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HIGHLIGHTS:
Elevated compaction and the micropores flattened retention curves.
Slight field capacity - permanent wilting point difference.
Ground-based data (GF) demonstrate excellent accuracy for Andisols and for Oxisols at different depths.

ABSTRACT: Soil is a medium that stores and transfers air, water, nutrients and heat to microorganisms and plants.
Its water storage capacity is studied by analysing water retention curves (WRCs), which establish the relationship
between soil water content and the force with which water is retained. The objective of this work was to evaluate
the capacity of functional geostatistics in predicting the spatial distribution of water retention curves in two types
of soils. Experimental areas with two types of soil, Andisol and Oxisol, were selected, and a regular grid of 75 sites
was established, from which water retention curves were obtained at two depths. The curves were subjected to
geostatistical functional analysis (GF), and the applicability of this method was evaluated by obtaining the usable
water table (LAA) and comparing the results with experimental data obtained using traditional methods. Based on
cross-validation, it was verified that GF produced a better fit for the Andisol since the coeflicient of determination
between the LAA values for the measured data and predictions was high, with an R? of 99%; however, the proposed
methodology was also reliable for the Oxisol, since an R? of 94% was obtained at the two depths studied.
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RESUMO: O solo é um sistema que armazena e transfere ar, 4gua, nutrientes e calor para microrganismos e plantas.
Sua capacidade de armazenamento de dgua é estudada analisando a curva de retengio de 4gua (WRC), que estabelece
a relagdo entre a umidade do solo e a for¢ca com que ela é retida. O objetivo deste trabalho foi avaliar a capacidade
preditiva da geoestatistica funcional na distribuigdo espacial das curvas de retencio de dgua em dois tipos de solos.
Foram selecionadas duas dreas experimentais, um Andisol e um Oxisol, nas quais foi estabelecida uma grade regular
com 75 pontos, das quais foram obtidas curvas de retencdo de dgua em duas profundidades. As curvas foram
submetidas a andlise geoestatistica funcional (GF), sua aplicabilidade foi avaliada obtendo a tabela de agua utilizavel
(LAA) e sua posterior andlise espacial por métodos tradicionais nos quais os resultados foram comparados com os
dados experimentais. Com base na validagao cruzada, verificou-se que o uso de GF tem um melhor ajuste para o
Andossolo, uma vez que o coeficiente de determinagéo entre os valores de LAA obtidos com os dados observados
e aqueles obtidos com as previsoes foi alto, com R? de 99%; no entanto, para o Latossolo, a metodologia proposta
também ¢é confidvel, uma vez que foi obtido um R? de 94% nas duas profundidades estudadas.

Palavras-chave: variabilidade espacial, 4gua util, dados funcionais, kriging funcional
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INTRODUCTION

Agricultural soils behave as complex systems that store and
transport air, water, nutrients, and heat to microorganisms and
plants (Kaur et al., 2021). Porosity plays an important role in
a soil’s water storage capacity because the presence of small
water-filled pores require plants to exert greater force to extract
the water (Howe & Peyton-Smith, 2021).

Studies of soil water retention curves (WRCs) establish
links between stored water and the force that is needed to retain
it. Commonly studied critical soil water contents include field
capacity (FC), which is measured after the soil has lost water
due to gravity, and the permanent wilting point (PWP), which
occurs after plants have already taken in available water and
cannot absorb more water from the soil.

Recently, several studies have been conducted that
employed alternative methods for performing spatial analysis
through which spatial predictions can be made at each
measurement site that has a known curve but no specific
data points (Sajedi-Hosseini et al., 2018; Chen et al., 2019;
Padarian et al., 2022). These methods, known as functional
geostatistics (GF) (Mateu & Giraldo, 2022), require the
application of smoothing techniques to convert the discrete
data from each site into continuous functions. Using GF
analysis, it is possible to perform spatial interpolation on
these curves.

In this study, GF was applied to WRCs to obtain usable
water contents to evaluate the predicative capacity of GF and
its potential use as a tool for describing the spatial variability
in WRCs. Next, a cross-validation analysis was performed
(using sites where data were already measured) to estimate
prediction errors and compare them with the traditional
univariate prediction methods that are often used for spatial
analysis. Thus, the objective of this work was to evaluate the
predictive capacity of functional geostatistics and its potential
as a tool for describing the spatial variability in water retention
curves in two types of soils.

MATERIALS AND METHODS

Two experimental locations were selected for this study.
The first is in the municipality of Mosquera (Cundinamarca)
at geographical coordinates of 4° 42’ N and 74° 12° W, with
an altitude of 2,543 m.a.s.l. The average mean temperature
at this site is 13.1 °C, and the average annual precipitation
is 670 mm. The site is part of the Bogotd River basin, which
contains soil from the Marengo series, and the soil is classified
as a Typic Melanudand with silty-loam and clay-loam textures
and slopes of less than 1%. The soil is an Andisol with a thick,
dark Ap horizon that originates from lake sediments with a
small amount of volcanic ash and is supported by alluvial clay
characterized by naturally poor and incomplete drainage,
salinity problems, and low sodium contents. The experimental
unit was 3.1 ha! and was used for crops and grazing activities
(Figure 1A).

The second sampling zone was located in the municipality
of Puerto Lépez, Meta, Colombia (4° 22’ 38.50” N and 72°
13’ 24.53” W, with an altitude of 156 m.a.s.1). Precipitation
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A.

Figure 1. Experimental sites: Marengo Agricultural Center,
Mosquera, Cundinamarca (A) and Puerto Lopez, Meta (B)

in this zone follows a monomodal regime with an annual
average of 2,375 mm; the mean temperature is 27 °C, and
the relative humidity is 75% (Jaimes et al., 2003). The
most predominant soil in this zone is a Typic Haplustox,
which contains a thick layer of topsoil with a fine, loamy,
silty texture and a slightly inclined slope (<5%). This soil
is susceptible to physical degradation due to extensive
ranching activities on the native meadows. The experimental
unit covered 37 ha and was used for growing corn during
the sampling period (Figure 1B).

In both zones, sampling was performed at two depths (0
to 10 cm and 10 to 20 cm) by using an evenly spaced grid
with 75 measurement locations. To determine the soil water
retention curves at each sampling site, membrane equipment
and pressure cookers were used at pressures of 0.1, 0.3, 0.5, 1,
3,5, 10, and 15 bar, as well as at the saturation point (0 bar). In
addition, soil water content was determined at each pressure.
The mean curve was determined for each depth and the two
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soil types, and the differences between the values of the WRC
at each measurement site and the averages of these values were
calculated to obtain an “error curve” for each site. In addition,
soil water retention was evaluated at the study sites by using
the mean WRCs obtained at each depth.

B-splines (Zheng & Chen, 2022) were used in this study to
estimate the error curves at each of the 75 measurement sites.
Next, these curves were subjected to functional kriging (Mateu
& Giraldo, 2022) by removing one error curve at a time and
performing functional kriging on the remaining 74 curves to
predict the “missing” curve, which resulted in the “observed”
curve (estimated using B-splines) and the predicted curve for
the unmeasured site (using functional kriging). The WRC was
calculated at each site by fitting the calculated average curve with
a correction from the “error” curve that was predicted at each
site. A group of 75 measured WRCs and 75 predicted WRCs was
generated, which allowed (leave-one-out) for cross-validation
analysis to be performed. This procedure is useful for evaluating
the quality of a method (the smaller the difference between the
estimations and predictions, the better the method) and for
comparing this method with traditional alternatives.

The functional kriging predictor is defined as follows
(Giraldo et al., 2010):

n
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where x(s ) is the predicted curve at site s , X(s,) corresponds to
the curve observed at site s, andi=1.2,...,nand \,i=1, ...,
n, are the weighting parameters that indicate the contributions
of each observed curve to the predicted curve.

The A, parameters are estimated by solving the following
system of equations (Giraldo et al., 2010):
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where the integrals correspond to the trace-variogram function
(Giraldo et al., 2010) evaluated for the distances between the
observation sites (matrix to the left of the equal sign) and the
distances between the observation sites and the prediction
site (vector to the right of the equal sign). These integrals are
calculated by estimating the trace-variogram function that is
given by the following expression (Giraldo et al., 2010):
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where N(h) = {(s, s):(|s, - || = h} corresponds to the number
of pairs of sites separated by hours and its subsequent fit
with traditional parametric semivariance models (spherical,
exponential, Gaussian, Matérn).

Using the measured curves and those obtained using
functional prediction, available water content (AWC) was
calculated at each site and for each soil. AWC was defined as
the difference between the water contents at the FC and PWP
at pressures of 0.3 and 15 bar, respectively (Melian et al., 2023).

The results obtained from functional kriging were
compared with those obtained using univariate kriging at two
depths. To perform a conventional analysis, the semivariance
function was calculated for values of AWC and according to
Cressie (1993), as follows:

—z(x;+h)] ()

where z(x,) is the value of the LAA at point x,, z(x, + h) is
the value of LAA at a point with a distance of h from the
previous point, and N(h) is the number of pairs of data
separated by the distance h. Next, this semivariogram is fit
using one of the theoretical semivariance models mentioned
earlier. Various criteria are considered for selecting the best
model, including the coefficient of determination (R?), the
least sum of squared errors (LSSE) and the cross-validation
correlation (CVC). The shared parameters among the
theoretical semivariance models include the nugget (C0),
which is a discontinuity in the semivariogram at the origin,
the variance of the process (C), and the reach (r), which is
the distance to a spatial correlation. In addition, the nugget-
variance ratio, C/(C0+C), is often used as a criterion for
model selection. This parameter establishes the degree of
spatial dependence (DSD) expressed by the attribute under
study. Cambardella et al. (1994) state that the dependence
is strong if the DSD is greater than 75%, is moderate for
values between 25 and 75%, and is weak for values less than
25%. For all estimations and data processing, R version 4
was used with the libraries Geofd, fda and geoR.

RESULTS AND DISCUSSION

Figure 2 shows that in both cases, the soil demonstrated
flat WRCs with similar behaviours at each studied depth and
small differences between the FC and PWP, which indicated
the presence of a large number of micropores and that soil
compaction occurred (Villalobos-Baquero & Meza-Montoya,
2019).

The curves obtained in both types of soil are common
among loamy soils according to the findings of Tarazona-
Meza et al. (2022), who observed FC and PWP values of
0.23 cm® cm™ and 0.19 cm® cm™ in an Oxisol and 0.30 cm?
cm™ and 0.26 cm® cm™ in an Andisol at both depth ranges.
In addition, these values were similar to those reported by
Vargas-Diaz et al. (2022), Zhang et al. (2020) and Gémez-
Rodriguez et al. (2013).

The increased prevalence of clays in the Andisol signifies
an increased presence of micropores, as documented in this
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Figure 2. Average water retention curves of the Andisol (A) and Oxisol (B)

region by Varén-Ramirez et al. (2018). Consequently, a close
arrangement of solid particles and a reduced prevalence
of macropores are evident in the Andisol compared to the
Oxisol. This results in more pronounced capillarity in the
Andisol, leading to enhanced interactions with water. This,
in turn, results in a predominance of water retention over
water drainage at lower tensions, as observed in the research
conducted by Silva et al. (2022). This phenomenon leads to
greater water storage capacity, as depicted in the obtained
curves.

The WRCs obtained for both soils do not follow general
trends, which demonstrates a lack of homogeneity in the data
(Figure 3). Thus, within the study zones, the water retention
behaviours at some sites are noticeably different from the rest.
Nevertheless, the curves show the same asymptotic patterns
in the desaturation zones with respect to FC.

To understand the behaviour of the study zones more
clearly, descriptive measures for FC and PWP were calculated

Rev. Bras. Eng. Agric. Ambiental, v.28, n.3, 277718, 2024.

(Table 1). In both soils, the WRCs behaved similarly at both
depths with respect to these measures. As seen in Figure 3,
for the Andisol, the FC varied between approximately 0.13
cm’ cm”and 0.55 cm® cm, and in the Oxisol, the FC varied
between approximately 0.06 cm?® cm™ and 0.40 cm® cm™.
The difference between the FC and PWP was greater in the
Andisol, indicating greater water availability in the soil in
the study area.

Overall, the water contents at FC and the PWP showed
mean variability at both depths, with CVs between 12 and
60%. This finding corresponded with the findings of Warrick
& Nielsen (1980) and could be attributed to the degree of
disturbance that the soil has undergone.

WRC predictions were performed at the 75 measurement
sites. The measured and predicted curves for the Andisols are
shown in Figure 3, and those for the Oxisols are shown in
Figure 4. In both cases, few differences were found between
the two sets of curves.
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Figure 3. Measured water retention curves. A. at 10 cm and C. 20 cm. Water retention curves predicted using functional kriging
B. at 10 cm and D. 20 cm in the Andisol

Table 1. Descriptive measurements of CC and PMP at depths Using measured data and predicted curves at each site, the
of 0 to 10 cm and 10 to 20 cm in Andisols and Oxisols available water content (AWC) was calculated as the difference
between the water contents at FC and the PWP. This value
served as a numerical indicator of the goodness-of-fit when
a simple linear regression was performed to compare the
measured and predicted values at each site. In addition, this
value indicated which soil type was most suited for GF analysis
to predict WRCs. The resulting regressions are shown in Figure
5. A strong correlation was observed between the observations
and predictions. The coefficient of determination was higher

Figure 4. Measured water retention curves A. at 10 cm and C. 20 cm. Water retention curves predicted using functional kriging
B. at 10 cm and D. 20 cm in the Oxisol

Rev. Bras. Eng. Agric. Ambiental, v.28, n.3, €277718, 2024.
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Figure 5. Cross-validation of available water content (AWC). Andisol 10 (A) and 20 cm (B); Oxisol 10 (C) and 20 cm (D)

in the Andisol (0.99) than in the Oxisol (0.94) at both depths.
Despite the high R? value of the Oxisol, greater data scatter
was observed. The values of R? indicated that more than 99%
(Andisol) and 94% (Oxisol) of the measured data could be
explained by the proposed predictor.

The model might have performed better for the Andisol
because this soil has a higher content of organic matter
and a higher clay content compared to the Oxisol. Organic
matter content as well as clay content affects the pedotransfer
functions and, as presented in this study, alters the water
retention curves since organic matter and clays affect the
presence and distribution of pores in the soil (Albuquerque
et al., 2022; Veloso et al., 2023).

The zones analysed in this study show high levels of
compaction and an elevated presence of micropores, which
were inferred from the trends and flattened shape of the soil
water retention curves, with a small difference between FC
and the PWP.

To evaluate the applicability of functional geostatistics in
predicting data from water retention curves, geostatistical
parameters were determined (Table 2), and spatial distribution
maps were generated (Figures 6 and 7) for the values of AWC
that were calculated using the measured data and the data
obtained from the predictor.

For both soils and at both soil depths, the generated
geostatistical parameters were similar, which demonstrated
the goodness of fit of the functional predictor used in this
study. The experimental and functional kriging-predicted AWC
data fit the theoretical semivariogram models well, with the
Andisol fitting the spherical models and the Oxisol fitting the
exponential models at both depths.

At 0-10 cm in the Andisol, the AWC showed a moderate
DSD, and the values of Co were relatively far from zero. At
10-20 cm in the Andisol and at both depths in the Oxisol, the
Co values were much closer to zero, which indicated a strong
spatial dependence that was also evidenced by DSD values

Table 2. Theoretical semivariogram parameters fit to the observed and predicted available water content for horizons at 0 to

10 cm and 10 to 20 cm

CVC - Cross-validation correlation; DSD - Degree of spatial dependence

Rev. Bras. Eng. Agric. Ambiental, v.28, n.3, 277718, 2024.
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Figure 6. Distribution maps for the available water content
(AWC) in Andisol. Observed AWC at 10 cm (A), predicted
AWC at 10 cm (B), observed AWC at 20 cm (C) and predicted
AWC at 20 cm (D)

above 75% (Birol & Giinal, 2022). These results indicate that the
sampling distances were adequate, since when greater distances
between points exist, the variograms tend to present larger
nugget due to the intrinsic properties of the soil, which also
results in greater estimation errors when spatial pedotransfer
functions are developed (Castrignano et al., 2023), causing
the sill to exceed the sampling variance, especially in areas
that present different soil types as well as different levels of
anthropogenic intervention (Camacho-Tamayo et al., 2008;
Heydari et al., 2023).

The maps show the high spatial variability found in the soil
relative to the properties analysed (Figures 6 and 7). The maps
created from the values generated using functional kriging are
consistent with the measured data maps, which show a spatial
distribution that is similar to that of the measured data based
on the minimal differences between the two sets of maps. The
Oxisol shows somewhat more notable differences between the
maps, with a CVC of 0.94, which is lower than that obtained
for the Andisol.

Figure 7. Distribution maps for the available water content in
the Oxisol. Observed AWC at 10 cm (A), predicted AWC at
10 cm (B), observed AWC at 20 cm (C) and predicted AWC
at 20 cm (D)

CONCLUSIONS

1. The results of the cross-validation analysis show that
the use of functional geostatistics results in better fits for
the Andisol at both depths given the high coefficient of
determination between the available water content (AWC)
values obtained from the measured data and the predicted data
(R? =99%). The proposed methodology is reliable for Oxisols
as well (R? = 94%) at the two studied depths.

2. The maps created from the predicted water retention
curves also exhibited behaviour similar to that of the maps
obtained from the field-measured data. Similarly, map
fitting was better in the areas where the Andisol is located in
comparison to the areas with the Oxisol.
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