a year. A plantation of first-
class pine producing 15 m /ha requires only 15 kg of nitrogen, 3 kg of 
P 0 , 8 kg of K O and 16 kg of CaO. This serves to emphasise on the one 
hand the changes in biogeochemical cycles which may take place when 
deforestation is undertaken and the trees are replaced by crops, but on 
the other hand it also emphasises the part played by the use of 
artificial fertilizers, not only to compensate for the chemical 
elements extracted by the crops but also to increase the yield. The FAO 
has stated (cf. FAO Fertilizers Yearbooks) that world consumption of 
artificial fertilizers increased between 1938/39 to 1980/81 from: 

- 2.6 million tonnes of nitrogenous fertilizers to 60.7 million; 
- 3.6 million tonnes of phosphates to 32.8 million; 
- 3.8 million tonnes of potash to 25.2 million. 

Work on the soil, the impact of mechanisation 

By definition, agriculture implies the use of different instruments 
and the use of energy to handle them. These instruments need to be. 
adapted to the soil treatments required and to the crops and animals 
being used. Manual labour and then tending the crops dominated the 
past, but from the end of the 19th Century considerable progress was 
made in powering agricultural machinery. Cultivation by machine put in 
its appearance and developed rapidly. In France, for instance, the 
birth of mechanisation did not take place until about 1850; but 130 
years later, in 1980, 99% of agricultural operations are mechanised. 
This implies the use of 1,400,000 tractors and 150,000 self-propelled 
machines. Mechanisation has more than doubled agricultural production 
during the last, thirty years while bringing about a reduction of a 
quarter in the area under cultivation. 

From the soil's viewpoint, the transformations brought about in this 
way have created good physical condition, synonymous with a good 
structural state and drainage to a satisfactory depth. Such conditions 
bring about distribution suitable to the porosity, optimise the 
conditions for aeration and water dispersion artd create temperatures 
favourable for root development. But on the other hand, work not 
properly adapted to the soil, for example carried out by machinery that 
is too heavy or by too frequent movements, etc..., may bring about 
negative transformations in the soil, such as the oxidation of organic 
material, the destruction of fills, reduced porosity in deeper layers, 
the formation of subsidence: all these phenomena adversely affect 
conditions of aeration, drainage and vegetable growth. Although it may 
be generally admitted that mechanisation is indispensable for rural 
development, it is obvious that strategies have to be defined for using 
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