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Abstract
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Highly standardized land evaluation systems and applicable methods are necessary for an ecologically and economically 
sustainable land use, as the most important requirement. In general, available pedological data and their interpretation defi ne 
the applicability of different land evaluation systems. Our study focuses on (1) the summary of already applied pedological 
land information; (2) the main methods of data interpretation and integration in the land evaluation systems; (3) the up to date 
quantitative land evaluation procedures, with the involvement of mathematical-statistical tools in the studies. Soil classifi ca-
tion systems and other complex pedological qualifi ers are the basis of qualitative and/or the semi-quantitative land evaluation 
systems. Selection, interpretation and integration of the simple soil properties and indicators are not easy to use, because those 
simple parameters should be evaluated in a highly multifactorial environmental context. Development of quantitatively fl ex-
ible indices and mathematical and statistical methods, that are able to explore pedological and environmental factors in land 
productivity, beside the most accepted economic ones, seems to be highly necessary nowadays.
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Introduction

Understanding the variability of soil and landscape prop-
erties and their effect on crop yield is a critical component 
of site-specifi c management systems and land use planning. 
Land evaluation means generally the determination of land 
potentials for certain purposes (Driessen and Konijn, 1992). 
Land potential involves the: 1) limitations and/or the capabili-
ties of the land at/for the various environmental factors (land 
capability), 2) land use types, the variety of cultures to grow 
and the level of production (land suitability). Factors affecting 

the agro-ecological potential are in close relationship, how-
ever, by their relative weight in the production, which is vari-
able both spatially and temporally (Rossiter, 1995; Herrick, 
2002). The interpretation of land characteristics is taking into 
account the agricultural use, in which it is necessary to deter-
mine of the distances among observed characteristics from the 
optimal, non-limiting values (Sys et al., 1991).

A data base representing the pedological properties is the 
most important environmental component for developing of 
a standardized land evaluation procedure (Davidson, 1992; 
Mueller et al., 2010). Soil quality has been defi ned by Karlen 
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et al. (1997) as “the capacity of soil to function to sustain plant 
and animal productivities, to maintain or enhance water and 
air quality and to support human health and habitation”. Bio-
mass and grain yields depend on complex interactions among 
physical and chemical properties of soil (Zobel et al., 1988).

On the basis of data interpretation and integration De 
la Rosa and Van Diepen (2002) differentiates between: (1) 
qualitative, (2) semi-quantitative and (3) quantitative (mod-
ern mathematical and statistical) land and soil evaluation 
methods. This approach also considers a kind of chronologi-
cal development, but the differentiation cannot often be de-
fi nitive. Applicability of different land evaluation systems in 
land-use management largely depends on the available pedo-
logical data and on the way of their interpretation.

For the last few decades there was a rapid development 
of informatics; the former land evaluation systems have to 
be considered therefore in another light. The new require-
ment about the available information and the possibilities 
of data-processing make it necessary to review them again. 
Through examples, mainly involving the temperate climate 
zone countries the present study focuses on:

● the types of pedological and other environmental in-
formation in use;

● the way of data interpretation and its integration in the 
land evaluation systems;

● the mathematical and statistical approach of the mod-
ern quantitative land evaluation.

An important question is whether mathematical and sta-
tistical methods or expert opinion or both combined are more 
useful to express the soil quality.

Materials and Methods

Qualitative methods – land capability and land suitability 
classifi cation

Traditional qualitative methods are using various catego-
ries for the expression of land productivity. The fi rst step is 
the delineation of different complex (e.g. soil type, texture 
type) and simple soil qualities (e.g. pH, electrical conductiv-
ity) using (arbitrary) threshold values. This is followed by a 
stepwise collating, which reveals (1) the amount and nature 
of limitations (land capability classifi cation), (2) suitability 
classes for different land tillage or plant cultivation (land and 
soil suitability classifi cation).

The earliest land evaluations were applicable for certain 
plant species, on the bases of some general fi eld observations 
(direct suitability classifi cation). For example, in Germany 
soils, excellent for the wheat-, rye- and oat breeding were 
demonstrated as early as the 19th century (Rothkegel, 1950). 

In Hungary the soil rating of Géczy (1968) was created for 
practical purposes in 1968. It has expressed the soil quality 
by denominating the crop-plants, which were successfully 
produced on it (i.e. the cereals, the annual forage or the in-
dustrial crops, and also the papilionaceous forage plants).

The FAO system (FAO, 1976) was the basis of several 
national qualitative evaluations, started in 1976, and this 
classifi cation is still being in use at several countries. These 
qualitative land evaluations are usually hierarchic.

The three level hierarchic system of Land Capability Clas-
sifi cation (USDA-LCC) of the USA is being a classic example. 
It evaluates the lands in three main land use categories: (1) ar-
able fi elds, (2) pastures, (3) forests (Klingebiel and Montgom-
ery, 1961). Agricultural interpretation of soil mapping units 
(created by the relevant knowledge on the Soil Taxonomy) is 
the basis of the USDA-LCC system. The so called “units” are 
representing of the lowest level of the hierarchy, where man-
agement and the cultivation intensities are identical; the same 
kinds of plants are cultivated with similar tillage types and, 
soil protection ways and as the same expected yields. The sub-
classes are defi ning of the quality and most of the limiting fac-
tors (like erosion, excessive moisture, soil defi ciencies in the 
rooting zone and the climatic hazards…etc.). Those limiting 
factors are defi nitive during the classifi cations; therefore this 
method is called as maximum-limitation system (De la Rosa 
and Van Diepen, 2002) or simple limitation method (Sys et al., 
1991). The risk of soil damage is progressively greater from 
class I towards the class VIII, which can determine therefore 
the better land suitability.

This method was accepted and adopted without any rel-
evant changes in several countries. The Canada Land Inven-
tory (Agricultural and Rural Development Act, 1965), the 
Land Use Capability Classifi cation of New Zealand (Lynn et 
al., 2009) and the Land Capability Classifi cation for Agricul-
ture created by the Research Institute of Macaulay Land Use 
in Great Britain (Bibby et al., 1991) are also based on the 
USDA-LCC system, with some minor modifi cations only.

The international Fertility Capability Classifi cation (San-
chez et al., 1982) is the result of the qualitative agricultural 
interpretation of the Soil Taxonomy. This method puts sig-
nifi cantly greater emphasize on the properties of the topsoil 
and of the tilled layers.

Qualitative land evaluations provide basic information 
on the most important production limiting factors. How-
ever, as these methods are based on some category data, 
its reliability depends largely on the solidity and com-
pleteness of the environmental information. The category 
system is best applicable in cases when only a few factors 
are signifi cant in land use and all other factors play only 
a secondary role.
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Traditional semi-qualitative soil rating systems
The traditional soil rating methods are using those vari-

ous categories, which were created: 1) on the basis of some 
measured or established parameters, or 2) only are using 
some of the categories of the previous soil mapping. The 
combinations of those categories are placed into a numerical 
reference scale, in which the potential yields as fundamental 
in formations can provide a relatively well-applicable refer-
ence scale.

The German soil rating (Reichbodenschätzung) is one 
of the earliest examples for the traditional soil rating in 
Europe. It was registered in 1934 with the aim of devel-
oping a rather “uniform” taxation, potentially applicable 
for several purposes (Heide and Mückenhausen, 1980). 
Soils are evaluated in this method by considering the 
climatic effects and also the relief. In the case of arable 
lands, soil texture, parent rock (geological origin), degree 
of soil development, the climate and relief were studied. 
After that these data were categorized. A land evaluation 
table was compiled on the basis of the combinations of 
category data for the different land use types. For the de-
termination of the values appearing in the tables repre-
sentative soils were selected as the references. In “arable 
land” category for example, the optimal production site 
(the Chernozem soil, with 100 points) was located close 
to Magdeburg. Reliability of the method is supported 
by the estimation of soil fertility and also the expected 
yields. This German soil rating was the basis of the used 
Austrian soil ratings (Pehamberger, 1992; Wagner, 2001) 
and the soil rating system of the former Soviet Union 
(Gavrilyuk, 1974).

The reliability of the various evaluation systems are 
depending mostly on the different kind of experiences, 
which has been the basis of the used reference systems 
(scale). During the interpretation of pedological data it 
is important to consider the pedological requirements of 
certain land use types or that of certain plants, the ex-
pected yields and the effect of other most relevant key-
important environmental factors. The Hungarian land-
evaluation was developed in 1970, by creating specific 
“soil-rating numbers” between the values of 1 and 100. In 
this system the yield elements was involved, as calculat-
ed data of the main national genetic soil-map categories 
(Stefanovits et al., 1972). The potential yield could not 
be truly predicted, especially in the context of the great 
variability of the various management practices (of using 
different amount of organic and inorganic fertilizers for 
instance). Solving this problem was the objective of the 
new D-e-Meter land evaluation system in Hungary (Tóth, 
2011).

Semi-quantitative parametric land evaluations – soil 
quality indexes

Traditional parametric land evaluation assesses directly 
the simple soil qualities (single factor valuation). This evalu-
ation is followed by the integration of those interpreted 
data into an index via additive, multiplicative or combined 
mathematical methods (Driessen and Konijn, 1992). The in-
terpretation of soil characteristics is taking into account the 
agricultural use, in which it is necessary to determine of the 
distances among observed characteristics from the optimal, 
non-limiting values (Sys et al., 1991).

Requirements of certain land use types are taken into ac-
count during the ranking of the resulting indexes. The Storie 
Index developed in California in the 1930’s (Storie, 1978) 
is considered as the fi rst mathematical soil quality assess-
ment method. The Storie Index had a role in the taxation sys-
tem and has been modifi ed several times since its creation. 
Four groups of factors are apprised by the evaluation system 
based on certain indicators. Optimal value of these factors 
are 100 %, thus unfavourable conditions are expressed in 
percentages, which are used to calculate multiplicative non-
weighted index:

Storie Index = A×B×C×X,

where: A: character of physical profi le (indicators: depth and 
quality of parent rock, present sedimentation), B: surface 
texture, C: shape and angle of the slope, X: other factors in-
fl uencing the fertility (i.e. the product of drainage, alkalinity, 
acidity, nutrient level, erosion and micro relief).

This index was adopted and reworked in several coun-
tries, e.g. in Brazil (Bacic et al., 2003) and in Poland (Kore-
leski, 1988).

Soil productivity index of Neill (1979) is also multiplica-
tive. This index integrates the change of soil properties with 
depth. Factors (suffi ciency of available water capacity, aera-
tion, bulk density, pH, electrical conductivity) are weighted 
at each layer in consideration of the rooting depth of the pro-
duced plant.

It is also possible to insert parameters in land evaluation 
in an additive way, by simple or weighted sum or by subtrac-
tion from a maximum value. Limiting effect of the soil prop-
erties is expressed by point subtraction in the Canadian Land 
Suitability Rating System for Agricultural Crops (Agronom-
ic Interpretations Working Group, 1995). The most produc-
tive soils, where limiting factors are small or negligible have 
100 points. This system evaluates the production-limiting 
effect of pedological factors in consideration of climatic 
and hydrologic conditions. In Europe the French method is 
a similar, point subtracting system (Mori et al., 1984), which 
gives a weight to each factor.
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A combination of additive and multiplicative methods 
makes the evaluation even more complex. A good example is 
the Muencheberg Soil Quality Rating, which evaluates soil 
productivity on cropping and grazing (Mueller et al., 2007). 
Basic soil indicators (e.g. substrate, A horizon depth, rooting 
depth, available water retention capacity, slope) are scored 
by using scoring tables. Single scores are on a scale ranging 
from best conditions to worst (2 to 0 values) and are sum-
marized by weighting (1 to 3 values). Weight of the known 
values is assessed. The so called hazard indicators relevant in 
the study area (e.g. contamination, salinization, acidifi cation, 
low total nutrient status) are evaluated on a 0 to 2.94 scale. 
Then the basic soil value index is multiplied by these hazard 
values. The resulting index expresses soil productivity on a 
100 point scale.

Major problem with the additive systems is that pro-
duction-limiting effect of certain extremely unfavourable 
parameters is not expressed and/or emphasized enough. Ad-
ditive methods are improved signifi cantly by weighting. On 
the other hand, weighting is a source of errors, especially 
when it is done arbitrarily. Advantage of the multiplicative 
methods is that the effect of each factor is well expressed in 
the resulting index. Factors may be weighted in accordance 
with the objectives of different land use. 

These methods may be considered as semi-quantitative 
also, if the interpretation of those parameters is based on cat-
egory tables and it is partly subjective. The proper interpreta-
tion of those “simple” parameters needs specifi c and highly 
qualifi ed expertise, due to the fact, that soil qualities can only 
be evaluated in context of the other qualities and the affect-
ing natural factors. Beside this, their importance in the pro-
duced yields can be also different.

These semi-quantitative soil quality indices can be well-
applicable if (1) they are simple and consist of the least 
number of parameters; (2) the parameters show signifi cant 
differences in the productivity; (3) the parameters are inde-
pendent. The benefi t of such parametric method is that the 
showing signifi cant variability in the study area and is defi ni-
tive in productivity.

Mathematical-statistical tools in modern land evalua-
tion and soil quality assessment systems

Soil quality indices still are the most commonly used to-
day, because they are quantitatively fl exible (Andrews et al., 
2002; Qi et al., 2009; Lima et al., 2013; D’Hose et al., 2014; 
Rahmanipour et al., 2014). If the mathematical-statistical 
tools are used for the selection, weighting and interpretation 
of factors and indicators and perhaps for their interpretation, 
the quantitative parametric evaluation methods are being 
developed. The development of a soil quality index should 

follow three steps: (1) selection of indicators, (2) scoring the 
selected indicators and (3) the integration of indicators in an 
index (Karlen et al., 1997).

Among the indicators selection methods, Total Data Set 
(TDS) and Minimum Data Set (MDS) have been widely 
used (Rahmanipour et al., 2014). The TDS is a collection 
of indicators selected according to specifi c characteristics of 
soil analysed. The MDS is a selected collection of indicators 
chosen according to expert opinion and soil functions (An-
drews et al., 2002; Lima et al., 2013) or using several multi-
variate statistical methods: principal component analysis and 
correlation among indicators (Andrews et al., 2002; Qi et al., 
2009; D’Hose et al., 2014; Rahmanipour et al., 2014), these 
combination with discriminant analysis among different 
land use/management categories (Xu et al., 2006; Yao et al., 
2013) and multiple regression analysis with dependent vari-
ables crop yield (Andrews et al.,2002; Rezaei et al., 2006).

The second step in development a soil quality index is 
normalizing the MDS indicators by different numerical 
scales using linear (Liebig et al., 2001) and nonlinear scor-
ing (Andrews et al., 2002; Qi et al., 2009; Lima et al., 2013; 
D’Hose et al., 2014; Rahmanipour et al., 2014) functions. 
Mathematical basis of this is the Fuzzy set theory, which 
works with possibilities and membership functions: the 
membership is expressed with numerical values between 0 
and 1 (where 0 means that the data is outside of the cluster 
and 1 means the full inclusion in a cluster) (Pedrycz and Go-
mide, 1998). This method is suitable for the indicators show 
the similarity between the attribute data (soil properties, lo-
cal conditions) and the demands of the applying groups (e.g. 
farmers).

The integration of dimensionless normalized indicators 
into quality indices is possible through many procedures 
based on additive, multiplicative or weighed mean tech-
niques. Integrated Quality Index (IQI) (Karlen et al., 2007; 
Andrews et al., 2002; Lima et al., 2013; D’Hose et al., 2014) 
and Nemoro Quality Index (NQI) (Qi et al., 2009; Rahma-
nipour et al., 2014) are examples of this calculation.

Integrated Quality Index (IQI) were calculated in the fol-
lowing way (Doran and Parkin, 1996):

               n
IQI = ∑WiNi,
              i=1

where Wi is the weight of each indicator and Ni is the indica-
tor score.

Several authors weighted the normalized indicators ac-
cording to expert opinion (Andrews et al., 2002; Lima et al., 
2013), principal component analysis (Andrews et al., 2002; 
D’Hose et al., 2014; Rahmanipour et al., 2014) or using ana-
lytical hierarchy process (AHP) (Li et al., 2002; Ananda and 
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Herath, 2003; Zhang et al., 2004; Qi et al., 2009). AHP is a 
useful mathematical method to express how the factors of the 
lowest hierarchy level (soil indicators) effect on the highest 
factor (e.g. crop yield), i.e. what is their intensity or priority. 
First step in this process is the grouping of decision-making 
factors by their natural qualities (Saaty, 1980). This is followed 
by the creation of a new hierarchy level by the re-classifi cation 
of the groups until the uppermost element; the objective of the 
decision is reached. Strength of the connection between nodes 
of the hierarchic structure (graph) is expressed by a number in 
the [0;1] interval. A positive entire number is assigned to one 
of the elements and the reciprocal of this number is assigned 
to the number directly above the previous one. The so called 
Saaty-matrix can be scored up in each level with the above 
described importance values. Weight of the hierarchy connec-
tions is defi ned by the elements of the eigen-vector belonging 
to the highest eigen-value of the matrix.

The Nemoro Quality Index (NQI) is not multiplicative 
but it takes into account the average of the scores and the 
least suitable pedological parameter (Qi et al., 2009):

             ––––––––––
                P2

ave + P2
min  NQI = √––––––––––,

                     2
where Pave is the average and Pmin is the minimum of the 
scores of the selected indicators.

These indices have been used to evaluate impacts of ag-
ricultural practices. But land use decision support systems 
(De la Rosa et al., 1992; Kelgenbaeva, 2002; Shahbazi et 
al., 2008; De la Rosa et al., 2009; Lamelas et al., 2009; 
Lugo-Morin and Rey, 2008), the so-called Multiple Criteria 
Decision Making (MCDM) (Kurtener and Badenko, 2000; 
Malczewski, 2002; Baja et al., 2007; Busscher et al., 2007; 
Zhang et al., 2004) and dynamic biomass simulation models 
(Krupkin and Toptygin, 1999; Kersebaum, 2007; Xiong et 
al., 2008; Reidsma et al., 2009) demand usually quantitative-
ly fl exible and complex pedological data and mathematically 
interpreted input indicators.

Several authors found that soil quality has a signifi cant 
relationship with crop yield using simple linear correla-
tion/regression or multivariate linear regression analysis 
(Brubaker et al., 1994; Andrews and Carrol, 2001; Andrews 
et al., 2002; Rezaei et al., 2006; De Araujo et al., 2009). 
Simple linear functions, however, are usually inappropriate 
to describe the effect of soil indicators on the productivity. 
Furthermore, intercorrelation among soil properties can re-
sult in multicollinearity problems regarding relationships 
between soil properties and crop yield. To solve multicol-
linearity problems between independent variables Ping et al. 
(2004) carried partial least squares regression (PLS). Load-
ings from linear combinations of variables in PLS allowed 

identifying soil properties that have the greatest infl uence on 
yields. Another option is combining variables using princi-
pal component analysis (PCA) and then having the derived 
factors conducted a linear multivariate regression processes 
(Mallarino et al., 1999; Cox et al., 2003; Shukla et al., 2004; 
Masto et al., 2008; Juhos et al., 2016). However these PCA 
factors do not explain the total variance of the entire set of 
variables and they are not easy interpretable.

The relationship between crop yield and soil quality is very 
complex and it depends on complex interactions among physi-
cal and chemical properties of soil and other external natural 
factors. Therefore a multivariate approach is necessary.

Conclusions

Currently, there are no available simple, standard methods 
for the land evaluations in the World, which is being refl ected 
from the study. The great variability in land use types might 
require diverse land evaluation methods; exact methodologies 
of which the local differences in land use categories and also 
in the ecological conditions might be considered.

Today, there is a trend of explore the relationship among 
main pedological and environmental factors in land pro-
ductivity. This can be helpful also in creating the complex 
decision support systems, in which mainly soil interpreta-
tion methods might be involved on the bases of some math-
ematical-statistical analysis of measurable pedological pa-
rameters. Tools of mathematical-statistical methods can be 
helpful in interpretations and also in the integrations of pedo-
logical data, becoming to be more exact and less subjective.

The modern possibilities of information technologies and 
also the traditional methods are complementary to each other. 
Mathematics and statistics might be highly complementary 
tools for the transformation of a certain land evaluation meth-
od to the specifi c area or culture. However, no any quantita-
tive method is suitable without the appropriate expertise of the 
stakeholders, establishing of the right values of soils.
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