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ABSTRACT. This study compares two methods for the estimation of hydraulic
properties of the soil at the regional scale. Soil water content (0) values were
estimated at two fixed soil matric potential values, associated with the field
capacity (0fc) and wilting point (Owp). The first method is carried out directly
using (0) values of analytical determinations, by modeling them as a function
of environmental variables. The second method employed texture and organic
matter (OM) information to obtain (8) values by pedotransfer functions (PTFs).
The comparison of both methods allows evaluating the effect of the textures and
OM, of which a significant effect of these variables is produced, suggested that
there is a considerable level of consistency between the two methods, despite
some differences induced by coarse textures (sand) and OM.

Efectos de la textura y la materia orgdnica en la estimacion del contenido de
agua en el suelo a escala regional

RESUMEN. Se plantea el estudio de dos métodos para la estimacion de
propiedades hidrdulicas del suelo a escala regional, a partir de la estimacion
del valor del contenido de agua del suelo (0) en dos valores de potencial de
suelo, asociados con la capacidad de campo ( Ofc) y punto de marchitez ( Gwp).
Un primer método se efectia de forma directa a partir de los valores de (0)
de determinaciones analiticas mediante su modelizacion como funcion de
las variables ambientales. Y una segunda estimacion, realizada a partir de
valores de textura y materia orgdnica (MO), para obtener mediante funciones
de edafotransferencia (PTFs) valores de (0). El estudio comparativo permite a
su vez evaluar el efecto de las texturas y MO en ambos métodos a través sus
diferencias. La comparacion de ambos métodos permite evaluar su relacion con
las texturas y MO, del que se detecta un efecto significativo de estas variables.
Por otra parte, los resultados obtenidos sugieren que existe un nivel considerable
de consistencia entre los dos métodos, a pesar de algunas diferencias inducidas
en mayor medida por las texturas mds gruesas (arena)y OM.
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1. Introduction

The measurement of soil water properties, both in the field and in the laboratory,
is complex in time and resources, in addition to demanding a large number of samples
due to the spatial variability of the soil (Klute, 1986). A good solution is the prediction
of these properties through the use of pedotransfer functions. These functions, based on
empirical relationships, make it possible to predict the hydraulic properties of a soil,
based on other, more easily measurable variables, such as the texture and organic matter
(OM) content of soils (Van Genuchten, 1980). In general, both properties play a dominant
role in any estimation of the hydraulic properties of the soil (Patil and Singh, 2016);
therefore, to obtain regional estimates of these characteristics, a spatially distributed
determination of texture and OM is essential.

Knowledge of the relationships between the matric potential and water content
processes is vital to describe the hydrodynamic properties of the soil. The soil water
content is usually regulated by the capacity of each soil for retaining water at a certain
negative pressure, so that the availability of water will be determined by the relationship of
these processes, together with the previous moisture content in the hydrological systems
under study (Malik er al., 1987). Given the difficulty and cost of direct measurements,
many indirect methods have been developed to estimate the hydraulic characteristics
from soil variables that are easier to measure. To define this approach or procedure,
Bouma (1989) coined the term Pedotransfer Function (PTF).

Soil organic matter (SOM) conditions substantially the basic properties of soils and,
particularly, important hydrological and geomorphological functions, since it favors the
aggregation of the soil. It allows the formation of clay-humic complexes which act as the
core of soil aggregates (Lal et al., 1994), increasing their porosity and, thus, the infiltration
and percolation of fluids. Consequently, it increases the water retention capacity of the
soil (Brady, 1984), while the risk of run-off and erosion decreases (Van Beers, 1980).
Texture is one of the most important variables in the control of the hydraulic properties of
the soil; hence, its characteristics reflect the size grain, porosity and absorption of water
in soil particles (Rawls ef al., 1982, Schaap et al., 2001; Rawls et al., 2003; Santanello
et al.,2007).
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Some of the important turning points in the evolution of these works occurred
with the appearance of the ROSETTA computer program (Schaap et al., 2001). It is an
application designed to estimate the hydraulic parameters of the soil through hierarchical
pedotransfer functions, both in saturated and unsaturated soils. Several studies (gimilnek
etal.,2008; Bgrgesen et al.,2008; Kreye and Meon, 2016) have calibrated and tested this
method using different sets of predictors and the parameters obtained by van Genuchten/
Mualem methods.

In other work, there has been analysis of lazy learning methods to estimate hydraulic
properties. One type of “Lazy Learning” is the K Nearest Neighbors (k-NN) method
(Wettschereck et al., 1997). Using this approach, a study was carried out (Nemes et
al., 2006) based on information on OM, bulk density and texture of the soil, in order to
test the classification method on the analysis of neural networks (NNet). These k-NN
techniques are now postulated as a competitive alternative to other techniques for the
development of PTF functions, due to development of the PTF have made it unnecessary
to have a large amount of data. In short, all these analyses are based on predictive
functions that translate, by means of statistical algorithms, the physical and/or chemical
properties of the soil, which are easier to obtain, into hydraulic properties, which require
more complex and expensive determination (Bouma, 1989).

Several studies recognize the usefulness of predictive regression models to obtain
hydraulic functions of the soil properties at large scales (Wosten and Van Genuchten,
1988; Schuh and Cline, 1990; Twarakavi et al., 2010). However, there are few works
referring to the analysis and application of techniques that, based on the use of statistical
models, try to estimate the hydraulic properties of the soil at a regional scale through
environmental variables. The calculation processes developed in these studies allow
to obtain spatial results relate environmental characteristics, at the same level as other
direct estimation techniques generated through interpolation methods, such as cokriging,
or geographically weighted regression (GWR) processes (Wang et al.,2013).

In this study, the exploration of procedures for the estimation of soil water content
at a regional scale has been proposed, for this purpose two calculations of the soil water
potential have been made. A first calculation is made directly from the 0 values of the soil
analytical determinations carried out in the LUCDEME project (ICONA 1996) through
their modeling as a function of the environmental variables. A second estimate has been
made using information on texture and OM and PTFs. The comparative study of these
two methods allows us to analyze the differences between a direct estimation procedure
that uses a reduced number of data with empirical soil moisture values, and a second
method based on an indirect estimation from a larger number of sampled values.

2. Material and methods
2.1. Study area and sources of information

The study area, located in the SE of the Iberian Peninsula, corresponds to the
territory of the Region of Murcia that lies within the Segura River Basin, an area of
approximately 1,100,000 hectares (Fig. 1). The information used in this study extracted
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from the LUCDEME project, in which the processes of desertification in arid and semi-
arid zones in Spain have been analyzed. Focuses on the complete data of a selection of
557 soil profiles, sampled ad-hoc and distributed throughout the territory in the places
where these profiles are best represented (Fig. 1). The information of the profiles is
classified according to the depths of the different horizons observed in the field, and
based on their physico-chemical properties, resulting in 1880 records.

Altitude (m):

2060

0

E Sample profiles

-

0 25 50 km
S T S |

Figure 1. The Segura river basin, in the SE of the Iberian Peninsula. The pale blue shows the
limits of the Region of Murcia. The magnet points indicate the distribution of the soil profiles
sampled within the LUDEME project framework Spatial distribution of the field samplings
(magenta points) of the LUCDEME project for the determinations of the profiles.

2.2. Methods

The methodology followed in this study is based on the comparative analysis of two
procedures for obtaining values of soil water properties at a regional level. In particular,
it is intended to determine the soil water content (0), associated with the field capacity
(6,) and wilting point (Gwp) (Richards and Weaver, 1944), corresponds to the matric
potential values of 2.5 and 4.2 for the soil state at 0, and GWP, respectively

Comparative study of these two methods allows to analyze the differences between
a direct estimation procedure using a reduced number of data taking empirical values,
respect to a second method based on an indirect estimation from a larger number of
sampled values. Although at first it seems better to build models using (0) measured on
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field, the fact is texture and OM data are much more frequent and available than soil
water content data measured directly, so analysis of both alternatives can be interesting.

2.2.1. Method 1: Direct estimation of 6 values in the soil by modeling of environmental
variables.

This first method focuses on the evaluation of the empirical values of the soil water
properties provided by the analytical determinations of the LUCDEME profiles. From
the coordinates of the samples of the database 21 the values of environmental variables
were obtained (Table 1). Due to the discrete nature of the qualitative variables, models
proposed there is a coefficient for the effect of each class level, i.e. for each soil type or
lithology (Pérez Cutillas et al., 2015).

Table 1. Description of the values from environmental variables and their descriptive statistics
(range, mean, and standard deviation).

Variable Range Mean Standard deviation
Altitude 0-2057 (m) 612 +407
Slopes 0-79(°) 75 +7.7
Curvature (profile) -18 - 18 0.008 +0.27
Curvature (perpendicular) -20-22 0.008 +0.41
Flor accumulatin 0— 17 (pixel) * 1.6 * +1.8
Precipitation 250 — 771 (mm) 390 +84
Temperature 8.2-184(°C) 15.1 +2.07
Direct radiation 0.001 - 2.258 ** 1.36 ** +0.12
Diffuse radiation 0.083 -0.514 ** 0.28 ** +0.01
Duration os radiation 40 - 4360 (h) 4.03 +0.27
NDVI - Winter -1-1 0.05 +0.19
NDVI - Summer -1-1 0.03 +0.13
CMI — Winter 0-35 1.21 +0.97
FMI — Winter 0-3 0.83 +0.75
10I — Winter 0-15 0.31 +0.28
CMI — Summer 0-35 1.21 +0.92
FMI — Summer 0-3 0.95 +0.76
10I - Summer 0-15 0.39 +0.34
Saline phase

LUCDEME soils Qualitative variables

MAGNA lithology

* Flow accumulation is rescaled to logarithmic values (Ln). ** Direct and diffuse radiation are scaled to
1/1000000 from the original values. In the table they are expressed in MWh / m?. NDVI: Normalized vegetation
index. CMI: Mineral composition index, Clay minerals; FMI: Mineral composition index, Ferrous minerals;
IOI: Mineral composition index, iron oxide (Sabins, 1999). Landsat satellite images captured on 02/14/2009
(winter) and 07/24/2009 (summer).

Cuadernos de Investigacion Geogrdfica 44 (2), 2018, pp. 697-718 701



Pérez-Cutillas et al.

0 values available for each point were related in a table corresponding to the selected
environmental variables with which regression models were built according to the method
described below. A regression model in which the predictors are GIS layers can easily be
represented by map algebra as it is a simple linear combination of these layers.

The pixel resolution for models was 400 m, because it is a spatial resolution in some
detail and be consistent with the modeling of these values at regional level. In addition,
Pérez-Cutillas (2013) showed that using lower resolutions not substantially improves
the predictive ability of the models. For the model of 6 depending on environmental
variables linear regression step forward (forward stepwise) using the Akaike information
criterion (AIC) (1974) was applied.

2.2.2. Method 2: Indirect estimation of 0 values in the soil by means of pedotransfer
Jfunctions.

For the development of this method, a bibliographic review has been carried out that
has allowed us to obtain a series of PTFs (Table 2), which exclusively use texture and
OM values as input data. In some cases, the PTF calculation process required organic
carbon (OC) values, so a transformation from OM to OC had to be carried out. Recent
works have shown that the standard value of 1.724 proposed as a transfer factor by Van
Bemmelen (Nelson and Sommers, 1982) is relatively low. These values are based on the
hypothesis that soil OM contains 0.58% carbon (%OM=% OC x 1,724), but they have
recommended values between 2 and 2.5 (Pribyl, 2010). The reality is that the proportion
of OC in OM is highly variable for a range of soils and there is not an appropriate factor
for all soils. In our case, once the calculations proposed by Pribyl (2010) had been carried
out, excessively high values on OM were observed that do not match those provided by
the empirical data. Consequently, we have chosen to maintain the Van Bemmelen factor,
since it is better suited to our soils characterized by poor OC content (with mean values
of 5% OM content).

Table 2. Relationships (by authors) of the pedotransfer functions (PTFs) with the field capacity
(Gﬁ_) and wilting point (pr) levels. Cl: Clay, Si: Silt; S: Sand; OC: Organic Carbon;
OM: Organic Matter.

Author PTF

Pidgeon (1972) 0,=1[0.0361 + (0.0016 * Si) + (0.003 * CI) + (0.03 * OC)] / 0.95
(FAO) GWP =[-4.19 + (0.19 * Si) + (0.39 * Cl) + (1.8 * OC)] / 100

Lal (1979) 0,=0.334-(0.003 * S)

(USDA) BWP =0.247 - (0.003 * S)

Rawls etal, (1982)  6,=0.2576 - (0.0020 * S) + (0.0036 * CI) + (0.0299 * OM)
(USDA) 0,,=0.0260 + (0.0050 * CI) + (0.0158 * OM)

Arruda et al. (1987) 6, =[3.07439 + (0.629329 * (Si + Cl)) - (0.00343813 * (Si + CI)2)] / 100
(FAO) Gwp =[398.889 * (Si + Cl) / 1308.09 + (Si + Cl)] / 100

Dijkerman (1988)  0,=[36.97 - (0.35 * S)] / 100
(FAO) 0, =[0.74+(039 * C] / 10
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Author PTF

Hutson (1992) 0,=Exp(-3.43 + (0.419 * (Cl + $1)0.5) — 1.83 * (0.001 *(Cl + Si)1.5))
(USDA) pr =Exp(-4.384 + (0.404 * (C1 + Si)0.5) — 9.85 * (0.0000001 * (CI + Si)3)
Martinez (1996) 0,=0.467 - (0.071 * InS)

(USDA) GWP =-0.234 + (0.135 * InCl) - (0.022 * InS)

Batjes et al. (1996)
(FAO)

Masutti (1997)
(FAO)

Peraza (2003)
(FAO)

Rawls (2004)
(USDA)

0, = (03624 * Cl) + (0.11705 * S) + (1.6054 *

0,,=(0.4600 * CI) +(0.3045 * S) + (2.0703 * OM)

OM)

0,=-1.569 + (0.429 * (Si + CI))
e =-0.530 + (0.0928 * CI) + (0.301 * Si)

OrC =0.01188 + (0.00002769 * CI) + (0.00002335 * Si) + (0.00246 * OM)
0, ,=-0.01368 +(0.000022619 * CI) + (0.00001409 * Si) + (0.00123 * OM)

0,=29.7528 + (10.3544 * (0.0461615 +0.290855 * (-0.837531 + (0.430183 *
OC) 0.0496845 * (-0.837531 4+ (0.430183 * OC)2 +0.00704802 * (-0.837531
+ (0430183 * OC)3 +0.269101 * (-1.40744 + (0.0661969 * CI) —0.176528 *
((-0.837531 + (0430183 * OC) * (-1.40744 + (0.0661969 * Cl))) + 0.0543138
*((-0.837531 +(0.430183 * OC))2 * (-1.40744 + (0.0661969 * CI))) + 0.1982
*((-140744 + (0.0661969 * CI))2) — 0.060699 * ((-1.40744 + (0.0661969 *
C1))3-0.320249 * (-1.51866 + (0.0393284 * S)) —0.0111693 * ((-0.837531 +
(0430183 * OC))2 * (-1.51866 + (0.0393284 * S))) + 0.14104 * ((-1.40744 +
(0.0661969 * CI) * (-1.51866 + (0.0393284 * S)) + 0.0657345 * ((-0.837531 +
(0430183 * OC) * (-1.40744 + (0.0661969 * Cl)) * (-1.51866 + (0.0393284 *
S))) —0.102026 * (((-1.40744 + (0.0661969 * CI))2) * (-1.51866 + (0.0393284
*S))) —0.04012 * ((-1.51866 + (0.0393284 * S))2) + 0.160838 * ((-0.837531
+(0.430183 * OC) * ((-1.51866 + (0.0393284 * S))2) — 0.121392 * ((-1.40744
+(0.0661969 * Cl) * ((-1.51866 + (0.0393284 * S))2) —0.0616676 * (-1.51866
+(0.0393284 * S))3)))))
0 =14.2568 +7.36318 * (0.06865 + 0.108713 * (-0.837531 + (0.430183
6C)) 0.0157225 * ((-0.837531 + (0.430183 * OC)) 2) + 0.00102805 *
((-0.837531 + (0.430183 * OC)) 3) + 0.886569 * (-1.40744 + (0.0661969
* Cl)) — 0.223581 * ((-0.837531 + (0430183 * OC)) * (-1.40744 +
(0.0661969 * CI))) + 0.0126379 * (((-0.837531 + (0.430183 * OC))2)
*(-1.40744 + (0.0661969 * Cl))) — 0.017059 * (-1.40744 + (0.0661969
* CD2) + 0.0135266 * ((-0.837531 + (0.430183 * OC)) * (-1.40744 +
(0.0661969 * Cl))2) — 0.0334434 * (-1.40744 + (0.0661969 * CI)3) —
0.0535182 * (-1.51866 + (0.0393284 * S)) — 0.0354271 * (-0.837531
+ (0430183 * OC) * -1.51866 + (0.0393284 * S)) — 0.00261313 * ((-
0.837531 + (0.430183 * OC))2 * (-1.51866 + (0.0393284 * S))) —
0.154563 * (-1.40744 + (0.0661969 * Cl)) * -(1.51866 + (0.0393284 * S))
—0.0160219 * (-0.837531 + (0.430183 * OC)) * (-1.40744 + (0.0661969
* Cl) * (-1.51866 + (0.0393284 * S)) — 0.0400606 * (-1.40744 +
(0.0661969 * CI))2 * (-1.51866 + (0.0393284 * S)) —0.104875 * (-1.51866
+ (0.0393284 * S)2) + 0.0159857 * (-0.837531 + (0.430183 * OC) *
(-1.51866 + (0.0393284 * S)2) — 0.0671656 * (-1.40744 + (0.0661969 *
Cl) * (-1.51866 + (0.0393284 * S)2)

In conclusion, the operations used in this method are based on the calculation of
PTFs, and on obtaining the values of the soil water content under thresholds of (6, ) and
(OWP), based on the values of the granulometric composition of the textures (Pérez Cutillas
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etal.,2013) and on the OM (Pérez Cutillas et al.,2017). To determine which PTFs are best
suited to the study area, and in order to select a group of assumable functions according
to the objectives of this work, better PTFs were selected by a statistical correlation
(higher R?) with the texture and OM values derived from the analytical determinations in
the profile samples collected in the LUCDEME project.

2.2.3. Comparative analysis of the two methods

This part of the methodology focuses on possible sources of the discordances
discovered on soil water content layers. By means of map algebra, the differences
between the results derived from the two methods have been calculated, representing
them in a georeferenced form in each point of the territory. To interpret these results, the
figures close to zero indicate that the two estimation methods present high similarities
in their results, while an increase, in a positive or negative sense, in the resulting values
expresses an increase in their differences. By convention we will adopt as a standard
difference between the ‘environmental variables Model’ and the ‘PTF Model’ that in
which, for negative values, the PTF method provides higher water content estimates at
a given 0, while for positive values it is the method based on the direct modeling of the
analytical data of the LUCDEME project that offers the greater estimate.

The relationship of these differences will be established by statistical correlation
techniques. A low correlation coefficient will show a poor association of the variable in
question with the differences in results between the methods, with the opposite being true
when high correlation coefficients are obtained. In this way, the correlation will allow us
to detect in a simple and efficient way which variables are affecting the discrepancies in
the results and thus provide a starting criterion for the improvement in the elaboration
of future estimates of these soil properties. The statistical analysis includes the 69,394
values corresponding to the digital levels of the pixels (DLP) of the ‘difference’ layers.
2.24. Evaluation of texture values and MO in the estimation of 0

For this, the Pearson correlation index has been adopted, since it measures the
linear relationship between two quantitative random variables and, unlike covariance,
the Pearson method is independent of the scale of measurement of the variables,

Pxy=2xr )

where,
Oy is the covariance of (X,Y)

Oy Oy are the standard deviations of (X and Y)

which, applied to the total of the samples, is expressed as follows:
_ InXiYi— X Xi X Vi
y o 2 2 2 2
Lnxi-Ex)? [Znyi—QEyi)

Tx )
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The Spearman correlation coefficient has also been applied, which, like the Pearson
correlation coefficient, oscillates between -1 and +1, representing negative or positive
associations, respectively. When it adopts a value of O it indicates that there is no
correlation but neither independence of the variables. Unlike Pearson’s, the Spearman
correlation coefficient is able to detect monotonous associations that are not strictly
linear.

6Y D2

p=1- N(N2-1)

3)
Alow value of the Pearson correlation and a high value of the Spearman correlation
may be due to a non-linear pattern of the point cloud.

As a general rule, the correlation coefficients measure the intensity of the existing
association between variables. The levels of statistical significance in the correlations
depend on the number of samples; with a high number, statistically significant values
will almost always be obtained. In our case, and by way of example, starting from almost
70,000 DLP with a correlation coefficient as low as 0.0075, significant values can be
obtained at the level of p < 0.05. Therefore, in these cases the statistical significance
may lack relevance, so it has been necessary to adopt another method to choose the
variables that are worth paying attention to with regard to the differences between the
two methods.

To select these variables, we have arbitrarily considered the values of the Pearson
coefficients (or, if necessary, Spearman), with absolute value > 0.30, which will indicate
an explained variance of approximately 10% for the variable under study. These indices
show the degree of association between the difference between the methods and a
particular variable, with the highest values suggesting that the difference may be due to
the effect of that variable somewhere in the process. This information allows us to check
the coefficients of each of the variables obtained in the modeling processes of the texture
fractions, OM and 0, and thereby to know the intensity of their effect on the final results.

A second stage is based on statistical analysis of the relationships of these method
differences with the models of texture fractions and OM, since these values are the
input variables for the estimation of 6 by PTFs. For this, a complex data cloud must be
characterized through a graph showing the effect of the variables (texture and MO), but
the use of a linear regression model can cause a notable loss of information, as well as
covering up the problem we are analyzing and distorting the conclusions. An alternative
to the use of these regression models is the use of Generalized Additive Models (GAM),
which incorporate nonparametric functions together with those that adapt better to non-
linear data structures.

GEM) =Bo+ filx) + frG0) + -+ fn () @

where,
B, is the intersection or term “constant”.

f, (x,), functions of the variable
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The graphic representation of our data will help the analysis of the results, since
the values of the correlation coefficients tell us the information corresponding to the
variability that is explained by a variable, but do not show the evolution of the dispersion
of the data of the variables. The following example in Figure 2, will advise to indicate
better the differences between the two methods of estimation of soil moisture content
derived from the soil water potential, related to (6, ) and (pr). The cloud dispersion of
DLP is divided into two parts, separated by the value 0. Points represented in positive
values (top), show higher estimates for water content in the indirect method (PTFs),
while the points representing negative values (bottom) describe higher estimates for
water content in the environmental variables modelling method. To represent the effect
of the described variable, a line associated to points accumulation is drawn.

20 -

» Higher estimates for water
content at B valuesin the
indirect method (PTFs)

Rawls (2004)
o
}

» Higher estimates for water
content at By valuesin the
environmental variables
modeling method

=20 -

1 | | ]
0 10 20 30 40 50
Clay (%)

Figure 2. Representation as an example of dispersion of the point cloud relating two variables
(Differences vs texture or OM) adjusted by a Generalized Additive Model (GAM). The values
located in the blue frame show higher estimation values for the method elaborated from PTFs.
The values represented in the red frame show higher estimation values for the method developed
by modeling the 0 values.

3. Results and discussion
3.1. Indirect estimation of soil moisture values at Oﬁ: and 0wp

To determine which PTFs are best suited to the study area, the coefficients of
determination of the values obtained from the PTFs and the O values available in the field
samplings of the LUCDEME project have been calculated using a linear regression (Table 3).
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Table 3. Values of the Pearson correlation coefficient (R), coefficient of determination (R?), and
the standard error between the results obtained in the application of PTFs and the 0 values
available in the field samplings, for values at Hﬂ and HWP.

PFT efc eWP
R R? Standard Error | R R? Standard Error
Pidgeon (1972) 0.663 0.440 5.91232 0.717 | 0514 4.24083
Lal (1979) 0.577 | 0.333 6.45414 0.559 | 0.312 5.04635
Rawls (1982) 0.660 | 0435 5.93746 0.687 | 0472 4.42086
Arruda (1987) 0.608 | 0.370 6.27260 0.561 | 0.315 5.03844
Dijkerman (1988) | 0.577 0.333 6.45414 0495 | 0.245 5.28734
Hutson (1992) 0.562 | 0.316 6.53424 0526 | 0.277 5.17534
Martinez (1996) 0.502 | 0.252 6.79855 0510 | 0.261 5.14543
Batjes (1996) 0.207 | 0.043 7.73089 0.585 | 0.343 4.93426
Masutti (1997) 0.577 0.333 6.45414 0.508 | 0.258 5.24199
Peraza (2003) 0450 | 0.203 7.05558 0.549 | 0.301 5.08838
Rawls (2004) 0.686 | 0470 5.75156 0.594 | 0.353 4.89387

With the calculated values at 6, and pr, the five PTFs that best fit the sampled data
were selected; these are the functions proposed by Pidgeon (1972), Lal (1979), Rawls et
al. (1982), Arruda et al. (1987) and Rawls et al. (2004).

The values obtained in the estimation on both soil moisture show a high disparity,
and also show quite different spatial patterns for the two 0. This contrasts significantly,
if we observe the high coefficients - shown by the correlation tables - between the PTFs
themselves (Tables 4 and 5), values that have been validated with the data of the layers
estimated by the PTFs with the 0 values sampled in the field, using a bivariate correlation.

Focusing on the correlations between the 6 with respect to the PTFs, Rawls (1982)
gave the best coefficients at 0, and GWP (0.298 and 0.345, respectively), while Lal (1979)
and Arruda (1987) showed lower indices for our study area. However, despite this, a
pattern is observed that is repeated in all cases, where the best fit is obtained with the
values related to the wilting point rather than those corresponding to the field capacity.

Table 4. Bivariate correlation table of the Hﬂ‘ values of the LUCDEME analyses and the Gﬂ values
obtained in the PTFs estimates.

Correlations

Ofc Rawls 82 | Rawls 04 Pidgeon Lal Arruda
Ofc 1 298%#* 236%* 301%* 166%* 156%*
Rawls 82 298%** 1 813** 986** 549%* A498**
Rawls 04 236%** 813** 1 794%* .869** .835%*
Pidgeon 301%#* 986** 794%* 1 .508%* 520%*
Lal .166%* .549%* .869%* 508%** 1 915%%*
Arruda 156%* A498** .835%* S520%* 915%* 1

Pearson’s correlation coefficient. ** The correlation is significant at the 0.01 level (bilateral)
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Table 5. Bivariate correlation table of the pr values of the LUCDEME analyses and the GWP
values obtained in the PTFs estimates.

Correlations

Owp Rawls 82 | Rawls 04 Pidgeon Lal Arruda
Owp 1 345 260%* 313%* 234k 168**
Rawls 82 345%: 1 724 923 S14%* 525
Rawls 04 260%* 724%* 1 873%* 885%* 904 **
Pidgeon 313 923%* 873%* 1 T48** .801%**
Lal 234%* S14%* 885%* J48%* 1 1%
Arruda .168** S525%* -.904** 801%* O11%* 1

Pearson’s correlation coefficient. ** The correlation is significant at the 0.01 level (bilateral)

3.2. Comparison of the estimation methods for soil moisture values at Ofc and 0Wp

The results presented in this section focus on the comparative analysis of the 0 estimates
already described. Figures 3 and 4 show the layers resulting from the arithmetic operation
‘difference’ between the 0 values estimated by PTFs and the 0 values estimated by modeling,
and to which the term ‘Differences’ of 0 will be assigned in the following.

Differences
water content

8;

13

Lal (1979)
- Model 8,

Pidgeon (1372}
- Model 8,

Legend:

B
o

-,

% ofthe
soilwater content

=

Rawls (1982)

fz‘ g
Arruda(os7) | oo Rawls (2004)
- Model 8;, .

- Model8,,

Figure 3. Raster layers of the method Differences in the estimation of the soil water content
(0fc). The values of all the layers are adjusted to the range 10 to -10% of the water content in the
soil; the positive values are shown in blue, indicating a higher soil water content in the indirect
method (PTF's), and the negative ones are shown in red, indicating a higher 0 for the direct
method (model).
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Figure 4. Raster layers of the method Differences in the estimation of the soil water content

(Owp). The values of all the layers are adjusted to the range 10 to -10% of the water content

in the soil; the positive values are shown in blue, indicating a higher soil water content in the

indirect method (PTFs), and the negative ones are shown in red, indicating a higher 0 for the
direct method (model).

Being developed in the relationship between the textures and OM in the divergences
found between the two methods. As a reference for the rest of the statistical analyses that
are presented later, Table 6 shows the average values (x) and standard deviation (o) for
the total of DLP obtained in the different layers Differences in the 0.

Tabla 6. Average values (x) and standard deviation (o) for the data of the Differences between
the methods, for the parameters at 0 and OWP.

Pidgeon 0, Lal 0, Rawls82 0 Arruda 0, Rawls04 0
x -7.31 -2.98 701 -2.16 3.67
+4.81 +5.51 +5.58 +5.46 +4.98

Pidgeon 6 | Lal6 Rawls82 6 Arruda 0 Rawls04 6
x -3.78 -0.17 1.93 -1.50 -1.63
+3.56 +4.14 +3.55 +3.94 +3.90
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3.3. Cumulative spatial distribution of the Difference values

As an initial analysis of the data obtained by the differences between the two
methods under study, we can extract a summary valuation of the percentages of the
accumulated number of pixels, or what is the same, the representation of the percentages
of surface estimated by the PTFs in relation to the origin of the 0 values used. For this we
use the figures in which the number of accumulated pixels is represented with respect to
the values of the differences between the estimate obtained by the PTFs calculation and
the direct estimation method for 6, (Fig. 5) and Gwp (Fig. 6), in the five cases that have
been analyzed. The values shown in the positive ranges correspond to the percentages of
the surface area that show a higher 0 for the estimation by the indirect method, obtained
through the use of the PTFs. The values located in the negative part of the graph show the
surface area corresponding to values estimated by the direct method and with a moisture
content higher than 6 value.

15

10

«

o

A 25 50 75 " 100

Difference values 6,

&

Pidgeon (1972)

Lal (1979)
_____ Rawls (1982)
——Arruda (1987)
- Rawls (2004)

:i
-10

215

Number of pixels (%)

Figure 5. Cumulative spatial distribution of the Difference values for the five cases under study
at Ofc. The values shown in the positive ranges correspond to the percentage of surface area that
show a higher soil water content for the estimation by the indirect method. Values located in the

negative values part show the surface area (%) with the highest moisture content estimated by

the direct method.

For the moisture content of the soil subjected to 0, , a large dispersion is observed
between the values represented by the five PTF algorithms analyzed. With surface areas
as different as the differences between the 0 methods obtained by Rawls§82 ch and
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Pidgeon 0, in which the former represents almost the entire surface area with a higher
moisture estimate at 0 for the indirect method, while Pidgeon 6 . shows the greater part
of its surface area with soil moisture values that are higher than with the direct method.
In the same trend, but with smaller surface percentages, are the Rawls04 0 " and Lal 6 e
Finally, Arruda © . shows a more centered position but with values close to those shown
by Lal Gﬂ, with about 70% of its surface area having a higher 0 value when estimated
with the direct method.

15

10

Difference values 8,

Pidgeon (1972)

Lal (1979)
————— Rawls (1982)
——Arruda (1987)
- Rawls (2004)

-10

-15

Number of pixels (%)

Figure 6. Cumulative spatial distribution of the Difference values for the five cases under study
at Owp. The values shown in the positive ranges correspond to the percentage of surface area
showing a higher soil water content for the estimation by the indirect method. Values in the
negative ranges show the surface area (%) for which the highest moisture content was estimated
by the direct method.

Regarding the moisture content at GWP, a greater uniformity of the results is observed
among the cases under study. But, as for 0, , the values of the differences in the five cases
keep the same position.

3.4. Statistical association of textures and OM with the differences

In order to elaborate this analysis, the relationship between the four variables
(clay, silt, sand and OM) was measured using the Pearson and Spearman correlation
indexes, allowing us to describe the behavior of these differences with respect to
textures and OM as independent variables, which shows the association between
them (Table 7).
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Table 7. Data correlation analysis (DLP) of the method Differences for 0 with respect to
the DLP of textures and organic matter (OM). The values are expressed by the Pearson
coefficient and the quadrant of the coordinate axis in which the point cloud of the data
analyzed is located. The degree of association is determined with values of coefficients

greater than +/- 0.30.

Clay Sand Silt OM

Pearson | Spearman | Pearson | Spearman | Pearson | Spearman | Pearson | Spearman

Rawls82 6, | 0.287 0.392 -0.350 -0.411 0.302 0.343 0.401 0.363

Rawls04 6, | 0.170 0.238 -0.230 -0.321 0.209 0.289 -0.260 -0.259

Arruda 6, 0223 0.351 -0.361 -0.505 0.394 0.530 -0.397 -0.471

Lal 0 0.215 0.322 -0.388 -0.537 0.394 0.527 -0.384 -0.457

Pidgeon 0 0.161 0.223 -0.226 -0.284 0.226 0.293 0.121 0.123

Rawls820, | 0.260 0.261 -0.163 -0.165 0.068 0.085 0.261 0.226

Rawls04 6 | 0478 0.499 -0.448 -0.511 0.323 0.401 -0.252 -0.277

Arruda® | 0.283 0.233 -0419 -0.425 0.436 0510 -0.351 -0.386

Lal6 0273 0.280 -0.482 -0.549 0.486 0.571 -0.332 -0.375

Pidgeon 6 | 0.334 0.283 -0.407 -0.402 0.370 0.437 0.031 -0.012

Regarding this level of exploration, we can observe that for the textures a pattern
is repeated in all the Difference layers, where the variables clay and silts represent
positive values of coefficients and sands represent negative values. The trend of this
pattern does not seem to be due to the intrinsic structure of each of the PTFs, but
rather to the fractions of input texture to the model, which exert a similar effect in
all calculations. This is very interesting, since the structural variations in the texture
models play an important role in the estimation of these hydraulic properties. In
contrast, the OM shows a more variable result, most likely conditioned by the PTFs,
due a different relationship is observed with Rawls82 and Pidgeon (coefficients +),
than with the rest of the Differences (coefficients -), aspect not observed in the effects
of textures (Table 7). The functions presented by Rawls82 and Pidgeon show high
correlation values (0.986 for 6, and 0.923 for GWP in Tables 4 and 5), indicating a
high similarity between the PTFs. This agrees with the coefficients of determination
(R?) obtained in the bivariate correlations between the results of the PTFs and the
original values of 6 (LUCDEME), in which they give the highest values for the
explanation of the variance in the 6 (0.298 and 0.301 for 6 _and 0.345 and 0.313 for
GWP, respectively, in Table 3).
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In general, the correlation coefficients indicate that the sands and silts have the
greatest associations in the differences. Considering the GAM models elaborated, it
is possible to point out the existence of similar patterns for each of the variables with
respect to the values of the differences, a logical pattern because the values of the
coordinate axis are related to the same variable.

For the clays, a similar trend is observed in all the cases studied, where the increase
in the percentage of this textural fraction results in a modification of the values of the
Differences; that is to say, as the percentage of clays increases, the difference in the values
of field capacity in the soil with the values obtained by the PTFs decreases and, reaching a
value of ‘0’, the values calculated by the direct method begin to be greater. Examining the
values by the estimation of the soil water content at two fixed matric potential values, it can
be seen that at 6, , the representation of the data in both Rawls82 6 N (Fig. 7) and Rawls04
0, shows that the values of 0 for this content are higher for the estimation by the direct
method than those obtained with the PTFs, for most of the percentages of texture of the
clays. On the other hand, Lal 6 ‘and Pidgeon 6 . present the inverse result, the PTFs method
giving the highest moisture content at g, . Arruda 0, presents a more complex evolution:
places with less than 25% of clay had lower mmsture contents when using the results of the
PTFs, while for clay values higher than 25% the direct O method gave the lowest values.
Regarding the values of § , Rawls82 6, , Arruda GWP and Pidgeon GWP gave results similar
to those of ch, while Rawls04 GWP and Lal GWP showed modified results. Higher moisture
content values were found in the PTFs results for much of the data for the RawlsO4 Bwp,
while the opposite occurred for the values of Lal ewp.

For sands the case is reversed with respect to clays, and the general trend shows that
as the percentage of sand increases, the curve representing the values of the differences
decreases. Examining the results of the F'C values, the values of the differences show
a similar pattern to the clays, with Rawls82 0 _and Rawls04 0, presenting higher 0
values with the direct method, Lal 9 and Ptdgeon 6 . giving hlgher 0 values with the
indirect method, and Arruda Gf showmg a transmon in the values of both methods.
The same happens with the data at the GWP level, where Rawls82 0 , Arruda 6,  and
Pidgeon Bwp again present similar values with respect to the differences at Qﬁ_, while
Rawls04 0 and Lal 6, show modified values.

Finally, the texture fraction of the silts presents an upward trend similar to that shown
by the clays. The results for the 0, values show again that RawlsS82 6 .and Rawls 04 0 "
have the majority of their data as positive values, which indicates 0 values estimated
with the direct method lower than those obtained with the method that uses the PTFs.
Only Pidgeon 0 B has most of its values below 0, indicating a higher moisture index in the
results of the direct method. For their part, Arruda 0 .and Lal 0 . (Fig.7) have points with
both positive and negative values, which suggests a more diverse behavior. In both cases,
there are lower 0 values arrived at with the indirect method; but for silts contents higher
than 25% and 50%, respectively, the result is inverted. If we observe the values for
pr, the previous trend is repeated in all cases, except for Rawls04 GWP. This shows that
the influence of silts on the values of the differences, despite having high coefficients,
remains quite stable for both 0.
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Clay (%) o sile (%) sand (%) OM (%)

Figure 7. Representation of the dispersion of the points clouds between the variables clay, silt,
sand, Organic Matter (OM) and the Differences in PTFs adjusted by means of a Generalized
Additive Model (GAM). The positive data show higher estimation values for the method
developed from PTFs. Negative data show higher estimation values for the method developed by
modeling 0 values.

The OM appears as the most diverse variable of those discussed in this section, since
the correlation coefficients show an alternation of the gradients represented, adopting an
upward trend for Rawls82 and Pidgeon and a downward one for the rest. The values of
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0,, show results similar to those for the clays and sands. All cases maintain these values
for ewp, except for Rawls04 Gwp (Fig. 8) that inverts its results to show soil moisture
values higher than those obtained by the method involving modeling of environmental
variables.

Arruda 6, Rawls (82) 8,,,,

Rawls (04) 8,,,,

0 60 20

Clay (%) O sile(%) sand (%) OM (%)

Figure 8. Representation of the dispersion of the point cloud between the variables clay, silt,
sand, Organic Matter (OM) and the Differences in PTFs adjusted by means of a Generalized
Additive Model (GAM). The positive data show higher estimation values for the method
developed from PTFs. Negative data show higher estimation values for the method developed by
modeling 6 values.
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4. Conclusions

The exploration of several procedures for estimating the water content of the soil
at a regional scale through the analysis of the soil water content allows us to discuss the
effect of the variables used in its prediction. This diagnosis has shown a strong influence
of textures and OM in the study of the differences between the two methods, which
is interesting for the conclusions that can be drawn from their spatial distribution and
variability. The analyses of the spatially cumulative distribution in the comparison of
the two methods broadly show a greater dispersion of the data associated at 6, , which
indicates that these values, associated with the field capacity situation, are more difficult
to estimate than the wilting point values (pr). On the other hand, the similar relationship
regarding the positions occupied by the five cases analyzed for the two 0 values suggests
that, despite finding certain differences between the methods analyzed, there is a
considerable degree of consistency between them.

The comparison of the Differences shows that the texture fractions included in the
model exert a similar effect in all calculations. This shows that the structural variations
in the models of the texture fractions play an important role in the estimation of these
hydraulic properties. In contrast, the OM shows a more variable result, which could be
conditioned by the intrinsic structure of each PTF.
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