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Abstract: In the present work, we evaluate the prediction capability of six Pedotransfer functions 

(PTFs), reported in the literature, for the saturated hydraulic conductivity estimations (
S

K ). We 

used a database with 900 measured samples obtained from the Irrigation District 023, in San Juan 

del Rio, Queretaro, Mexico. Additionally, six new PTFs were construct for 
S

K  from clay 

percentage, bulk density and saturation water content data. The results show, for the evaluat ed 

models, that one model present an overestimation for 
S

K 0.5  cm h-1 values, three models have a 

underestimation for 
S

K 1.0  cm h-1 and two models have a good correlation (R2>0.98) but are 

necessary more than three parameters. Nevertheless, the last two models requires from three to 

four parameters in order to get the optimization. By other hand, the models proposed in this work 

have a similar correlation with a less number of parameters : the fit is seen to be much better than 

using the existing ones, achieving a correlation of R2 = 0.9822 with only one variable and a R2 = 

0.9901 when we use two. 

Keywords: pedotransfer functions; inverse methods; gravity irrigation; model validation; 

experimental data 

 

1. Introduction 

The calculation of saturated hydraulic conductivity  is a very crucial factor to optimized the flow 

rate applied to the border or furrow  in the gravity irrigation [1-5]. Although this property is easily 

measurable in a laboratory, or in the field, for its application in small scales, most of the time it is 

required to be used on a large scale [4,5]. This inconvenient brings us numerous tests for soil 

measurements, which is time consuming, costly and impractical [6-7]. 

In recently years, there are a lot of studies about Pedotransfer Functions (PTFs) [6-9]. These 

mathematical models allow to estimate the saturated hydraulic conductivity ( S
K ) from some soil  

characteristics as: texture, field capacity, the permanent wilting point, bulk density, porosity, organic 

matter, among other [6-9]. The robustness of the model is link to the number of physical parameters 

used to calculate the saturated hydraulic conductivity; the more parameters, the more accurate the 

prediction. But, as it was mentioned before, the amount of measurements make the PTFs difficult to 

get, because the economical resources and time, which it is a limitation in this kind of functions.  

Diverse pedotransfer models can be found in the existing literature [6-11], several of them validated 

with already known databases (UNSODA, ROSETTA, among others). However, the predictive 
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capacity they have has been questioned, because the soils in which they want to a pply are different 

from the soils used for their development [12]. Those results indicate that, for its use at the local 

level, it is necessary to take in-situ samples to validate its application [13], or where necessary, make 

the appropriate corrections or adjustments [7]. Thus, the objectives of the present work are: 1) Use 

some PTFs  from the literature to obtain the hydraulic conductivity of the sampled soils with a great 

diversity of textural classes, 2) Develop new PTFs  based on the principal component  analysis 

technique to reproduce the observed data and validate them. 

2. Materials and Methods 

2.1. Pedotransfer functions in literature 

For the estimation of 
S

K , some of the models shown in [9] were tested, however, due to in the 

samples analyzed in the laboratory in this work the content of organic matter was not quantified, 

some models were used using the measured variables (Table 1). Statistical analysis of predictive 

capacity was performed with the R stats package [14] using non-linear least squares estimation [15]. 

 

Table 1. Basic information about Pedotransfer functions evaluated in this study. 

PTF Formula Reference 

PTF-1             
  

         

2 2 2 2 2

s s sS

2 2 2 2 2

s s s

a bSa cCl dSa eCl f gSa hSaK
ln

0.2778 iCl jSa Cl kCl lSa mClSa
 [4] 

PTF-2  
   

 

S
10

K
log a bSa cCl

0.070556
 [12] 

PTF-3     
   

 

2
S

s

K c dSa eCl fCl
ln a bSa

0.2778
 [13] 

PTF-4  
     

 

S
a

K
ln a blnCl c lnSa d

0.2957
 [6] 

PTF-5   bSa

S
K a e 0.3  [7] 

PTF-6  m

S
K a  [14] 

Abbreviations are as follows. Sa: Sand (%); Cl: Clay (%); 
s

: saturation water content (cm3 cm-3); 
a

:bulk 

density (g cm-3) and the coefficients from a to m are obtained by fitting the model to the experimental data.  

2.2. Soil data base 

The database used in this study was developed from samplings in 900 plots in the Irrigation 

District 023 San Juan del Río Querétaro (Figure 1). These samples were send to the laboratory to 

obtain the following parameters: soil texture by the Bouyucos hydrometer, bulk density by the 

cylinder method of known volume, moisture content at saturation, field capacity and permanent 

wilting point by the method of the pressure membrane pot and the saturated hydraulic conductivity 

by the variable head permeameter method. The measurement of the variables and the 

hydrodynamic characterization of soils are widely discussed in [19]. 
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Figure 1. Location map of the sampling points in the Irrigation District 023 San Juan del Río Querétaro.  

2.3. Statistical analysis 

The accuracy of PTFs in predicting hydraulic conductivity was evaluated by calculat ing three 

statistical measures between the predictions and observations; root mean square error (RMSE) 

between the measured and predicted hydraulic conductivity, the modeling efficiency (EF) and the 

mean error (ME): 

 







N 2

smi spi
i 1

K K

RMSE
N

         (1) 

 

 






 







N 2

smi spi
i 1

N 2

smi smi
i 1

K K

EF 1

K K

         (2) 

 






N

smi spi
i 1

K K

ME
N

          (3) 

where sm
K  is the measurement hydraulic conductivity (cm h-1), sp

K  the predicted hydraulic 

conductivity (cm h-1), 
sm

K  the mean of the measured values, and N the total number of 

observations. 
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3. Results and Discussions 

3.1. Laboratory results 

Table 2 shows a summary of the texture results obtained in the laboratory. It can be seen that 

the samples collected cover 11 of the 12 textural classes and, for this set, the predominant soils in the 

study area are those of Loamy silty clay and Silty clay texture. Furthermore, Table 3 presents a 

summary of the statistical properties of each of the variables used in this study. 

 

Table 2. Classification of soil samples by textural class. 

Texture No. of samples (%) 

Clay 22 2.4 

Silty clay 17 1.9 

Sandy clay 10 1.1 

Silt 136 15.1 

Clay loam 64 7.1 

Silty clay loam 163 18.1 

Clay sandy loam 139 15.5 

Silty loam 145 16.1 

Loam 94 10.5 

Sandy loam 110 12.2 

 

Table 3. Statistical properties of data measured in the laboratory. 

Variable Min Max Median Mean SD Q1 Q3 

Sand (%) 0.07 77.83 28.35 31.14 20.22 13.75 52.00 

Clay (%) 2.12 59.46 21.74 21.95 12.06 13.44 30.00 

Silt (%) 0.80 92.00 45.27 46.91 23.48 27.30 59.79 

Bulk density ( 
a
) (g cm-3) 1.18 1.70 1.40 1.41 0.11 1.32 1.47 

Volumetric water content ( 
s
) (cm3 cm-3) 0.35 0.56 0.47 0.47 0.04 0.45 0.50 

Field Capacity (FC) (cm3 cm-3) 0.17 0.47 0.29 0.30 0.06 0.25 0.32 

Permanent wilting point (PWP) (cm3 cm-3) 0.07 0.35 0.13 0.15 0.05 0.10 0.17 

Saturated hydraulic conductivity (KS) (cm h-1) 0.05 5.15 0.78 1.42 1.42 0.40 1.80 

 

3.2. Saturated hydraulic conductivity obtained with existing models 

Comparison of laboratory measured data on saturated hydraulic conductivity (KS) with those 

estimated (KSE) with models PTF-1 - PTF-6 are shown in Figure 2. The dotted diagonal line 

corresponds to the 1:1 ratio, while the horizontal indicates a value of zero in the estimation of the 

residuals. Pearson's correlation coefficient and standard deviations of the models used are shown in 

Table 4. 
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Figure 2. Comparison of the estimated saturated hydraulic conductivity (KSE) with the PTF1-PTF6 and those 

measured in the laboratory (KS). 

Table 4. Statistical analysis for tested models . 

PTFs RMSE EF ME   R2 

PTF-1 0.1370 0.9907 0.0574 0.1370 0.9953 

PTF-2 0.4325 0.9104 0.2449 0.4325 0.9546 

PTF-3 0.1895 0.9823 0.0823 0.1895 0.9915 

PTF-4 0.7143 0.8434 0.3837 0.7143 0.9307 

PTF-5 1.3018 -2.2687 1.0160 1.3018 0.4083 

PTF-6 0.6498 0.6874 0.5125 0.6498 0.8910 

 

According to the residual analysis [20,23] any value greater than 2 corresponds to anormal 

values in the distribution of errors, commonly called “outlier”. In  the Figure 2  (evaluated models) 

they are also shown the saturated hydraulic conductivity value at  this characteristic appear in each 

of the models used. Thus, it can be seen that the first four models begin to show this characteristic in 
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the range of 3.6  to 4.25 cm h -1 (PTF-1 - PTF-4), however, in the PTF-5 model it is presented from 2.00 

cm h-1, in addition to which is the model that has more variation in the estimation of KS. This 

indicates that the variance of the errors is not constant with respect to the value of the saturated 

hydraulic conductivity, which is reflected in the range of application in the estimation of this 

parameter [22]. In addition, the models where they present a better prediction, there is a greater 

presence of outliers, that is, the existence of anormal values in the distribution of errors. However, 

this can be attributed to the low predictive capacity of the models used, land use, characteristics of 

the plot, formation factors, among others [22-24]. 

3.3. Principal component analysis 

Despite the predictive capacity of some models, the number of variables necessary to be able to 

apply them is high. Also, when taking too many variables on a set of objects we will have to consider 

an excessive number of possible correlations. Another fact  to consider is that there is self-correlation 

between the variables already measured, for example, we know that there is a close relationship 

between the bulk density and the clay percentage. This makes it possible to reduce the number of 

variables, in this way a principal component analysis was carried out [25] using the packages 

“factoextra” [26] and “FactoMineR” [27]. The results of the correlations between the variables that 

we have helped us to propose new pedotransference functions. 

3.4. Development of new models 

Given the low predictive capacity of saturated hydraulic conductivity of the models used in the 

literature to predict the saturated hydraulic conductivity of our database, we decided to develop 

new models: linear, exponential and potential using the parameters that are most correlated with KS: 

Cl, 
s
 and 

a
. For optimization, it was decided to use the NLS method, which uses a relative 

displacement convergence criterion comparing the numerical imprecision in th e estimates of the 

current parameters with the residual sum of squares, executed on the data, using the constraint to 

avoid failures in the method: y = f(x,  ) + eps. 

The optimization of the constants in the models was performed with 50% of the data obtained 

randomly in each textural class. After trying to fit several models, it was decided to choose six that 

are shown in Table 5, where a, b, c and d are constant. 

Table 5. New pedotransfer models (NPTF) and statistical measurements of the entire database. 

NPTF MODEL RMSE EF ME   R2 

NF-1 S s a
K a bCl c d       0.6888 0.6865 0.6144 0.6845 0.8709 

NF-2  S
K a exp bCl   0.2636 0.9623 0.1958 0.2636 0.9822 

NF-3  S
K a exp b Cl s      0.2717 0.9582 0.1871 0.2651 0.9813 

NF-4  
d

S
K a b exp c Cl s    

  
 

0.1983 0.9788 0.1186 0.1985 0.9901 

NF-5  S
K a exp Cl s b       0.2738 0.9582 0.1877 0.2717 0.9813 

NF-6   S
K a 1 exp b c Cl s       0.2110 0.9783 0.1767 0.2473 0.9844 

The predictive capacity of the models, once calibrated in the previous section, was evaluated 

with the remaining 50% of the samples. The results of the NPTF adjustments are shown in Figure 3. 

The dotted lines at the top of each graph correspond to the fit, while the horizontal dotted line 

indicates a value of zero in the estimate of the residuals. In addition, the values of the constants and 

the Pearson correlation coefficient are shown. 
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Figure 3. Comparison of the estimated saturated hydraulic conductivity (KSE) with the NF-1 - NF6 and those 

measured in the laboratory (KS). 

The results obtained whit the proposed models show that the NF-4 model better predicts the 

data obtained experimentally by showing less variance and higher Pearson correlation coefficient (R2 

= 0.9901), on the contrary, with the linear model (NF-1) when using 3 variables, it has more bias in 

the residuals than the exponential model (R2  = 0.8747). However, the NF-2 model only uses the clay 

content as the input variable, which makes it a simple model with good predictability to obtain 

saturated hydraulic conductivity (R2 = 0.9822). Furthermore, in the six proposed models there are no 

outliers. These results are particularly relevant for understanding regional soil-water dynamics for 

irrigation and drainage studies in plots or Irrigations Districts with similar soil properties. 

5. Conclusions 

This work reported laboratory measurements of 8 physical parameters for 900 plots in the 

Irrigation District 023 located in the state of Queretaro, Mexico. With those samples, six Pedotransfer 

models found in the literature were tested. As a result, it can be seen that when applying these 

models to the database we have, the prediction of saturated hydraulic conductivity is deficient for 

values greater than 2.00 cm h -1.  
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The importance of clay content and moisture content at saturation as predictors of PTFs for 

saturated hydraulic conductivity has been analyzed in previous studies. The above characteristics, 

and the results obtained with existing and own models give us tools to conclude that there are no 

universal Pedotransfer models, so the use of any of them should be taken with caution, or failing 

that, develop regional equations that are able to obtain saturated hydraulic conductivity, given an 

error criterion, so that the results obtained are in accordance with the reality of the phenomenon and 

the place being studied. 
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