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Abstract - An accurate determination of the soil 
hydraulic characteristics is crucial for using soil 
water simulation models. However, these 
measurements are time consuming which makes it 
costly to characterise a soil. As an alternative, 
pedotransfer functions (PTFs) often prove to be 
good predictors for soil water contents. The 
purpose of this study is (i) to evaluate three well-
known and accepted parametric PTFs used to 
estimate soil water retention curves from available 
soil data [1]-[2]-[3], and (ii) to derive and validate, 
for Tunisian soils, a more accurate point PTFs; the 
proposed PTFs were developed for four levels of 
availability of basic soil data (particle fractions, dry 
bulk density and organic matter content) and 
provide estimation for water content at 0, 100 and 
1500 kPa pressure. A total of 147 Tunisian soil 
samples were divided into two groups; 109 for the 
development of the new PTFs and 38 for 
comparing the reliability of the tested PTFs 
against the derived ones. This data set contains 
measured soil water retention data, the dry bulk 
density, sand, silt, clay percentages and the organic 
matter content. The accuracy and reliability of the 
predictions were evaluated by the coefficient of 
determination (R2) and the Root Mean Square 
Error (RMSE) between the measured and 
predicted values. The developed PTFs have a good 
accuracy with R2 and RMSE ranged from 0.40 to 
0.86 and from 2.32 to 4.85%, respectively. We found 
that adding bulk density and soil organic matter as 
predictors in addition to sand, silt and clay 
percentages increased the prediction capability by 
1%. For the performance test, the water retention 
contents were better predicted by the developed 
than by the tested PTFs. The RMSE ranged from 
2.57 to 6.87 for the derived PTFs compared with 
3.34 to 13.61 for the tested PTFs. HYPRES had the 
lowest RMSE among the tested PTFs. For the 
derived PTFs, The R2 values varied from 0.34 to 
0.68. The lowest RMSE as well as the highest R2 
values were found for the PTF that used the 
detailed data. 
 

Index Terms— Field capacity, Pedotransfer function, 
Tunisian soils texture, Wilting point.  

INTRODUCTION 
Knowledge of the soil hydraulic properties is 

indispensable to solve many soil and water management 
problems related to agriculture, ecology, and 
environmental issues. These properties are needed to 
describe and predict water and solute transport, as well 
as to model heat and mass transport near the soil 
surface. One of the main soil hydraulic properties is the 
water retention curve, as it expresses the relationship 
between the matric potential and the water content of 
the soil. It can be considered of great importance in 
present-day agricultural, ecological, and environmental 
soil research. Unfortunately, direct measurement of this 
property is labor intensive and impractical for most 
applications in research and management, generally 
cumbersome, expensive and time consuming, especially 
for relatively large-scale problems. Alternatively, the 
indirect methods are increasingly used to estimate the 
soil hydraulic characteristics. One of the indirect 
methods, which are used to estimate the soil hydraulic 
properties, is Pedotransfer function (PTF). 
Pedotransfer functions can be defined as predictive 
functions of certain soil properties from other easily 
measured properties such as particle-size distribution 
(sand, silt and clay content), organic matter or organic C 
content, bulk density, porosity, etc. [4]-[5]. 

Pedotransfer functions may be categorized into 
“class” and “continuous” PTFs [6]. Class PTFs predict 
certain soil properties based on the soil classes to which 
the soil sample belongs [7]. Continuous PTFs predict 
certain soil properties as a continuous function of one 
or more measured variables. This latter type of 
pedotransfer function can also be classified as single 
point and parametric regressions [6]-[8]. Single point 
PTFs predict a soil property at a special point of the 
water retention curve [9] or available water capacity [10]. 
The parametric PTFs aim to predict the parameters of a 
model, and the most widely used soil hydraulic model is 
the van Genuchten function [11]:  
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Where, θr and θs are the residual and saturated water 

content, α is the scaling parameter, n is the curve shape 
factor and m is an empirical constant, which can be 
related to n by: 

 
m = 1 – 1/n.  (2) 

 
Many attempts have been made to correlate the 

parameters of this equation to basic soil properties, e.g. 
[1]-[2]-[3]-[12]. The latter type of PTFs is more suitable 
for modelling purposes as the equations describe the 
whole of the water-release curve, thus allowing the 
computation of water content at arbitrary pressures. 
But, there are indications that the parametric approach 
may lead to lower accuracy in water retention 
predictions compared with the point-based approach 
[13]. 

PTFs can be obtained by various mathematical 
methods. Until recently, most PTFs were derived 
through multiple regression methods [1]-[6]-[14]. But 
the artificial neural networks approach [15]-[16] is 
becoming more and more popular. An advantage of 
neural networks over traditional PTFs is that they do 
not require a priori model concept. The optimal and 
possibly nonlinear relations that link input data 
(particle-size data and bulk density, etc.) to output data 
(hydraulic parameters) are obtained and implemented in 
an iterative calibration procedure. As a result, neural 
network models typically extract the maximum amount 
of information from the data [17]; performances 
equivalent or superior to PTFs derived by regression-
type methods have been reported [16]-[18]. 

Regardless of the methodology used to derive them, 
PTFs are developed on the basis of databases of a 
limited number of soil samples. Consequently any PTF 
is likely to give less accurate or possibly even very poor 
predictions if used outside the range of soils from 
whose they were derived [8]. Thus, the predictive ability 
of PTFs is somewhat related to the similarity between 
the data set used in developing and testing the PTF [19]. 
It is important, therefore, to evaluate how well the 
PTFs will perform when applied outside the range of 
the data that were used to derive them. 

The objective of this study was, therefore, (i) to 
evaluate the general applicability and the prediction 
accuracy of three of the most commonly cited 
parametric PTFs to predict the water retention curve to 
a tunisian area, where climatic and geological conditions 
are different from those that prevailed for the 
establishment of the tested PTFs; (ii) to derive and 
validate, for Tunisian soils, a more accurate PTF to 
estimate the characteristic soil water content needed for 
irrigation planning; (iii) to compare prediction reliability 

of the derived and tested PTFs. 

MATERIALS AND METHODS 

THE DATA SET 
The soil data set used for this study was that of [20] 

and [21]. It contains Cambisols, Vertisols, Calcisols and 
Fluvisols mainly from the Ariana plain with some from 
Mornag, Tunisia [20]. The data set available contained 
147 horizons, including basic soil properties: three 
texture fractions as defined by USDA system sand (2 - 
0.05 mm), silt (0.05 - 0.002 mm), and clay (<0.002 mm); 
bulk density, organic matter content and water content 
at saturation, field capacity and at wilting point.  

The sand fraction was determined by dry sieving and 
the silt and clay fractions by the pipette method after 
pre-treatment with hydrogen peroxide and sodium 
hexametaphosphate. Bulk density was determined from 
undisturbed soil cores collected in 100 cm3 cylinders 
after drying at 105°C for 24 h. Organic matter, another 
variable used in the PTFs, was estimated by wet 
digestion in acid dichromate and automatic titration 
with iron sulphate. Water retention data were obtained 
from undisturbed soil cores using the same 
methodology: tension tables between saturation and -10 
kPa, and pressure chambers between -10 kPa and -1500 
kPa. The distribution of soil texture across the horizons 
used in the study is shown in Fig. 1. 

 
Fig 1.  The distribution of soil texture within the 
derivation (+) and validation (◊) data sets (144 points), 
shown on the textural triangle 
 

The selected data were subdivided into two parts. 
Derivation data set (109 samples) was used for 
evaluating the use of the tested PTFs and for the 
development of the new point PTFs. Validation data set 
was set aside as an independent data set that served to 
objectively evaluate and compare the reliability of the 
tested PTFs against the derived ones. 
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Table 1. Ranges of soil texture (according to USDA 
classification) and other basic information in the 
data sets used for pedotransfer functions derivation 
and validation. 

 
 
This data set consisted of 38 horizons. Table 1 

summarises the characteristics of both data sets in 
terms of means, maximum, minimum and standard 
deviations (SD) for the data sets used in the derivation 
and validation of the PTFs. The data in Table 1 suggest 
that both data sets are largely similar. 

THE TESTED PTFS 
In the present study, three frequently used 

parametric PTFs are evaluated, namely those by [1], [2] 
and [3]. The three PTFs will be referred to hereinafter 
as HYPRES, Vereecken and Saxton, respectively. All of 
them are based on a series of multiple linear regression 
equations that link the water content at a certain matric-
potential to some of the soil physical properties, such as 
particle-size distribution, organic matter content and 
bulk density. PTFs equations are not reported here for 
the sake of brevity, but can be found in the cited 
publications. 

Reference [1] used multiple linear regression to 
predict the parameters of the Van Genuchten equation 
using data from 4030 horizons from all over Europe 
(the HYPRES database). A class as well as a continuous 
PTF were developed. The class PTF was obtained by 
subdividing the database into 11 soil textural classes, 
and it gives the Van Genuchten parameters [11] in 
tabular format, whereas the continuous PTF does not 
consider any grouping. Input data needed are sand, silt 
and clay content, bulk density, organic matter content 
and a qualitative variable, indicating whether topsoil or 
subsoil is considered. Only the continuous PTF was 
evaluated. 

Reference [2] presented several equations for 
estimating parameters of a modified form of the Van 
Genuchten function [11] by introducing the simplifying 
assumption m = 1 (Eq. 1). The parameter estimation 
was performed through multiple regression using two 
sets of soil properties as predictor variables: a first set 
composed of the sand and clay fraction, the carbon 
content and the bulk density and a second set taking 
into account more detailed information on the particle-
size distribution. The former approach was used in the 
present study; the organic matter content was converted 
into carbon content by dividing it by a coefficient of 

1.724. 
Reference [3] used the data of [22] to derive 

equations that cover the whole range of matric-
potential values, instead of only 12 selected values. 
They used the regression approach of [22] that is least 
input-data demanding, from which they removed the 
influence of the BD and in which the OM was fixed to 
0.66%, the average value reported by [22]. Thus, the 
approach in [3] only needs texture (sand, clay) data. 
This method may be applied for soils of 5<sand<30% 
with 8<clay<58%, and 30<sand<95% with 
5<clay<60%. 

These PTFs were used to predict the water content 
at saturation (SAT), field capacity (FC) and at 
permanent wilting point (PWP).  

THE DERIVED PTFS 
The soil water contents at saturation, field capacity 

and wilting point are used to calculate the water depth 
that should be applied by irrigation [23], and to 
determine water availability, which is a crucial factor in 
assessing the suitability of a land area for producing a 
given crop [24]. Since the aim of this study was to find a 
suitable PTF to include in an irrigation scheduling 
model, it would, therefore, be useful to develop new 
point PTFs instead of parametric ones to predict the 
water content at these characteristic matric-potentials. 

The advantage of this latter approach is that fairly 
accurate predictions can be made for specific points 
along the water retention curve. On the other hand, it 
offers insight into which soil properties are relevant for 
predicting the water content at SAT, FC and PWP [6]. 
In addition, [13] reported that the parametric approach 
may lead to lower accuracy in water retention 
predictions compared with the point-based approach. 

The point PTFs were developed using the entire 
calibration data set (n= 109) following the multiple 
linear regression approach used by [1]. The procedure is 
outlined here. 

Step 1: Multiple linear regression techniques were 
used to relate the water retention at SAT, CC and PWP 
to texture, bulk density and organic matter content. 
Linear, reciprocal, and logarithm of these basic soil 
properties were used in the regression analysis, and 
possible interactions were also investigated. 
Logarithmic transformation of the input variables was 
found useful by [25]. The equation had the following 
form: 
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where Xi is the value of the water content (i = 1 to 3 
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corresponding to SAT, CC and PWP, respectively); Sa, 
Si and Cl are, respectively, the percentages of sand (2-
0.05 mm), silt (0.05- 0.002 mm) and clay ( < 0.002 mm); 
BD is the bulk density (g cm-3); OM is the percentage 
of organic matter and ai,j ( j = 1...n) are coefficients 
derived by multiple linear regression. 

Step 2: For the sake of parsimony, the number of 
parameters of Eq. (3) was reduced using stepwise 
techniques leaving in the final equation only variables 
that explained a significant proportion of the parameter 
variability. Practical applications of most PTFs are often 
hampered by their very specific data requirements. 
Some authors established PTFs that provided the best 
results for their data set, which sometimes produced 
models that require many input variables [26] or 
detailed particle size distributions [27]-[28]. However, 
users of PTFs are frequently confronted with situations 
where one or several input variables needed for a PTF 
are not available. It would therefore be useful if PTFs 
could accept input data with varying degrees of detail. 
Since basic data from soil surveys do not always 
provide information such as bulk density and organic 
matter, four equations were derived for each water 
content, depending on the amount of information 
available: model M1 included all basic information 
(sand, silt, clay, bulk density, and organic matter 
content); model M2 excluded bulk density; model M3 
excluded organic matter content; and model M4, 
excluded both bulk density and organic matter content. 
The different equations of the newly developed models 
are given in Annex I. 

Step 3: Finally, the proposed PTFs were validated 
using data not including in the fitting procedure (the 
validation data set). Comparisons of the performance of 
the newly derived PTFs with those of [1], [2] and [3] 
were carried out. 

EVALUATION CRITERIA AND 
UNCERTAINTY ANALYSIS 
Usually, a common method to evaluate models is to 

plot the measured values against the predicted values 
and the correlation between them is used for model 
evaluation (coefficient of determination R2). Ideally, 
this relationship should be linear with a slope of unity 
and intercept of zero. Although this method may be 
satisfactory for fitting an empirical model to observed 
data, it is inadequate for evaluating the performance of 
mechanistic models [29]. Generally, correlation-based 
statistics in conjunction with two other statistics, root-
mean-squared error (RMSE), and mean error (ME), 
also called bias, are used to evaluate the performance of 
models. The RMSE is always positive; it equals zero 
only if all measured water contents equal the predicted 
water contents. The RMSE is an index of the 
correspondence between measures and predicted water 
contents, which represents the expected magnitude of 
error. Negative and positive values of ME indicate 

under and over-estimation of PTFs for a given 
parameter, respectively. Their definitions are given 
below: 
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Where, iy  denotes the measured value, iŷ is the 

predicted value, iy  is the average of the measured 
value y, and N is the total number of observations. 
These three criteria were used in the evaluation of 
prediction accuracy of both tested and generated PTFs. 

The PTF accuracy is assessed from the 
correspondence between measured and estimated data 
for the data set from which a PTF has been developed. 
In contrast to accuracy, the reliability of a PTF needs to 
be assessed from the correspondence between 
measured and estimated data for the data set other than 
the one used to develop a PTF. 

RESULTS AND DISCUSSION 

EVALUATION OF THE TESTED PTFS 
Initially, we determined whether the samples in the 

derivation data set fit within the ranges of the tested 
PTFs (Table 2). Although some soil property values 
from our data set fell outside these ranges, the 
evaluation of each PTF was not only conducted on soils 
within these ranges. It was done on all sampled soils, 
since one of the objectives of the study was to evaluate 
PTFs for a whole range of soils in the study area.  

When considering the overall applicability of the 
retained PTFs for evaluation, Table 2 reveals that the 
PTFs of Saxton and Vereecken cover, respectively, less 
than 61 and 53% of our derivation soil samples. The 
Saxton PTF [3] does not include soils with very high 
clay content (>60%), whereas in case of the Vereecken 
PTF [2] the soil samples with very high silt and clay 
content fall out of the range of the derivation data set. 
Thus, as both the PTF of Saxton and Vereecken were 
developed on soils with clay content lower than 60 and 
55%, respectively, they do not cover the clayey soils of 
our data set. Since no information about the range of 
the applied soil properties was available for the 
HYPRES PTF [1], its applicability could not be tested. 
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Table  2. Soil property ranges of the data sets used 
to evaluated pedotransfer functions (PTFs) 

 
 
Although most of the PTFs were not applicable to all 

the soil samples of the derivation data set, the PTFs 
were evaluated on the complete derivation data set. The 
values calculated for the different evaluation criteria are 
presented in Table 3. 

When considering the mean of MEs, it can be 
observed that the Saxton and Vereecken PTFs tend to 
underestimate the water content (Table 3). Whereas the 
HYPRES PTF shows a tendency to overestimate the 
water content at SAT and PWP. Table 3 reveal that, in 
the case of the Saxton and Vereecken PTFs, this 
underestimation occurs at FC and PWP water content. 
The Vereecken PTF underestimates mainly at moisture 
contents below saturation which is in contradiction 
with findings of [30]. He reported a slight tendency to 
overestimate water content at -1500 kPa matric 
potential in case of the Vereecken PTF. The 
overestimation of the HYPRES PTF is pronounced 
near saturation, that is, at a matric potential of -0.3 kPa 
which is in concordance with the finding of [31]. 
However, the Saxton and Vereecken PTFs 
underestimate considerably at the wilting point, that is, 
at a matric potential of -1500 kPa. The Saxton PTF also 
underestimates considerably at the field capacity. The 
PTF of [1] show slight bias between the data sets, 
whereas the bias observed for the two other PTFs is 
considerable. 

Table  3. Evaluation criteria of the tested PTFs as 
computed on the complete derivation data set. 

 
 
As regards the mean of RMSEs, again the HYPRES 

PTF shows the lowest values, meaning that the 
predicted water content follows the measured water 
content relatively well for the three characteristic points. 
The highest values result from the Saxton and 
Vereecken PTFs. 

The R2 values reveal a somewhat different pattern in 
terms of the model's performance. The correspondence 
between measured and predicted water content is still 
highest for the HYPRES PTF and lowest for the 
Saxton PTF especially at SAT point. It can be deduced 
that the results shown in table 3 clearly show the risks 
of using PTFs outside the range of texture from which 
they were derived and for which they are valid. 

Most of the models predict best near saturation. The 
Saxton PTF does not perform very well at SAT, FC and 
PWP. It has the biggest RMSE and ME (ranging 8.20 
from to 16.95 and from -12.91 to 65.82, respectively) 
and the lowest R2 (ranging from 0.11 to 0.45). The low 
performances of the three evaluated PTFs can be 
attributed to their narrow applicability to the Tunisian 
soils. Therefore, a more accurate point PTFs were 
drived to fit the Tunisian soils. 

DATA ANALYSIS 
Fig. 2 highlights some of the relationships between 

dependent and independent variables that showed 
significant (p < 0.05) correlations for the derivation 
data set: in the case of SAT, FC and PWP (%). the only 
significant correlations were those with clay and sand 
content. 

A negative relationship between the characteristic 
water content and sand content was determined, 
whereas a positive relationship between the 
characteristic water content and clay content was found 
which is in agreement with the finding of [9]. In 
addition, they reported a negative effect of the bulk 
density on the field capacity and permanent wilting 
point. Whereas we found that the negative effect of the 
bulk density was only significant on the saturation point. 
The silt fraction and the organic matter had no 
significant effect on the variation of the water content 
at the three characteristic points. The relationship 
between the permanent wilting point and clay fraction 
was better than the relationship between the field 
capacity and clay fraction. 

Because the field capacity is the soil moisture content 
retained in the soil pores against the gravitational force, 
there might be a close relationship between the field 
capacity and soil pore size distribution. The clay 
fraction and organic matter content might affect the 
field capacity positively by increasing the soil pores 
retaining the water against the gravitational force, 
whereas the sand fraction might affect the field capacity 
negatively by increasing the soil pores allowing the free 
flow of soil water [9]. 

ACCURACY AND PERFORMANCE OF THE 
NEWLY DERIVED PTFS 

Results of applying the derived PTFs in order to 
estimate the soil water content at saturation, field 
capacity and permanent wilting point from the available 
basic soil information are shown in Table 4. The RMSE 
values in Table 4 exhibit a trend of improvement from 
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model M4 to model M1. Including more basic soil 
parameters in the regression equation generally leads to 
better estimates.  

 

Fig. 2.  The relationships between the soil water contents 
at saturation (SAT), field capacity (FC) and permanent 

wilting point (PWP) and the clay and sand content. 

 
Estimations using the new PTFs show RMSE values 

ranging from 2.32 to 4.85. These are relatively accurate 
estimations when compared with estimations that 
appear in literature [6]. The RMSE values reported in 
literature range from 2 to 7 both for FC and PWP [32]. 
The R2 values also show a trend of improvement as the 
type of soil parameters changes throw model M4 to 
model M1 and this is true for the three characteristic 
points. Most bias is introduced by the PTFs M2 and M3 
at the permanent wilting point; it’s about -0.24 and -
0.16, respectively. 

Table  4.  Evaluation criteria of the derived PTFs 
as computed on the complete derivation data set. 

 
 
In the case of the Model M1, which included all basic 

information (sand, silt, clay, bulk density, and organic 
matter); 

 

 

Fig. 3. Predicted water content as a function of measured 
water content (a) in the case of model M1 (b) in the case 

of model M2 

 
The level of accuracy is fairly high with the highest 

R2 and lowest RMSE. The observed improvement of 
including the hole basic data on the accuracy to 
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estimate the water content is similar to the one reported 
by several study [18]. Of the three characteristic water 
contents, the permanent wilting point is the one whose 
estimation is characterized by a higher degree of 
accuracy (R2 = 0.86 and RMSE = 2.32).  

Fig. 3a shows the predicted water content as a 
function of measured water content at the three 
characteristic points as predicted by models M1.  

Model M2 has a root mean square error of 3.89 at 
the SAT point whereas model M3 has a value of about 
2.76 which is closer to the value of RMSE obtained by 
the model M1. Hence, omitting BD in model M2 led to 
an increase in RMSE especially at very low potential, 
showing the crucial role of BD in the prediction of the 
water content near saturation. [22] and [33] found 
similar results when calibrating multiple linear functions 
and artificial neural network respectively, to predict 
water content in the same pressure head range. It is 
important to note also that the organic matter content 
was a better complimentary predictor of water retention 
at FC as compared with bulk density  

 

 

Fig. 3. Predicted water content as a function of measured 
water content (c) in the case of model M3 (d) in the case 

of model M4 

 
(Table 4), and, therefore, if available, may be a 
preferable predictor of water retention which is in 
contradiction with findings of [34]. 

In addition, he reported that bulk density values 
could represent the effect of organic carbon on water 
retention if the primary effect of organic matter was 
changing bulk density. Reference [22] demonstrated a 
correlation between bulk density and organic matter 
content in his data sets and indicated that bulk density 
effectively substituted organic matter. In our case the 
correlation between organic matter content and bulk 
density is very low. That’s why using both those 
properties along with texture as the water retention 
predictors (model M1) leads to the best overall accuracy 
(RMSE < 3.2).  

Reference [34] concluded that organic carbon and 
bulk density improve estimates of soil water retention 
derived from soil texture. [30] and [35], all found that 
inclusion of organic carbon content as an input to PTFs 
was useful in improving estimates of soil water at FC 
and PWP. [36] also saw the need to use organic carbon 
content in estimating water content at wilting point. 

The performance of the newly developed PTF 
models was evaluated (Table 5) by comparing the 
RMSE values with predictions of those of Saxton, 
Vereecken and HYPRES. 

Table 5. Evaluation criteria of the derived and 
tested PTFs as computed on the complete 
validation data set 

 

 
From these testing results it follows that of the 
evaluated PTFs Saxton and Vereecken had the same 
high mean RMSE, whereas the predictions by the 
HYPRES model gave smaller errors because of a good 
performance at PWP.  

The RMSE values of the M1 model show less good 
prediction at PWP but show good predictions at SAT 
and FC as compared to the predictions by the three 
other derived models (M2, M3 and M4). The results 
obtained from the validation data set show that the 
overall predictions capability of the four derived models 
(M1, M2, M3 and M4) is better the tested PTFs Saxton 
and Vereecken whereas the HYPRES model has similar 
errors. 
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CONCLUSION 
In the present study we used multiple linear 

regression analysis to derive the best relationship 
between the water retention at saturation, field capacity 
and wilting point and the basic soil properties. We 
examined the effect of excluding bulk density, and soil 
organic matter from predictor parameters. The 
improvement in predictions using more detailed input 
soil data (sand, silt, clay, bulk density, and organic 
matter content) was generally better. The lowest RMSE 
as well as the highest R2 were found for the model that 
used the most detailed data. 

Reliability of the developed PTF models (M1 to M4) 
were tested against other well­known PTFs. The 
validation procedure, using an independent data set, 
demonstrated the ability of the proposed PTF to 
accurately predict the water retention curve of Tunisian 
soils, and also revealed the shortcomings of PTFs 
derived using soils data from temperate regions in 
predicting the water retention curves of Tunisian soils. 
The limitations of [2] and [3] PTFs when applied to 
Tunisian soils were evident, even within the range of 
validity (textures) for which they had been derived. 

The use of the developed PTF is attractive due to 
their generally low error level and their flexibility to 
input parameters. The newly derived pedotransfer 
functions would allow the examination of for example 
the effect of reductions in soil organic material content 
or changes of bulk density (tillage or soil compaction) 
on the soil hydraulic properties. Such information may 
then be used in studies like vulnerability of soils to 
physical or chemical degradation. To improve 
predictions further additional soil parameters may be 
included such as parameters describing soil structure. 
Another alternative could be the development of soil 
class specific PTF models.  

The derived equations were incorporated into a 
graphical computer program to readily estimate water 
retention at saturation, field capacity and wilting point. 
Texture is selected from the texture triangle and text 
boxes allow introducing the content of the organic 
matter and the bulk density. The results are dynamically 
displayed in datasheets or graphs as the inputs are 
varied. This provides a rapid and visual display of the 
estimated water holding and transmission characteristics 
over a broad range of variables. 

APPENDIX 
The equations of the developed PTFs models are 

given below:  
Model M1 

θSat= -0.8667(Cl) - 1.426(Sa) - 84.2817(BD) - 0.0151(Si)2 + 
0.0012(Sa)2 - 7.9188Ln(Si) + 112.0333Ln(BD) - 
0.0064(Cl)(Si) - 0.2835(Cl)(BD) - 0.0068(Si)(Sa) + 
0.177(Si)(OM) + 266.768 

θFC = 0.0023(Si)2 - 8.491(BD)2 - 3.2498(OM)2 + 
153.59021/(Cl) - 101.21431/(Si) ­9.02181/(Sa) + 

8.52011/(OM) + 20.9002Ln(OM) + 0.355(Cl)(BD) - 
0.2388(Cl)(OM) + 10.1357(BD)(OM) + 16.4788 

θPWP = -0.7409(Si) + 0.0126(Si)2 - 7.4396(BD)2 - 
2.8807(OM)2 + 136.151/(Cl) - 98.33231/(Si) - 
23.99671/(Sa) + 9.03681/(OM) + 20.7999Ln(OM) + 
0.4598(Cl)(BD) - 0.2579(Cl)(OM) + 9.1905(BD)(OM) 
+ 9.8444 

Model M2 
θSat= 0.7264(Si) + 0.2026(Sa) - 0.0083(Si)2 - 13.75491/(Sa) - 

7.7387Ln(Sa) + 2.2103Ln(OM) - 0.0043(Cl)(Si) + 
0.0051(Cl)(Sa) - 0.0047(Si)(Sa) + 53.4646 

θFC = 0.2239(Cl) - 57.95441/(Si) - 11.69741/(Sa) + 
6.90031/(OM) - 3.5324Ln(Sa) + 24.0966Ln(OM) + 
0.0031(Cl)(Sa) - 0.1886(Cl)(OM) + 36.7918 

θPWP = -181.7238(Cl) - 183.5092(Si) - 182.4525(Sa) - 
0.0048(Cl)2 + 0.0114(Si)2 - 0.0031(Sa)2 + 
128.78961/(Cl) - 83.0451/(Si) + 6.52931/(Sa) + 
9.18951/(OM) + 27.4919Ln(OM) + 0.0043(Cl)(Si) - 
0.2411 

Model M3 
θSat= 0.4602(Cl) + 1.1343(Si) - 86.8963(BD) - 0.011(Si)2 - 

9.4193Ln(Si) + 110.5222Ln(Da) ­0.256(Cl)Da - 
0.002(Si)(Sa) + 0.0405(Sa)Da + 135.5837 

θFC = 148.39031/(Cl) - 43.85161/(Si) - 5.17411/(Sa) + 
16.6718Ln(Cl) + 0.0011(Cl)(Si) ­0.0999(Cl)Da + 
0.0025(Si)(Sa) - 24.1522 

θPWP = -1.2152(Si) - 0.4877(Sa) - 0.0057(Cl)2 + 0.0087(Si)2 

+ 85.84361/(Cl) - 88.0331/(Si) + 0.0012(Cl)(Si) + 
0.2129(Cl)Da + 59.6137 

Model M4 
θSat= 0.6658(Si) + 0.1567(Sa) - 0.0079(Si)2 - 12.31121/(Sa) - 

6.4756Ln(Sa) - 0.0038(Cl)(Si) + 0.0038(Cl)(Sa) - 
0.0042(Si)(Sa) + 52.7526 

θFC = 118.932(Cl) + 119.0866(Si) + 119.1104(Sa) + 
162.31731/(Cl) - 46.21921/(Si) ­5.12991/(Sa) + 
18.1733Ln(Cl) + 0.0013(Cl)(Si) + 0.0022(Si)(Sa) - 
11939.3493 

θPWP = -1.5722(Si) - 0.5423(Sa) - 0.0072(Cl)2+   0.0072(Si)2 

- 0.0059(Sa)2 + 160.14591/(Cl) + 6.60011/(Sa) + 
0.0022(Cl)(Si) - 0.0039(Cl)(Sa) + 92.3851 
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