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Abstract. Hydrological modellers have recently been challenged to improve watershed models by better integrating soil
information into model applications. Reliable soil hydraulic information is thus necessary for better describing the water
balance components at the catchment scale. Frequently, that information does not exist. This study presents a set of class-
pedotransfer functions (PTFs) for estimating the water retention properties of Portuguese soils. The class-PTFs were
established from a dataset containing 697 soil horizons/layers, by averaging values of total porosity and volumetric water
contents at –0.25, –1, –3.2, –6.3, –10, –33, –100, –250, and –1500 kPa matric potentials after grouping data by soil texture
class, soil horizon, and bulk density. Fitted retention curves using the van Genuchten model were also obtained for every
class-PTF. The root mean square error varied between 0.039 and 0.057 cm3/cm3, with smaller values found when using the
12 texture classes of the International Soil Science Society (ISSS) system rather than the five texture classes of FAO, and
when bulk density was also considered. The class-PTFs were then integrated into Portuguese soil maps and its usage was
demonstrated by deriving maps of available water capacity to be used for modelling the water balance in a small catchment
area with the SWAT model. The model successfully simulated the reservoir inflow when using the derived maps, but the
results did not vary much whether using coarser or finer description of the catchment soils. Nonetheless, the class-PTFs
contributed to a better soil characterisation than when using coarse-scaled information. The approach followed here was
simple, inexpensive, and feasible for modellers with few resources but interested in considering the spatial variability of
soil retention properties at large scales and in advancing hydrologic modelling in Portugal.
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Introduction

Recently, watershed modelling has emerged as one of the
most important assessment tools in watershed planning and
management. Nonetheless, hydrological modellers have been
challenged to improve watershed models by better integrating
soil information into model applications (Lin et al. 2006;
Bouma et al. 2011). Soil type is a major factor influencing
soil evaporation, crop evapotranspiration, crop nutrition,
recharge to groundwater, and soil erosion. In addition, soil
physical and chemical properties present inherent spatial
and temporal variability within the catchment scale. However,
in many model applications, soils have been considered
simplistically, frequently as homogeneous and isotropic,
simplifying important hydrologic processes occurring at the
catchment level (Bouma et al. 2011). As a result, the classic
calibration of watershed models, in which a few discharge
gauges near the outlet of a catchment are used to compare
measured and simulated discharges, has been criticised

because it does not assure that other processes such as
evapotranspiration, crop growth, and groundwater recharge
are correctly represented in the catchment area (Lin et al.
2006; Bouma et al. 2011).

Hydrological modellers generally have no alternative to these
simplistic representations of field soils, because detailed and
reliable soil information is rare in most regions of the world.
Hydropedology, an emerging interdisciplinary field merging soil
science and hydrology, intends to overcome such limitations
in watershed modelling by better addressing the intimate
relationships linking soil, landscape, and hydrology (Lin
2003, 2010; Bouma 2006; Lin et al. 2006; Pachepsky et al.
2006; Bouma et al. 2011). Of particular interest to this study is
the bridging of data gaps between soil survey databases and soil
hydraulic information needed in simulation models. Classical
methods for direct measurement of soil hydraulic properties
(Dane and Topp 2002) are known to be costly, time-consuming,
and impractical for large-scale applications in which many
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samples are required to quantify the spatial and temporal
variability of those properties. Remote-sensing techniques
may eventually overcome those limitations and then be used
to derive effective soil hydraulic properties at a much larger
scale (Weihermüller et al. 2007; Steenpass et al. 2010; Jana and
Mohanty 2012). However, further advancement in the research
on these techniques is needed, as remote-sensing signals are
usually sensitive only to a very limited surface depth and are
unable to characterise the soil profile at the greater depths
required in hydrological modelling. Hence, pedotransfer
functions (PTFs), which relate soil hydraulic properties to
basic soil physical and chemical properties usually available
from soil survey studies (Bouma 1989; Vereecken et al. 1989;
McBratney et al. 2002; Pachepsky and Rawls 2004), may still be
the best approach when characterising soil hydraulic properties
at large scales.

Soil survey studies can provide important information to
improve hydrological modelling, especially soil maps, which are
a common way to portray soil heterogeneity and to describe
structural patterns across the landscape (Lin 2003, 2010).
However, that information alone may not be sufficient, as soil
hydraulic properties show spatial variability even within the
same mapping unit (Wösten et al. 2001). Therefore, information
obtained from soil survey studies should most likely be first used
to derive a set of pedotransfer rules for each soil profile, which
then could be used to integrate estimates of hydrological data
and the associated uncertainty.

That strategy was the primary motivation in this study in
which class-PTFs were developed as tools for assimilating soil
hydraulic information into Portuguese soil maps. Class-PTFs
provide class-average water contents at specific pressure heads
or one average water-retention curve for every textural class.
They are usually obtained from the arithmetic mean (e.g. Bruand
et al. 2003; Al Majou et al. 2008a, 2008b), geometric mean
(Wösten et al. 1995, 1999), and the statistical distribution of the
dataset (Baker 2008). Hence, class-PTFs are considered the
simplest approach for presenting reliable soil hydraulic
information to hydrological modellers, as the models require
only very basic soil data and are well suited for predicting
water retention properties at regional or national scales
(Wösten et al. 1995, 1999; Nemes et al. 2003; Al Majou
et al. 2008b).

The simplicity of the data inputs of class-PTFs when
compared with other more sophisticated PTFs (Gonçalves
et al. 1997; Wösten et al. 1999; Schaap et al. 2001) also
makes them ideal tools to overcome some of the constraints
in the Portuguese soil survey database (Madeira et al. 2004;
Gonçalves et al. 2005) if that information is to be used in modern
hydrological modelling studies. Some of these constraints are:
(i) different soil classification systems were used in the
available soil maps, thus making basic soil properties such as
soil texture classes the easiest link available among the different
maps; (ii) soil maps within a single catchment area may show
different levels of detail as a result of the scales used for mapping
soils in different regions of the country; (iii) the coordinates of
the representative soil profiles were never released, with only a
broad location being given; and (iv) the information on soil
hydraulic properties is limited to a few specific retention points
(normally, the wilting point and field capacity), with most of the

data being obsolete because they were determined on disturbed
soil samples.

Consequently, most watershed modelling studies performed
in Portugal have struggled to find reliable soil information for
characterising field soils in their model applications (e.g. Nunes
et al. 2006; Duarte et al. 2008; Yevenes and Mannaerts 2011).
Some of these studies were able to proceed with a simplistic
characterisation of soil hydraulic properties by analysing a few
soil profiles in the studied areas. However, many others used
data from Cardoso (1965), which are far from adequate in
modern hydrological studies, or applied ‘external’ PTFs that
have not been validated for Portuguese soils, sometimes not
even accounting for the differences in the particle limits between
the existing data and the requirements of the PTFs.

This study presents a set of class-PTFs developed from a
currently underused database of Portuguese soil hydraulic
properties (Gonçalves et al. 2011). The main purpose is thus
to make the data available for watershed modellers, irrigation
managers, and others, because data are more valuable when used
by technicians, policy makers and scientists, including those
interested in advancing hydrological modelling (Lin et al. 2006).
The specific objectives of the study were to develop class-PTFs
for integrating soil-water retention properties into Portuguese
soil maps. Class-PTFs were derived for estimating water
retention at 10 different values of matric potential, with soil
texture classes, soil horizon, and bulk density being used as
ancillary variables. Then, the effectiveness of the class-PTFs in
simulations of a catchment water balance was assessed with the
Soil and Water Assessment Tool (SWAT; Neitsch et al. 2011).

Materials and methods

The dataset

The class-PTFs were developed from data available in the
PROPSOLO soil database (Gonçalves et al. 2011), which
gathers all information on soil hydraulic and pedological
properties from soil profiles obtained from research projects
and academic studies performed at the Portuguese National
Institute of Agronomic and Veterinarian Research (former
Estação Agronómica Nacional). This database contains
practically all of the existing knowledge on the soil hydraulic
properties of Portuguese soils (with the exception of a few
specific retention points found in soil survey studies).

The data extracted for this study included a set of 697
horizons/layers studied in 330 soil profiles in Portugal
(Fig. 1) between 1977 and 2011. This dataset comprised 315
topsoil (0–30 cm depth) and 382 subsoil (>30 cm depth)
horizons. The soil reference groups (FAO 1998) represented
were Fluvisols (36.4%), Luvisols (29.4%), Vertisols (10.3%),
Cambisols (8.5%), Calcisols (6.1%), Anthrosols (4.2%),
Arenosols (1.5%), Podzols (0.9%), Regosols (0.9%),
Ferralsols (0.6%), Leptosols (0.6%), and Planosols (0.6%).
Table 1 presents the main physical and chemical properties of
the 697 soil horizons/layers selected for the study. The particle
size distribution was obtained using the pipette method for
particles of diameter <2mm (clay) and 20–2mm (silt), and by
sieving for particles 200–20mm (fine sand) and 200–2000mm
(coarse sand). These textural classes follow the Portuguese
classification system (Gomes and Silva 1962) and they are
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based on the International Soil Science Society (ISSS) particle
limits (Atterberg scale). The organic carbon (OC) content was
determined by the Walkley–Black method (Nelson and
Sommers 1982). Dry bulk density (rb) was obtained by
drying volumetric soil samples (100 cm3) at 1058C for 48 h.
Total porosity (j) was determined from the maximum holding
capacity of 100-cm3 undisturbed soil cores on a volumetric
basis. Gravimetric water content was determined on undisturbed
soil samples (100 cm3) using suction tables at –0.25, –1, –3.2,
–6.3, –10, and –33 kPa matric potentials (Romano et al. 2002)
and the pressure plate apparatus at –33, –100, –250, and –1500
kPa matric potentials (Dane and Hopmans 2002). Then, the
volumetric water content for each horizon/layer and each matric
potential was computed from the gravimetric water contents and
the bulk density of the corresponding horizon/layer. The
volumetric water content at –33 kPa was obtained from only
one method at the time (using suction tables with sand and kaolin
until 2005 and using the pressure plate apparatus after 2006).

The missing values in the volumetric water content dataset
were estimated by introducing values derived from the fitted van
Genuchten model (1980):

SeðhÞ ¼ qðhÞ � qr
qs � qr

¼ 1

1 þ ahj jh� �1�1=h ð1Þ

where Se is the effective saturation; qr and qs are the residual
and saturated water contents (L3/L3), respectively; a (1/L) and
h (–) are empirical shape parameters; and h is the pressure head
(L). This procedure introduced an error to the subsequent
calculations and model evaluations resulting from the non-
perfect fit of the fitted model to the experimental data (root
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Fig. 1. Location of the 330 soil profiles in Portugal.
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mean square error (RMSE) = 0.014 cm3/cm3), in line with
published results (e.g. Nemes and Rawls 2006). The errors
were thus relatively small compared with the errors usually
obtained using PTFs, and therefore, the fitted values were
assumed as if they were measured. Table 1 presents the
number of determinations of the water content at each matric
potential in the original dataset. The number of missing values
can be found by subtracting those numbers from the full set of
data used in this study (697, where 23.2% of the retention curves
were complete while 1.9% missed four or five values).

Development of class-PTFs

The class-PTFs were developed by averaging the values of total
porosity (j) and volumetric water contents (q) at –0.25, –1, –3.2,
–6.3, –10, –33, –100, –250, and –1500 kPa matric potentials
after grouping the data using the following criteria: (i) the five
textural classes of the FAO triangle adapted to the ISSS particle
limits (Gomes and Silva 1980) and the 12 textural classes of the
ISSS triangle (Fig. 2); (ii) the FAO and ISSS texture classes and
the type of horizon (topsoil and subsoil horizons), to account for
differences in pore structure, pore size, and OC content between
the two horizons; (iii) the FAO and ISSS texture classes and
bulk density, to account for the effect of soil structure on water
retention; and (iv) the FAO texture classes, soil horizon, and bulk
density in conjunction—this option was not available for the
ISSS texture class-PTFs due to data limitations.

The class-PTFs were complemented by fitting the van
Genuchten model (van Genuchten 1980) (Eqn 1) to the
arithmetic mean value of q at different water potentials using
the RETC (retention curve) program (van Genuchten et al.
1991). The average water retention curves were obtained for
the texture classes represented in the FAO and ISSS triangles
after stratification by texture class, soil horizon (topsoil and
subsoil), and bulk density as described above.

Uncertainty analyses

For each class-PTF type, the data were divided into two subsets:
a calibration set composed of two-thirds of the data, and a

validation set with the remaining one-third of the data. The
random division and subsequent model development and
validation were performed 10 times. Each time, the data that
were used in the development of the class-PTFs were not
used in validation, and vice versa. The class-PTFs were then
established by averaging the arithmetic means of the water
contents at each matric potential and the van Genuchten
model parameters obtained in the 10 random development
datasets. The standard deviations and the 95% confidence
intervals for the means and standard deviations were also
determined from the 10 random estimates. Class-PTFs having
data from fewer than five horizons/layers were thus not
considered due to the approach used here for analysing class-
PTF uncertainty. In addition, it was assumed that estimates with
fewer than five horizons would not produce a consistent
estimate.

The precision bias and the average accuracy of the
estimations were expressed by the mean error of predictions
(MEP) and the RMSE, respectively, as follows:

MEP ¼ 1
H l

XH
j¼ 1

Xl

i¼ 1

qp; j; i � qm; j; i
� � ð2Þ

RMSE ¼ 1
H l

XH
j¼ 1

Xl

i¼ 1

qp; j; i � qm; j; i
� �2( )1=2

ð3Þ

where qp, j, i is the predicted water content at potential i for
horizon j; qm, j, i is the measured water content at potential i for
horizon j; l is the number of water potentials for each horizon
(l= 10 in this study); and H is the number of horizons (H� 697
in this study). The MEP and RMSE values were thus obtained
for the estimates of volumetric water contents at each matric
potential and not for the fitted van Genuchten model parameters,
because the latter derived from the former. Positive and negative
MEP values indicated overestimation and underestimation of the
water contents, respectively. MEP and RMSE were determined
for each of the 10 random validation datasets. The mean MEP

100

80

60

60

40 60 40 

40 6040

8020 8020 

0 

100 80 60 40 20

% SAND % SAND 

%
 S

IL
T 

%
 S

IL
T 

%
 C

LA
Y

%
 C

LA
Y

0 100 80 60 40 20 0

100 0 100

20 80 20 

0 100 0 
(a) (b)

Fig. 2. Textural distribution of the 697 soil horizons classified in accordance with the (a) FAO and (b) ISSS textural
classification systems. FAO triangle: C, coarse; M, medium; MF, medium fine; F, fine; VF, very fine texture classes. ISSS
triangle: S, sand; LS, loamy sand; SL, sandy loam; L, loam; SCL, sandy clay loam; CL, clay loam; SC, sandy clay; C, clay;
SiC, silty clay; SiCL, silty clay loam; SiL, silty loam; Si, silt.

Class-PTFs for Portuguese soils Soil Research 265



and RMSE values, standard deviations, and 95% confidence
intervals for the mean and standard deviation were also
determined from the 10 estimates.

The accuracy of the class-PTFs was also compared with
water content estimates from published PTFs that used part of
our dataset (Gonçalves et al. 1997, 1999;Wösten et al. 1999; Paz
et al. 2009). For the class and continuous PTFs of Wösten et al.
(1999), it was necessary to interpolate the silt content, defined as
the fraction between 2 and 50mm, from the cumulative particle-
size distribution of each horizon/layer included in our dataset.
Smoothing splines (Nemes et al. 1999) were thus fitted to the
cumulative particle size limits of 0, 2, 20, 200, and 2000mm to
obtain the cumulative percentage of particles at 50mm.
Smoothing splines were adjusted to the data with the Curve
Fitting Toolbox 2.0 available in MATLAB R2009a version
7.8.0 (MathWorks Inc., Natick, MA, USA), resulting in an
RMSE of 4.631%. However, because the most significant
deviations were found for the fraction between 0 and 2 mm,
the interpolation results for the fractions between 20 and
2000mm and thus for the cumulative fraction at 50mm were
considered acceptable.

Assessment of the influence of the class-PTFs
on the catchment water balance

A sensitivity analysis was performed using the river basin model
SWAT (Soil and Water Assessment Tool; Neitsch et al. 2011)
to assess the effect of different available water capacity (AWC)
estimates on the catchment water balance. SWAT is a semi-
distributed, process-oriented model for simulating water,
nutrient, and pesticide transport. The hydrologic simulation
is based on describing the water balance, which accounts for
rainfall interception, evapotranspiration, surface runoff,
infiltration, soil percolation, lateral flow, groundwater flow,
and channel routeing processes.

In SWAT, surface runoff is computed using a modification of
the SCS (Soil Conservation Services) curve number method
(Neitsch et al. 2011). Reference evapotranspiration (ETo) is
calculated with the FAO Penman–Monteith method (Allen et al.
1998) and partitioned into soil evaporation and plant
transpiration as described by Ritchie (1972). Soil percolation
occurs when the field capacity of a soil layer is exceeded, and the
percolation rate is governed by the Ks of the soil layer. Finally,
lateral flow accounts for horizontal transport due to variations in
the Ks, slope, and soil water content in the different sub-basins
(Neitsch et al. 2011).

The sensitivity analysis was performed in the Enxoé
catchment (60.8 km2), in the Alentejo region of southern
Portugal. The Enxoé is a tributary of the Guadiana River, one
of the main rivers in the southern Iberian Peninsula. The
dominant soils are Luvisols (covering 47% of the area),
Cambisols (31%), Calcisols (14%), and Vertisols (6%) (FAO
1998). The main land uses are olive groves (18.3 km2), agro-
forestry of holm oak ‘montado’ (17.6 km2), and annual winter
crops (17.0 km2). The agro-forestry of holm oak montado is
mostly in areas with Cambisols, whereas olive groves and
annual winter crops are mainly found in areas with Luvisols
and Calcisols. The slopes are relatively gentle, and the average
altitude of the catchment is 200m.

Brito et al. (2012) studied the long-term dynamics of
sediment and nutrients in that catchment using the SWAT
model. Soil data were obtained from the European Soil
Database version 2.0 (Daroussin et al. 2006), which
comprises several specific databases, including the Soil
Geographical Database of Eurasia (1 : 1 000 000) and the Soil
Profile Analytical Database of Europa. The former is a simplified
representation of the diversity and spatial variability of the
soil coverage, whereas the latter incorporates quantitatively
measured or estimated analytical data (e.g. texture, root
depth, organic matter, and soil water retention) from
representative soil profiles into soil mapping units. Although
the soil data inputs were very generic, several parameters related
to the travel time of water between the soil and the aquifer and
between the aquifer and the river were calibrated and adjusted
so that the SWAT estimates of the simulated flow regime were in
good agreement with the field data. Further details can be found
in Brito et al. (2012). The performance of the model was
evaluated using the coefficient of efficiency (NSE) (Nash and
Sutcliffe 1970):

NSE ¼ 1:0�
PN
i¼ 1

Oi � Pið Þ2

PN
i¼ 1

Oi � O
� �2 ð4Þ

whereN is the number of observations,Oi are the observations at
time i, Pi is the model predictions at time i, and O is the average
of observations; NSE= 1.0 represents a perfect fit, whereas
negative NSE values indicate poor modelling performance.

The sensitivity analysis was performed by introducing
different AWC estimates as inputs into the simulations of
Brito et al. (2012). The AWC was here defined as the
difference between the volumetric water contents at –33 and
–1500 kPa matric potentials multiplied by the depth of the
porous media. All other input parameters included in the
simulations of Brito et al. (2012) were kept constant. The soil
maps from Cardoso (1965), at a scale of 1 : 25.000, were used
instead of the previous coarse-scale maps. The AWC was
obtained by integrating each of the seven class-PTFs
developed in this study into the regional soil maps. For each
alternative estimate of AWC, the model performance was
also evaluated using Eqn 4, and the different components of
the catchment water balance determined using SWAT were
compared.

Results and discussion

Performance analyses of the class-PTFs based on the FAO
texture classification

The class-PTFs that were developed after grouping the data
according to the different criteria are reported as follows. The
class-PTFs following the five textural classes of the FAO
triangle are presented in Table 2; and those following the
FAO texture classes and bulk density are presented in
Table 3. The resulting MEP and RMSE values obtained for
each of these class-PTFs are presented in Table 4. Because of the
amount of information obtained in the development of the class-
PTFs, the standard deviations and the 95% confidence intervals
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for the means and standard deviations cannot be presented here
in detail.

The class-PTFs established for the FAO texture classes
(Table 2) produced an acceptable estimation of j and soil
water retention when considering all texture classes combined
(MEP= –0.001 cm3/cm3 with a 95% confidence interval of
�0.002 cm3/cm3). However, the water retention values in the
medium fine texture classes were slightly overestimated,
whereas they were slightly underestimated in the fine texture
classes. Nevertheless, the RMSE values were relatively high,
varying between 0.041 (�0.009) and 0.069 (�0.008) cm3/cm3

for the very fine and fine texture classes, respectively. Hence, the
RMSE values obtained when combining all textures classes
were also high (RMSE=0.057� 0.001 cm3/cm3). The low
accuracy of these class-PTFs was expected, because they
resulted from an attempt to explain soil variability using
only five average retention curves. The uncertainty related to
these five average retention curves was mostly associated
with volumetric water contents approaching to saturation, i.e.
where the effect of pore size (macroporosity in particular) on
water retention was more significant.

The class-PTFs established after the stratification by FAO
texture classes and bulk density (Table 3) produced a significant
improvement of the estimates of j and soil water retention at
different matric potentials. Table 3 shows that the effect of soil
structure on the water retention curve was significant between j

and the –100 kPa matric potential, with soils with lower bulk
density presenting higher water retention values and soils
with higher bulk density values showing lower values for the
water retention properties. The MEP for all texture classes
combined was again good (MEP= 0.000� 0.001 cm3/cm3),
and the estimates were more acceptable for each texture
class individually, varying between –0.002� 0.004 and
0.002� 0.005 cm3/cm3 for the medium fine and coarse
texture classes, respectively. The RMSE was 0.013 cm3/cm3

smaller for this class-PTF compared with that derived from
texture class only. The performance of the class-PTF derived
from the FAO texture classes and bulk density was better for the
estimates produced for the medium fine and medium texture
classes than for the fine texture class.

Inclusion of the type of horizon did not significantly improve
the performance of the previous class-PTFs and thus they are not
presented in detail. The RMSE values were only 0.001 cm3/cm3

smaller for these class-PTFs compared with those derived solely
from texture class or when also considering bulk density
(Table 4). Similar results were obtained by Al Majou et al.
(2008b). A possible explanation is related to the size of the cores
(100 cm3) used to develop the class-PTFs. This small sample
volume may have led to overestimations of the bulk density
in tilled horizons/layers, with consequent underestimations
of volumetric soil-water retention values. Thus, the possible
effect of including the type of horizon was not reached, as soil

Table 4. Performance analyses of the class pedotransfer functions (class-PTFs) based on the FAO texture triangle, established
after stratification by texture classes, soil horizon, and bulk density

N, Number of soil horizons used in validation

Class-PTF N Mean error of predictions,
MEP (cm3/cm3)

Root mean square error,
RMSE (cm3/cm3)

FAO texture classes
Very fine 2 0.000 0.041
Fine 54 –0.004 0.069
Medium fine 12 0.006 0.062
Medium 129 –0.001 0.049
Coarse 36 0.002 0.059
All textures together 233 –0.001 0.057

FAO texture classes + soil horizon
Very fine – – –

Fine 55 0.000 0.067
Medium fine 13 0.001 0.061
Medium 129 0.003 0.049
Coarse 37 –0.004 0.056
All textures together 234 0.001 0.056

FAO texture classes + bulk density
Very fine – – –

Fine 54 0.002 0.052
Medium fine 13 –0.002 0.038
Medium 131 –0.001 0.038
Coarse 37 0.002 0.053
All textures together 235 0.000 0.044

FAO texture classes + soil horizon + bulk density
Very fine – – –

Fine 56 0.002 0.051
Medium fine 12 0.003 0.038
Medium 137 0.000 0.037
Coarse 38 0.001 0.051
All textures together 243 0.001 0.043
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macroporosity was mostly not taken into account (Bruand et al.
2003). However, the constant sample volume used in all
determinations (and generally standardised in many studies
related to soil-water retention properties) allowed the
comparison of different soils, land uses and managements,
and laboratory methodologies. Other techniques, such as the
clod bulk density, may be superior in those cases with tilled
horizons because they may further include the structural
(macroporosity) and textural porosity in tilled soils and their
variability with time and management (Bruand et al. 2003).

The class-PTFs established according to the FAO texture
classification and after stratification by texture classes, soil
horizon, and bulk density produced RMSE values that varied
between 0.043 and 0.057 cm3/cm3. These were comparable to
most results available in the literature for evaluating the
performance of different class-PTFs (e.g. Wösten et al. 2001;
Schaap et al. 2001; Bruand et al. 2003; Al Majou et al. 2008a).
Of particular note, only Al Majou et al. (2008b) were able to
obtain smaller RMSE (0.013–0.050 cm3/cm3) than those of this
study. Nevertheless, as the prediction accuracies depend on the
extent of the area studied, on the spatial variability of soils within
the area or database, and on the methods used for sampling and
measurement (Wösten et al. 2001), the prediction accuracies
found in the literature served here only as benchmarks.

Performance analyses of the class-PTFs based
on ISSS texture classification

The class-PTFs based on the ISSS texture classification referred
to (i) the 12 textural classes of the ISSS triangle, which are
presented in Table 5; (ii) the ISSS texture classes and soil
horizon, presented in Table 6; and (iii) the ISSS texture
classes and bulk density, shown in Table 7. The resulting
MEP and RMSE obtained for each of these class-PTFs are
presented in Table 8. However, it was not possible to provide
any estimate for the silt texture class, as the dataset contains no
information for this texture (Fig. 2), and estimates for the sandy
clay class were limited by the number of samples available.

The class-PTFs established for the ISSS texture classes
(Table 5) produced an acceptable precision bias of the water
retention estimates when considering all texture classes
combined (MEP= 0.001� 0.002 cm3/cm3). However, the
precision bias varied again slightly within each textural class,
with water retention values in the clay loam texture class being
underestimated and in the sandy clay texture class being
overestimated. This latter relatively higher MEP value was
obtained from only five soil horizons where the standard
deviations (s.d.) of the water retention values in the different
matric potentials were also high (0.023� s.d. �0.042). The clay
loam and silty clay texture classes showed the highest
uncertainty for the mean values of the water retention curve,
with the ‘true’ values being associated with relatively large
confidence intervals. The class-PTFs established for the ISSS
texture classes also produced a large RMSE (0.052� 0.001 cm3/
cm3) when considering all texture classes together, which may
be comparable to the ones obtained for the class-PTFs based on
FAO texture classification. Assuming 12 texture classes instead
of five resulted in a decrease of the RMSE by 0.005 cm3/cm3.
Thus, moving from the five texture classes of the FAO triangle to
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the 12 texture classes of the ISSS system did not result in a
significant increase of the class-PTFs prediction accuracy. This
was likely explained by the fact that the class-PTFs presented in
this study also accounted for the variability in bulk density
values, thus inducing part of the variability in the volumetric
water contents. For this reason, Bruand et al. (2003) first
estimated the water content on a mass basis, and only then
multiplied it by the horizon bulk density. Those authors showed
that the variability was much smaller when the gravimetric water
contents were first predicted.

In contrast to the results obtained with the class-PTFs based
on the FAO texture classification, the inclusion of soil horizon

information in the class-PTFs based on the ISSS texture classes
(Table 6) slightly improved the performance of these latter class-
PTFs, with RMSE being 0.003 cm3/cm3 smaller.

Finally, the class-PTFs established after the stratification of
the ISSS texture classes and bulk density (Table 7) produced
the best estimates of j and soil water retention at different
matric potentials. Again, the inclusion of soil structure
information through the bulk density had a significant effect
on the performance of the class-PTFs. The precision bias of the
water retention estimates when considering all texture classes
combined was good (MEP= 0.000� 0.002 cm3/cm3; Table 8),
although the water retention values were slightly underestimated
in soils with silty clay loam texture and overestimated in soils
with silty loam texture. The precision bias was thus worst for
soils with medium textures. Gonçalves et al. (1997) had already
faced similar difficulties in deriving continuous-PTFs for
medium texture soils when using an early version of this
dataset (230 soil horizons). The RMSE relative to all texture
classes combined was the lowest obtained for all of the class-
PTFs developed in this study (RMSE=0.039� 0.001 cm3/cm3).
The estimations for the loam soils were again the most accurate,
whereas the results for sandy soils were worst.

Do we need new PTFs?

Table 9 presents the accuracy of published PTFs (Gonçalves
et al. 1997, 1999; Wösten et al. 1999; Paz et al. 2009) that used
a portion of our data. These PTFs were now tested on the
entire dataset to evaluate their performance in predicting the
hydraulic behaviour of the Portuguese soils. Most of them refer
to parametric PTFs that describe the water retention properties
as continuous curves using the van Genuchten model (Eqn 1),
thus allowing the computation and comparison of water
retention values at the corresponding matric potentials
developed for the class-PTFs. The only exceptions were the
point PTFs developed by Paz et al. (2009) for specific pressure
heads, namely, for soil water retention at –0.25, –10, and
–1500 kPa matric potentials.

Gonçalves et al. (1997) and Wösten et al. (1999) developed
continuous PTFs for all soils (i.e. without grouping data) that
resulted in similar RMSE values (0.044 and 0.045 cm3/cm3)
when using various predictors instead of texture classes
(Table 9). The errors found were thus comparable to the ones
obtained for the class-PTFs based on the FAO texture classes
(Table 4) and for most of the class-PTFs based on the ISSS
texture classes (Table 8). The exception was the class-PTFs
established after the stratification by ISSS texture classes and
bulk density (Table 7), which resulted in a lower RMSE
(0.039 cm3/cm3). Hence, these results show that estimates
similar to, or even better than, those obtained by much more
sophisticated functions could be achieved with the simpler PTFs
presented. Nonetheless, the main advantage of the class-PTFs
is the reduced number of basic predictors necessary to estimate
the water retention properties of Portuguese soils. For a country
where soil cartography shows so many constraints, as previously
discussed, the number of predictors in a PTF is significant
for those interested in mapping the water retention properties
of soils.

Table 8. Performance analyses of the class pedotransfer functions
(class-PTFs) based on the ISSS texture triangle, established after

stratification by texture classes, soil horizon, and bulk density
N, Number of soil horizons used in validation

Class-PTF N Mean error of
predictions,

MEP (cm3/cm3)

Root mean
square error,

RMSE (cm3/cm3)

ISSS texture classes
Sand 6 0.003 0.054
Loamy sand 13 –0.001 0.055
Sandy loam 41 –0.003 0.053
Sandy clay loam 17 0.005 0.045
Sandy clay 3 0.009 0.103
Clay 25 0.001 0.049
Clay loam 28 –0.004 0.048
Loam 57 0.005 0.042
Silty loam 21 –0.002 0.064
Silt – – –

Silty clay loam 9 0.011 0.068
Silty clay 16 0.000 0.047
All texture together 236 0.001 0.052

ISSS texture classes + soil horizon
Sand 6 0.000 0.050
Loamy sand 14 0.001 0.046
Sandy loam 41 0.001 0.051
Sandy clay loam 18 0.002 0.043
Sandy clay – – –

Clay 26 –0.002 0.049
Clay loam 28 –0.001 0.047
Loam 58 –0.003 0.040
Silty loam 21 –0.006 0.066
Silt – – –

Silty clay loam 9 –0.002 0.067
Silty clay 16 0.002 0.049
All texture together 237 –0.001 0.049

ISSS texture classes + bulk density
Sand 7 0.004 0.053
Loamy sand 14 0.004 0.043
Sandy loam 41 0.001 0.036
Sandy clay loam 18 0.001 0.040
Sandy clay – – –

Clay 26 –0.004 0.046
Clay loam 30 0.002 0.039
Loam 58 0.000 0.032
Silty loam 22 0.005 0.044
Silt – – –

Silty clay loam 10 –0.005 0.033
Silty clay 16 –0.001 0.042
All texture together 242 0.000 0.039
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Wösten et al. (1999) also provided class-PTFs for European
soils by grouping data by FAO texture classes and soil horizon.
These resulted in RMSE= 0.064 cm3/cm3 when applied to our

dataset (Table 9). Thus, the class-PTFs developed in this study,
which used exactly the same inputs (Table 4), resulted in better
estimates than the previous study. Curiously, the performance of

Table 9. Accuracy of published pedotransfer functions in the estimation of water retention properties of soil horizons included in the dataset
RA, Regression analysis; GM, geometric means; Dataset, data used in the development of the PTFs; CS, coarse sand; FS, fine sand; Si20mm, silt fraction at
20mm; Si50mm, silt fraction at 50mm; C, clay; rb, bulk density; Z, mean depth; OM, organic matter; depth, qualitative variable having the values 1 (topsoils) and
0 (subsoils); N, number of samples where the PTF could be applied; MEP, mean error of predictions; RMSE, root mean square error. Values in bold represent

prediction accuracies of PTFs

Published PTFs Accuracy of PTFs
Study Method Model Dataset Predictors Texture class N MEP RMSE

1. Gonçalves et al.
(1997)

RA, continuous
PTFs

VG, m=1 230 CS, FS, Si20mm, C,
rb, Z, OM, pH

– 440 –0.002 0.045

2. Gonçalves et al.
(1997)

RA, continuous
PTFs

VG, m=1 230 CS, FS, Si20mm, C,
rb, Z, OM, pH

Fine 152 –0.008 0.050

Medium 206 –0.002 0.048
Coarse 82 –0.000 0.047
All textures

together
440 –0.004 0.049

3. Gonçalves et al.
(1999)

RA, continuous
PTFs

VG, m=1 – 1/h 70 CS, FS, Si20mm, C,
rb, OM, pH

– 440 0.019 0.067

4. Paz et al. (2009) RA, point PTFs – 304 CS, FS, Si20mm, C,
rb, Z

– 697 –0.018 0.128

5. Wösten et al. (1999) GM, class PTFs VG, m= 1 – 1/h 54 FAO texture Very fine 5 0.043 0.062
classes, depth Fine 162 0.026 0.075

Medium fine 17 –0.104 0.113
Medium 421 0.014 0.057
Coarse 92 –0.009 0.061
All textures

together
697 0.011 0.064

6. Wösten et al. (1999) RA, continuous
PTFs

VG, m=1 – 1/h 54 Si50mm, C, rb,
OM, depth

– 626 –0.019 0.044
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Fig. 3. Available water capacity (AWC) maps derived for the Enxoé catchment area by integrating the class-PTFs,
established after grouping data by (a) FAO texture classes, (b) FAO textural classes and bulk density, (c) ISSS texture
classes, (d) and ISSS texture classes and bulk density, into Portuguese soil maps at a scale of 1 : 25 000.
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the PTFs developed using the HYPRES database (Wösten et al.
1999) in predicting the hydraulic behaviour of the Portuguese
soils had not been previously assessed. Although the
contribution from Portugal was only minor (54 soil horizons/
layers; 104 samples with repetitions), the estimates of water
retention properties can be considered adequate.

The literature on PTFs is abundant, and hydrological
modellers may well find alternatives to the class-PTFs
presented here (e.g. Schaap et al. 2001). However, the use of
such ‘external’ PTFs causes two basic problems extensively
discussed in the literature that should be first taken into account:
(i) most ‘external’ or ‘international’ PTFs were never tested
with Portuguese soil data, which means that the hydraulic
characteristics of the Portuguese soils may fall outside the
range of the original databases used to develop those PTFs
(Wösten et al. 2001); and (ii) most PTFs were developed using
different texture systems (normally the USDA texture system)
from the one used in the Portuguese soil survey database (the
ISSS system). Interpolation techniques are thus necessary to
convert the ISSS texture limits into those required by
‘international’ PTFs (Nemes et al. 1999; Shirazi et al. 2001;
Nemes and Rawls 2006). Users cannot simply start using PTFs
regardless of their textural and regional validity.

Integrating soil hydraulic properties into soil mapping units

Figure 3 presents four different maps of the AWC for the Enxoé
catchment. The maps were derived after integrating the class-
PTFs into local soil maps (1 : 25 000) using the class-PTFs
established according to the FAO texture classes (Fig. 3a),
the FAO texture classes and bulk density (Fig. 3b), the ISSS
texture classes (Fig. 3c), and the ISSS texture classes and bulk
density (Fig. 3d).

The maps derived solely from soil texture classes (Fig. 3a, c)
showed greater differences in AWC than the maps developed
with both texture classes and bulk density (Fig. 3b, d).
Differences among the four AWC maps were quite
meaningful, namely in the eastern region of the catchment
area where they approach 50mm in some locations (Fig. 4).

The approach presented here is the simplest, most
inexpensive, and most feasible technique available today to
modellers for characterising soil hydraulic properties at large
scales (Al Majou et al. 2008b), especially considering
constraints such as those discussed above that are relevant
to the Portuguese soil survey database. This approach was
performed simply by grouping all of the available
information on water retention properties of Portuguese soils
in such a way that the derived maps were not validated per se.
However, this information should facilitate soil characterisation
for many of the applications being performed presently. No
unique approach exists for upscaling soil hydraulic properties
from soil cores to large catchment areas (Vogel and Roth 2003;
Lin et al. 2006; Vereecken et al. 2007; Lin 2010). Most of
these techniques are certainly more complex than the one
presented here. Most of them also require more information
on soil hydraulic properties than currently available for
characterising catchment areas in Portugal, in particular those
using geostatistical methods. One advantage of the approach
followed here is that modellers can optimise the water retention

values of the catchment soils during parameter calibration, a
common procedure in hydrological modelling for fitting
measured and simulated discharges in the catchment area.
However, modellers should be aware that going outside the
confidence intervals of the considered class-PTFs would be ill
advised.

Integration of class-PTFs into soil mapping units would
ideally require minimal surveyed soil data (texture classes
and bulk density) from the catchment area to better
characterise soil hydraulic properties locally. Skilled
pedologists can even determine soil texture classes manually.
Hydrological modellers who do not possess such skills and
cannot afford minimal soil survey studies should alternatively
look for the required information in the representative soil
profiles published in soil survey or PROPSOLO databases
(Gonçalves et al. 2011). For bulk density, the latter database
is the only option available. Particular attention should be given

–20 – –10

–10–0

0–10
10–20

20–30
30–40
40–50

ΔAWC (mm)

0 1 2 4 Km
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Fig. 4. Differences between the available water capacity (AWC) maps
derived from the class-PTFs established after grouping data by FAO texture
classes (top); FAO textural classes and bulk density (middle); ISSS texture
classes (bottom) and the map derived from the class-PTFs established after
the stratification of the ISSS texture classes and bulk density (reference map).
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to soil complexes, i.e. soil mapping units that include two or
more soil units that cannot be represented separately at a specific
scale on the soil map. For these complexes, Portuguese soil maps
generally have the weighted distribution of each soil within the
mapping unit. The quantification of map unit purity for different
scales of soil maps is of fundamental importance for improving
modern hydrological applications (Lin et al. 2006; Lin 2010).
Therefore, that information should not be ignored. In Fig. 3,
the AWC of soil complexes was in fact computed based on
the weight of each soil unit within the soil-mapping unit. If
information is available, the PTFwith the smaller error should be
used (Wösten et al. 2001; McBratney et al. 2002), this being the
class-PTFs based on the ISSS texture classes and bulk density
(Fig. 3d; Table 8).

Sensitivity analysis of a catchment model to different
estimates of AWC

The SWAT model simulations of the catchment water balance
using different AWC inputs are presented in Table 10. The
information available in the European Soil Database and used
in Brito et al. (2012) was estimated over large areas by expert
judgement rather than measured on local soil samples. These
estimations resulted from synthesis and generalisation of

national or regional maps published at more detailed scales
(Daroussin et al. 2006). Nevertheless, despite the use of generic,
coarse-scale soil data, SWAT predicted reasonably well
the monthly inflows of the catchment reservoir (NSE= 0.75),
as shown by Brito et al. (2012).

The use of AWC soil maps at 1 : 25 000 derived from the
class-PTFs as model inputs resulted in small differences
compared with the results reported in Brito et al. (2012). The
largest differences were found for the actual evapotranspiration,
which decreased up to 4.6% when using the more detailed soil
maps, whereas groundwater recharge increased up to 4.2%
(Table 10). The small differences found were not particularly
surprising, because the long-term results represent average
annual behaviour (30-year simulation) and the difference in
the level of detail of inputs is filtered in such a time scale.
The fact that two datasets of distinct origins yield similar outputs
confirms the results obtained in Enxoé.

A successful simulation of the reservoir inflow was obtained
using all class-PTFs (Fig. 5; NSE >0.73). For long-term
assessment (30-year water balance), the AWC soil maps at
1 : 25 000 derived from each of the class-PTFs successful
estimated the water balance components of the Enxoé
watershed. Moreover, these maps described soil spatial and
vertical heterogeneity in more detail than the coarse-scaled

Table 10. Water balance components of the Enxoé catchment estimated using the SWAT model based on different available water capacity inputs

Available water capacity inputs Water balance components (%)
Runoff Lateral

flow
Evapotranspiration Groundwater

recharge
Deep

aquifer loss

1. European Soil Database representative soil profiles 6.7 0.5 77.6 13.7 0.7
2. Class-PTFs
FAO texture classes 5.6 2.1 73.2 17.6 0.9
FAO texture classes + soil horizon 5.6 1.8 73.3 17.9 0.9
FAO texture classes + bulk density 5.8 1.7 72.5 18.5 1.0
FAO texture classes + soil horizon+ bulk density 5.8 1.7 72.9 18.0 1.0
ISSS texture classes 5.9 1.6 73.2 17.4 0.9
ISSS texture classes + soil horizon 5.9 1.6 72.8 17.7 0.9
ISSS texture classes + bulk density 6.0 1.6 72.8 17.9 0.9
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Fig. 5. Measured and simulated monthly inflows at the Enxoé reservoir.
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maps and are suited to implementations where the heterogeneity
may be crucial for describing small-scale (space or time)
processes (e.g. heavy rain concentrated in small areas
producing localised runoff). Thus, although the use of AWC
estimates based on different origins and levels of detail led to the
equifinality problem (Ebel and Loague 2006; Bouma et al. 2011)
in SWAT, i.e. different conditions led to the same effects, the use
of more detailed soil maps complemented with the information
provided by the class-PTFs contributed meaningfully to a better
soil characterisation than that resulting from using coarse-scaled
information.

The integration of the different class-PTFs into soil maps at
1 : 25000 (Fig. 3) and their use as inputs to the SWAT model
resulted in only small variations in the water balance components
(Table 10). The largest variations were found for the actual
evapotranspiration and groundwater recharge fractions, which
varied only 0.8 and 1.1%, respectively. These small variations
were somewhat expected because those maps also showed small
variations in the AWC for most of the area (Fig. 4). Nonetheless,
the class-PTF estimates may eventually be used as an inexpensive
alternative to account for soil spatial variability in catchment
areas.

Conclusions

The class-PTFs developed for Portuguese soils were established
after stratifying data by texture classes, soil horizon, and bulk
density. The accuracy of the predictions varied between 0.039
and 0.057 cm3/cm3. The best performances were obtained for the
class-PTFs established after grouping the data by the 12 texture
classes based on the ISSS particle limits and bulk density.
The inclusion of the horizon type only slightly improved the
prediction performance of the class-PTFs. The confidence
intervals of the estimates were relatively narrow for most
classes, with the exception of clay loam and silty clay texture
classes.

Portuguese soil maps currently have many constraints to their
use in modern hydrological studies. The class-PTFs developed
here may partially overcome those constraints as they may be
easily integrated into soil maps because only very basic soil data
are required. For incorporating such information, minimal soil
survey studies (texture classes and bulk density) need to be
performed. For modellers without the necessary resources, the
analysis of representative soil profiles included in soil survey
or PROPSOLO databases would serve as an alternative.
However, the use of those soil maps with different AWC
estimates according to the integrated class-PTFs may only
result in minimal differences when modelling the catchment
water balance or other applications with a process-based,
distributed hydrological model such as SWAT, which is less
sensitive to the soil hydraulic properties. Nonetheless, those
inputs may contribute to a better soil characterisation than when
using coarse-scaled information.

The approach presented here gathered all of the currently
available knowledge on soil hydraulic properties of Portuguese
soils. This approach is the simplest, cheapest, and most feasible
technique available today to modellers without many resources
for characterising water retention properties at large scales.
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Paz AM, Cipriano D, Gonçalves MC, Pereira LS (2009) Funções de pedo-
transferência para a curva de retenção da água no solo. Revista de
Ciências Agrárias 32, 337–343.

Ritchie JT (1972) Model for predicting evaporation from a row crop with
incomplete cover. Water Resources Research 8, 1204–1213.
doi:10.1029/WR008i005p01204

Romano N, Hopmans JW, Dane JH (2002) Suction table. In ‘Methods of soil
analysis, Part 4. Physical methods’. SSSA Book Series. (Eds JH Dane,
GC Topp) pp. 692–698. (Soil Science Society of America: Madison,WI)

Schaap MG, Leij FJ, van Genuchten MTh (2001) ROSETTA: a computer
program for estimating soil hydraulic parameters with hierarchical
pedotransfer functions. Journal of Hydrology 251, 163–176.
doi:10.1016/S0022-1694(01)00466-8

Shirazi MA, Boersma L, Johnson CB (2001) Particle-size distributions:
comparing texture systems, adding rock and predicting soil properties.
Soil Science Society of America Journal 65, 300–310. doi:10.2136/
sssaj2001.652300x

Steenpass C, Vanderborght J, Herbst M, Šimu� nek J, Vereecken H (2010)
Estimating soil hydraulic properties from infrared measurements of soil
surface temperatures and TDR data. Vadose Zone Journal 9, 910–924.
doi:10.2136/vzj2009.0176

van Genuchten MTh (1980) A closed form equation for predicting the
hydraulic conductivity of unsaturated soils. Soil Science Society of
America Journal 44, 892–898. doi:10.2136/sssaj1980.036159950044
00050002x

van Genuchten MTh, Leij FJ, Yates SR (1991) ‘The RETC code for
quantifying the hydraulic functions of unsaturated soils.’ (U.S.
Environmental Protection Agency: Ada, OK)

Vereecken H, Maes J, Feyen J, Darius P (1989) Estimating the soil moisture
retention characteristics from texture, bulk density, and carbon content.
Soil Science 148, 389–403. doi:10.1097/00010694-198912000-00001

Vereecken H, Kasteel R, Vanderborght J, Harter T (2007) Upscaling
hydraulic properties and soil water flow processes in heterogeneous
soils: a review. Vadose Zone Journal 6, 1–28. doi:10.2136/vzj2006.0055

Vogel HJ, Roth K (2003) Moving through scales of flow and transport in
soil. Journal of Hydrology 272, 95–106. doi:10.1016/S0022-1694(02)
00257-3

Weihermüller L, Huisman JA, Lambot S, Herbst M, Vereecken H (2007)
Mapping the spatial variation of soil water content at the field scale with
different ground penetrating radar techniques. Journal of Hydrology 340,
205–216. doi:10.1016/j.jhydrol.2007.04.013

Wösten JHM, Finke PA, Jansen MJW (1995) Comparison of class and
continuous pedotransfer functions to generate soil hydraulic
characteristics. Geoderma 66, 227–237. doi:10.1016/0016-7061(94)
00079-P

Wösten JHM, Lilly A, Nemes A, Le Bas C (1999) Development and use of
a database of hydraulic properties of European soils. Geoderma 90,
169–185. doi:10.1016/S0016-7061(98)00132-3

Wösten JHM, Pachepsky YA, Rawls WJ (2001) Pedotransfer functions:
bridging the gap between available basic soil data and missing
soil hydraulic characteristics. Journal of Hydrology 251, 123–150.
doi:10.1016/S0022-1694(01)00464-4

Yevenes MA, Mannaerts CM (2011) Seasonal and land use impacts on the
nitrate budget and export of a mesoscale catchment in Southern Portugal.
Agricultural Water Management 102, 54–65. doi:10.1016/j.agwat.2011.
10.006

Class-PTFs for Portuguese soils Soil Research 277

www.publish.csiro.au/journals/sr

dx.doi.org/10.1046/j.1365-2389.1997.00095.x
dx.doi.org/10.1046/j.1365-2389.1997.00095.x
dx.doi.org/10.1029/2010WR010185
dx.doi.org/10.5194/hess-14-25-2010
dx.doi.org/10.1029/2005WR004085
dx.doi.org/10.1016/S0016-7061(02)00139-8
dx.doi.org/10.1016/0022-1694(70)90255-6
dx.doi.org/10.1016/j.geoderma.2005.04.018
dx.doi.org/10.1016/S0016-7061(99)00014-2
dx.doi.org/10.2136/sssaj2003.1093
dx.doi.org/10.2136/sssaj2003.1093
dx.doi.org/10.1016/j.jhydrol.2006.04.037
dx.doi.org/10.1016/j.jhydrol.2006.04.037
dx.doi.org/10.1016/j.geoderma.2005.03.012
dx.doi.org/10.1016/j.geoderma.2005.03.012
dx.doi.org/10.1029/WR008i005p01204
dx.doi.org/10.1016/S0022-1694(01)00466-8
dx.doi.org/10.2136/sssaj2001.652300x
dx.doi.org/10.2136/sssaj2001.652300x
dx.doi.org/10.2136/vzj2009.0176
dx.doi.org/10.2136/sssaj1980.03615995004400050002x
dx.doi.org/10.2136/sssaj1980.03615995004400050002x
dx.doi.org/10.1097/00010694-198912000-00001
dx.doi.org/10.2136/vzj2006.0055
dx.doi.org/10.1016/S0022-1694(02)00257-3
dx.doi.org/10.1016/S0022-1694(02)00257-3
dx.doi.org/10.1016/j.jhydrol.2007.04.013
dx.doi.org/10.1016/0016-7061(94)00079-P
dx.doi.org/10.1016/0016-7061(94)00079-P
dx.doi.org/10.1016/S0016-7061(98)00132-3
dx.doi.org/10.1016/S0022-1694(01)00464-4
dx.doi.org/10.1016/j.agwat.2011.10.006
dx.doi.org/10.1016/j.agwat.2011.10.006

