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ABSTRACT 
 

Soil physical properties have been subjected to a growing number of studies in recent decades. 
Although, these parameters can be measured directly, their measurement is difficult and 
expensive, especially in terms of time, sampling date, storage and cost of measurement. 
Overcoming these difficulties is through the development of pedotransfer functions (PTFs), which 
predict soil physical properties from other soil parameters. The main objective of this study was the 
establishment of PTFs through more easily accessible soils parameters, in order to predict soil 
aggregate stability by using the mean weight, diameter (MWD) and provide information about the 
behaviour of soil aggregation under the impact of rainfall or irrigation. PTFs selected according to 
various classifications were applied to the lower Cheliff soil. Results showed the existence of 
diverse classes of aggregate stability in the study area, varying from unstable to highly stable soils 
and also a varying relationship between measured and estimated aggregate stability according to 
soil classification and predicting model with a coefficient of determination varying from 0.67 to 0.94, 
the highest relationships were shown by clayey soils and soils containing a high organic matter 
percentage. 

Original Research Article 
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1. INTRODUCTION 
 
Soil physical properties are key aspects in 
determining soil quality [1]. Among the diverse 
soil properties, soil structure is of great 
importance, it has a major influence on most soil 
functions, such as root development, water 
retention, infiltration capacity and soil porosity 
[2,3,4], consequently affecting soil productivity 
and environmental quality ([5,4]. Soil structure is 
a complex soil property, related to inherent 
characteristics of particle size and clay 
mineralogy. According to [6] soil structure can be 
described in terms of structural form 
(arrangement of pores and solids), aggregate 
stability (ability of soil to retain its structural form 
after exposure to stress) commonly estimated by 
the mean weight diameter (MWD) [7] and 
structural resilience or vulnerability (ability of soil 
to recover its structural form through natural 
processes). However, although the soil structure 
can be measured directly, data collection is 
difficult, time consuming and rather costly, also 
soil properties can be highly variable spatially 
and temporally, so there is a continuous interest 
in the establishment of mathematical relations 
that can predict soil physical properties from 
other more easily measured soil properties 
[8,9,10]. According to [11], these mathematical 
relations are statistical regression equations 
expressing relationships between soil properties. 
[12] proposed the term transfer functions and 
later pedotransfer functions PTFs [13]. These 
models regularly used recently in research and 
management have been developed to improve 
the understanding of important soil processes 
[14]. Several attempts have been made to 
estimate indirectly soil properties from more 
easily measurable and available soil properties 
such as particle size distribution (sand, silt and 
clay), organic matter, density and porosity [15]. 
According to [16], PTFs can be characterized 
into three main groups namely class PTFs, 
continuous PTFs and neural network. [17] 
distinguished between class and continuous 
PTFs. Class PTFs predict soil properties 
according to the class (textural, horizon, etc.) to 
which the soil sample belongs, and continuous 
PTFs predict soil properties as continuous 
functions of one or more measured variables. 
Finally, the neural network is an attempt to build 
a mathematical model that supposedly works in 
an analogous way to the human brain. It consists 
of many elements connected by communication 
channels carrying numeric data organized into 

layers [18,14]. Most PTFs have been developed 
to predict the hydraulic properties of the soil, 
while, the assessment of other soil parameters is 
rather poor. In this context, the aim of this study 
carried out in the lower Cheliff plain was the 
assessment of aggregate stability by using class 
PTFs. These functions are established on the 
basis of validation criteria according to various 
classifications, then, adjusted and applied to the 
lower Cheliff soils, and consequently mapping 
the aggregate stability along the study area by 
using geostatistics.  
 

2. MATERIALS AND METHODS  
 
2.1 Study Area 
 
The lower Cheliff plain is one of the largest salted 
alluvial plains of Northwestern Algeria (Fig. 1) 
covering approximately 400 km2. This plain, 
located between 35º 48' 03'' - 36º 05' 36'' N of 
latitude and 0º29' 11'' - 1º 00' 00'' E of longitude, 
is about 35 km inland from the Mediterranean 
Sea, with an average altitude of 70 m. It is a 
Syncline framed on the north by Dahra hills and 
Benziane hills on the South, both characterized 
by clayey silt, schist and salted marls [19]. This 
plain consists of non-climatic, immature and 
halomorphic soils with a saline efflorescence 
[20], mainly of Fluviosols and Salisols types 
according to French pedological referential [21], 
developed on quaternary alluvium rich in lime 
and clay [22]. The clay fraction (less than 2 µm) 
consists essentially of illite with a predominance 
of irregular, swelling and interbedded 
smectite/illite type [23,9]. These geological 
characteristics, accentuated by an arid climate 
with an average annual temperature of 20ºC, a 
dry period of 7 months, a high evapotranspiration 
rate, and a weak annual rainfall (approximately 
200 mm/year), explain the high salinity conditions 
of the plain [24]. 

 
2.2 Data Collection  
 
Sampling locations were selected after 
preliminary studies of a topographic map, a total 
of 183 soil samples were collected in the study 
area from the first horizon at a depth of 20 cm. In 
order to be used as statistical regressors, 
measured soil factors were of physical nature (C 
= Clay, SL = Silt, SA = Sand) and chemical nature 
(Electrical conductivity (EC), Calcium carbonate 
(CaCO3), pHsoil/water, organic matter (OM), Metson 
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Fig. 1. Location of the study area 

 
cation exchange capacity (CECm) and effective 
cation exchange capacity (CECe), analysed 
according to [25]. 
 
Before calculating the descriptive statistics, 
variables were subjected to a Shapiro-Wilk’s 
normality test, those with non-normal distribution 
were log-transformed. In order to apply 
geostatistical analysis and map the spatial 
variation of the aggregate stability along the 
study area, the geographical position of each 
sample was determined by using GPS. Beside 
the study area samples, we also used a 
database containing 1248 soil samples among 
them 352 samples from Algerian soils and 896 
international soil samples. 
 

2.3 Model Selection and Methodology 
 
To predict the Mean Weight Diameter (MWD) in 
the most reliable way, simple and multiple linear 
regression models were developed to explain the 
relationship between the explained and the 
explanatory variables, the general form of the 
resulted regression equations can be expressed 
as:  

0 1 1 2 2 n nY  b + b x + b x . b x .   (1)  
 
 

Where: Y represents the dependent variable 
MWD, b0 is the intercept, b1 to bn are the 
regression coefficients, and x1 to xn refer to the 
independent variables representing the basic soil 
properties.  
 

The performances of the regression models, 
were evaluated by a set of test data using the 
determination coefficient (r²), the root mean 
square error (RMSE) and the standard error of 
prediction (SEP). The RMSE (Eq. 2) is a 
measure of accuracy and reliability for calibration 
and test data sets [26], the smaller the RMSE, 
the better the forecasting ability of the model.  
 

 
20

1

1
         (2)

n
p

i i
i

RMSE Y Y
n 

 
 
 

Where: Y0
i is the observed value, Yp

i is the 
predicted value, n is the number of samples, σy is 
the standard deviation of the predicted scores.  
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The Bland-Altman plot [27,28] was used to 
analyse the relationship between the measured 
and predicted MWD.  
 

The adopted methodology was mainly based on 
the relationship between the aggregate stability 
and the most influent physicochemical 
characteristics. As illustrated by Fig. 2, the most 
relevant physicochemical parameters such as 
organic-textural, salinity and texture were 
stratified in 4 classes according to the following 
pattern: low, moderately high, high and very high. 
Finally, as geostatistics [29] provide a powerful 
suite of tools such as kriging for spatial analysis 
[30] by producing a continuous grid of MWD 
values. The geostatistical approach was carried 
out as a second way of statistical 
characterization of aggregate stability in the 
study area using the GPS coordinates (x, y) and 
the MWD value of each sampled point. 
 

3. RESULTS 
 

3.1 Descriptive Statistics and PTFs 
 

The data summary presented in Table 1 showed 
that the lower Cheliff samples were mostly 
characterized by slightly alkaline pH, moderate 
cation exchange capacity and were moderately 
rich in OM content. The EC along the lower 
Cheliff plain was relatively high with an average 
of 9.7 dS/m and a very high maximum value of 

59.3 dS/m. The physicochemical characteristics 
widely vary from a sample to another as shown 
by the high values of the coefficient of variation 
(CV), Among the 9 soil properties, CaCO3 
showed the highest CV, while soil pH the lowest. 
The textural analysis revealed wide ranges of 
physical properties, the silt and clay content 
varies from 0 to 97%, with a respective mean of 
42.3% and 32.4%, which indicate an inadequate 
drainage condition prevailing in the area, the 
proportion of silt and clay was followed by sand 
content with an average of only 25.5% meaning 
that the study area belong to the fine-textured 
soil class. The textural classification according to 
the USDA textural triangle indicates the 
dominance of the silty clay class. The aggregate 
stability was very variable along the lower Cheliff 
plain as indicated by the high CV (32%), with a 
mean equal to 1.01 mm the lower Cheliff plain is 
among the category of average soil stability. 
Simple linear correlation coefficients (r) between 
MWD and independent variables were also 
calculated. As illustrated in Table 2, MWD was 
significantly to highly significantly related to 7 of 
the 9 variables. The highest significant positive 
correlations to MWD were shown respectively by 
CECm, OM, CECe and clay at P<.01, EC showed 
significant positive correlations (P<.05), sand and 
silt showed significant negative correlations 
(P<.05), whereas MWD correlation with pH and 
CaCO3 was not significant. 

 

 
 

Fig. 2. Schematic representation of the classification procedure 

Salinity classes 

Slightly salty 
EC < 4  

Highly salty 
EC ≥ 16 

 

Moderately Salty 
4 ≤ EC < 7 

Salty 
7 ≤ EC < 16 

 

Textural classes 
 

Sandy Clayey Silty Silty clay 
 

Poor 
OM < 1.5  

Highly rich 
OM ≥ 3.5 

 

Moderately rich 
1.5 ≤ OM < 2.5 

Rich 
2.5 ≤ OM < 3.5 

 

Organic-textural classes 
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Regarding these correlation coefficients, CECm, 
CECe, clay, OM, EC, sand and silt are highly 
suitable for developing PTFs to predict aggregate 
stability (MWD) in the lower Cheliff region. 
 
Hence, with respect to these results, multivariate 
regression equations were developed for the 
studied parameters, only regression models of 
each class that showed a coefficient of 
determination (R

2
) greater than 0.6 were 

retained. The best model in case of textural 
classification (Table 3) was shown by clayey and 
silty clay class (R2 > 0.9), furthermore, the clayey 

class RMSE was equal to 0 which indicate the 
highest accuracy of this PTF in estimating 
aggregate stability. Regarding salinity 
classification (Table 4), the highly salty class 
showed the highest R

2
 but also the highest 

RMSE (0.07), the lowest RMSE (0.01) was 
obtained in salty class. As Aggregate stability is 
highly dependent on OM [31-33] the lowest 
RMSE according to organic-textural classification 
(Table 5) were shown by PTFs related to rich 
and highly rich OM classes regardless the 
structural class, whereas, poor OM classes 
coincide  always with high RMSE.   

 
Table 1. General statistics of the training data sets (183 soil samples) 

 
Variable Minimum Maximum Mean Standard deviation CV% 
Clay (%) 1.68 97.10 32.43 16.64 51.31 
Silt (%) 0.00 91.70 42.31 19.07 45.07 
Sand (%) 0.00 92.00 25.47 21.05 82.65 
EC (dS/m) 0.07 59.30 09.69 07.03 72.55 
OM (%) 0.06 09.50 01.52 01.15 75.66 
pH 3.40 09.10 07.32 00.68 09.29 
CaCO3 (%) 0.00 46.60 07.81 10.21 130.7 
CECm (cmol+/kg) 0.67 73.50 15.14 08.46 55.88 
CECe (cmol+/kg) 0.61 86.14 15.79 09.33 59.09 
MWD (mm) 0.08 02.28 01.01 00.32 32.00 

 

Table 2. Pearson correlation (r) between physicochemical characteristics and MWD, 
associated with significance level (*P <.05, ** P <.01) 

 

 Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

pH CACO3 

(%) 
OM 
(%) 

EC 
(dS/m) 

CECm 
(cmol+/kg) 

CECe 
(cmol+/kg) 

MWD 
(mm) 

0.49** -0.14* -0.20* -0.24 -0.04 0.5** 0.11* 0.72** 0.51** 

 

Table 3. Selected PTFs and validation for textural classification (C = Clay, SL = Silt, SA = Sand, 
EC = Electrical conductivity, OM = Organic matter, CECm,e = Cationic exchange capacity) 

 

 Model R2 RMSE 
Sandy MWD(mm) = 0.017 × C(%) + 0.004 × SL(%) + 0.002 ×pH + 0.018 × 

CaCO3(%) + 0.14 × OM(%) + 0.006 × CECe(cmol+/kg) + 0.052 
0.67 0.02 

Silty MWD(mm) = 0.007 × SL(%) + 0.001 × SA(%) + 0.05 × pH + 2.6E - 4 × 
CaCO3(%) + 0.04 × OM(%) + 0.04 × EC(dS/m) + 0.02 × CECe(cmol+/kg) 
- 0.3 

0.71 0.03 

Silty 
clay 

MWD(mm) = 0.005 × C(%) - 0.02 × pH + 0.01 × CaCO3(%) + 0.15 × 
OM(%) + 0.04 × EC(dS/m) + 0.08 × CECm(cmol+/kg) 

0.91 0.03 

Clayey MWD(mm) = 0.0056 × CECm(cmol+/kg) 0.94 0.00 
 

Table 4. Selected PTFs and validation for salinity classification 
 

 Model R2 RMSE 
Slightly salty MWD(mm) = 0.21 × OM(%) + 0.12 × EC + 0.017 × 

CECm(cmol+/kg) 
0.81 0.02 

Salty MWD(mm) = 0.54 + 0.018 × C(%) 0.86 0.01 
Highly salty MWD(mm) = 0.026 × C(%) + 1.5E - 4 × SL(%) + 6.2E - 5 × 

SA(%) - 0.006 × EC(dS/m) + 0.004 × CECm(cmol+/kg) + 0.52  
0.90 0.07 
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Table 5. Selected PTFs and validation for organic-textural classification 
 
Texture OM Model R

2
 RMSE 

Sandy Poor MWD(mm) = 0.02 × CaCO3(%) + 0.25 × OM(%) + 0.02 × 
EC(dS/m) + 0.007 × CECe(cmol+

/kg) 
0.90 0.23 

Mod rich MWD(mm) = 0.02 × CaCO3(%) + 0.4 × OM(%) 0.94 0.13 
Silty Poor MWD(mm) = 0.04 × CECe(cmol+/kg) 0.74 0.35 
Silty 
clay 

Mod rich MWD(mm) = 0.0006 × pH + 0.14 × OM(%) + 0.03 × 
EC(dS/m) + 0.03 × CECm(cmol+/kg) 

0.90 0.04 

Highly 
rich 

MWD(mm) = 0.13 × OM(%) + 0.04 × CECm(cmol+/kg) + 

0.04 
0.75 0.01 

Clayey Poor MWD(mm) = - 0.01 × C(%) - 0.004 × SL(%) - 0.075 × pH + 
0.004 × CaCO3(%) + 0.06 × CECm(cmol+/kg) + 0.5  

0.81 0.33 

Mod rich MWD(mm) = 0.06 × EC(dS/m) + 0.04 × CECm(cmol+/kg) - 
0.3 

0.73 0.14 

Rich MWD(mm) = 0.002 × SL(%) + 0.02 × pH + 0.03 × 
CaCO3(%) + 0.93 × OM(%) + 0.25 × EC(dS/m) + 0.04 × 
CECm(cmol+/kg) - 4.04 

0.88 0.09 

Highly 
rich 

MWD(mm) = 0.05 × CECm(cmol+/kg) + 0.009  0.8 0.13 

 

3.2 Bland - Altman Approach 
 

As process used to assess the relationship 
between measured and predicted MWD via the 
differences, including approximate 95% limits 
and based on the assumption of normal 
differences, the Bland-Altman (Fig. 3) plot 95% 
limit lines were at - 0.81 and + 0.94. 
 

The graph also showed that the vast majority of 
the points were in the limits ± 0.5 with a few 
differences outside these limit lines. Such small 
differences indicate high agreement between 
measured and predicted MWD, furthermore, the 
t-test showed that the observed t (1.89) was less 
than the critical t (1.97) (P>.05) indicating no 
difference between the observed and predicted 
MWD.  
 

3.3 Geostatistical Analysis 
 

The cross validation, was used to estimate MWD 
of each sample in the lower Cheliff area through 
ordinary kriging, with neighbouring MWD by 
excluding the MWD being estimated, and to 
evaluate the kriging results in the main directions 
(0º, 45º, 90º and 135º),

 
comparison of the 4 

models (Table 6) showed that power model 
produced the highest coefficient of determination 
(R

2
 = 0.94), the lowest variability (CV% = 7%) 

and mean square error (MSE) (0.007), 
consequently this model was the most 
appropriate to estimate MWD. 
 

The outcome was a predictive spatial distribution 
map of MWD. The results of the spatial 

distribution (Fig. 4), showed a relatively small 
area of soils belonging to the stable category, 
only 63 km

2
 among 400 km

2 
were considerably 

resistant to slaking, runoff and diffuse erosion. 
The vastest area (277 km

2
) was moderately 

stable and subject to frequent slaking and 
variable erosion risk depending on weather and 
topographical conditions according to [7] scale. 
Areas with a relatively low stability (< 0.8) were 
mainly located at the periphery of the lower 
Cheliff plain. 
 
Table 6. Summary of theoretical variograms 

 

Model Nugget 
effect 

CV (%) R
2
 MSE 

Spherical 0.082 30% 0.3 0.074 

Exponential 0.078 28.90% 0.26 0.078 

Gaussian 0.082 29.30% 0.21 0.083 

Power 0.085 7% 0.94 0.007 
 

4. DISCUSSION 
 
Although soil aggregate stability can be 
measured directly, data collection is difficult, time 
consuming and rather costly, also soil properties 
can be spatially and temporally highly variable. 
To overcome this handicap, researchers have 
shown in the last few years a growing interest in 
developing indirect approaches, the most 
relevant were the pedotransfer functions (PTFs). 
Unfortunately, most PTFs have been developed 
to predict soil hydraulic properties, while the 
assessment of other soil parameters is very poor. 
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Fig. 3. Bland-Altman plot showing the agreement between measured and predicted MWD 
 

1 km2

52.50

2

kilometers

277 km 62 km
2

0° 46' 48" 0° 50' 24" 0° 54' 00"

62 km20.3 km2



 0° 39' 36" 0° 43’ 12"0° 36’ 00"

36° 00' 00''

0° 32' 24"

35° 56' 24"

35° 52' 48"

Stable
1.3 - 2

mm

Highly 
stable

> 2 mm

Unstable
0.4 - 0.8 

mm

Moderately 
stable

0.8 - 1.3 mm

Very
unstable
< 0.4 mm

 
 

Fig. 4. Theoretical map of MWD in the lower Cheliff plain obtained by kriging 
 
Modelling soil aggregate stability requires 
reliable, more easily measurable and available 
soil parameters describing soil physical and 
chemical properties. In this context, the aim of 
this study was the development of classes PTFs 
in order to predict soil aggregate stability in the 
salted lower Cheliff plain, one of the most 
vulnerable areas to the structural disintegration 
using easily measurable soil properties such as 
particle size distribution, EC, pH, OM, CaCO3, 
pH, and cation exchange capacity. Results 
showed that the lower Cheliff is one of the most 
salted plain in northwestern Algeria, as reported 
by [34-36] this variable is the most important 
parameters affecting soil disintegration in this 
area. Except CaCO3 and pH, the soil aggregation 

was significantly related to sand, silt, EC and 
highly significantly related to OM, CEC and clay, 
meaning that these variables were highly suitable 
for developing aggregate stability PTFs. The best 
model with the lowest bias were shown by 
clayey, silty clay, rich and highly rich OM classes, 
whereas, poor OM classes always coincide with 
a  high bias. The worst PTFs with the lowest R

2
 

were related to sandy and silty classes. Hence, 
with regard to these results, we can easily 
attribute the variations of aggregate stability to 
clay and OM. Indeed, as reported by [37,31-33] 
aggregate stability is highly dependent on OM 
content and clay percentage. These two 
variables play a role of cementing agents 
influencing the aggregate stability [38]. Thus, 
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through the different PTFs developed in this 
study, 95% of the differences between predicted 
and measured MWD lie between the limits of 
agreement (-0.81 and +0.94).  Furthermore, the 
majority of the points were in the limit ± 0.5, this 
high agreement was also confirmed by the t-test, 
meaning that the differences observed were due 
to random errors. The geostatistical analysis 
another technique of MWD prediction using 
ordinary kriging in the main directions (0º, 45º, 
90° and 135°), showed that power model 
produced the highest coefficient of determination, 
the lowest variability and the lowest bias, 
consequently this model was the most 
appropriate to estimate MWD. From an 
operational perspective and due to the 
complexity of soil properties and the 
spatiotemporal variability, the PTFs developed in 
this study can be considered as reliable methods 
in estimating aggregate stability according to the 
different classes of soil. Future plans are the 
prediction of aggregate stability by neural 
network PTFs and compare them to the class 
PTFs developed in this study. 
 

5. CONCLUSION 
 
The aim of this study was to develop PTFs to 
estimate soil structural stability in an arid area, 
through a set of local and worldwide data.  
 
As structural stability was related to sand, silt, 
EC, OM, CEC and clay, these variables were 
used to develop aggregate stability PTFs. The 
best models were those related to clayey, silty 
clay, rich and highly rich organic matter classes, 
whereas, the worst PTFs were related to sandy 
and silty classes. Hence, we were able to 
conclude that aggregate stability variations in the 
study area were mainly attributed to clay and 
organic matter.  
 

Through the PTFs developed in this study, the 
predicted and measured MWD were highly 
concordant, the observed differences were only 
due to random errors.  
 

Finally, the PTFs developed in this study are very 
promising, but an enrichment of the database 
and the exploration of further soil variables are 
needed, to develop stronger PTFs. 
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