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ABSTRACT

The functions of soil water retention and hydraulic conductivity are indispensable for the characterization and modeling of the
infiltration and water transfer processes in the vadose zone. In the case of the Brazilian semi-arid region, characterized by the scarcity
of water resources, there is a lack of information on the hydrodynamic properties of the soil. Also, these properties have numerous
factors of variability, requiring the characterization of their magnitude and distribution in space. This research presents an analysis
of the infiltration process and the hydrodynamic properties of the soil under native Caatinga forest, observing its spatial distribution.
This vegetation is typical of the Brazilian semi-arid region. One developed a 48-point grid in an area of approximately 875 m? and
applied on it the Beerkan methodology. The analyzes were performed based on the application of the BEST-Slope algorithm and
statistical measures of the position, dispersion, and adherence tests. The results showed medium to high variability indices for the
hydrodynamic properties, with random spatial distribution, despite the verification of a homogeneous texture in the area. Thus, it was
found that the soil structure was predominant in the processes of water infiltration.
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RESUMO

As fungoes de retengao de dgua no solo e condutividade hidraulica sao indispensaveis para a caracterizagiao ¢ modelagem dos processos
de infiltracdo e transferéncia de dgua na zona vadosa. No caso do semi-drido brasileiro, caracterizado pela escassez de recursos
hidricos, faltam informagoes sobre as propriedades hidrodinamicas do solo. Além disso, essas propriedades possuem inimeros fatores
de variabilidade, sendo essencial a caracterizagdo de sua magnitude, bem como sua distribui¢do no espaco. Esta pesquisa apresenta
uma andlise das propriedades hidrodindmicas de um solo sob mata nativa da Caatinga, tipica do semi-arido brasileiro, observando
sua distribui¢do espacial. Uma malha de 48 pontos foi desenvolvida em uma drea de aproximadamente 875 m? onde foi aplicada a
metodologia Beerkan. As andlises foram realizadas com base na aplicagdo do algoritmo BEST-Slope ¢ em medidas estatisticas de
posi¢ao, dispersdo e aderéncia. Os resultados mostraram indices de variabilidade médios a altos para as propriedades hidrodinamicas,
com distribui¢do espacial aleatéria, apesar da verificacio de uma textura homogénea na area. Assim, verificou-se que a estrutura do
solo foi preponderante nos processos de infiltracio de dgua.

Palavras-chave: Zona vadosa; Beerkan; Curva de retencio; Curva de condutividade hidraulica; Semiarido.
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Variability and spatial distribution of hydrodynamic properties in soil with preserved Caatinga

INTRODUCTION

The analyses of the hydrodynamic properties of the soil are
essential to the conception of water management models, especially
in regions with a historical water shortage (Coutinho et al., 2016;
Abaker et al., 2018; Bouslihim et al., 2019). In this context are
included semiarid regions, that have shallow soils (Santos et al.,
2012b; Paula Filho et al., 2019), low and irregular annual rainfall
(Cirilo, 2008; Souza et al., 2016), and high evapotranspiration rates
(Jha & Srivastava, 2018; Mutti et al., 2019), resulting in constant
drought periods (Han et al., 2018; Habibi et al., 2018) and the
susceptibility to desertification (Joseph et al., 2018; Barros et al.,
2018).

Therefore, a good understanding of these processes is vital
to develop practical solutions to minimize socioeconomic and
environmental issues. Besides that, the success of agricultural or
engineering projects often depends on the determination of the
soil’s hydrodynamic properties, especially the hydraulic conductivity
and water retention functions (Kool et al., 2019; Yost et al., 2019;
Zubelzu etal., 2019). The hydraulic conductivity function provides
the relationship between hydraulic conductivity and soil water
content. In a qualitative way it expresses the propensity of the
porous medium to transfer water to a given soil moisture. The soil
water retention function describes the relationship between the
soil water content and the matrix energy state. These properties
are crucial for modeling the movement of water into the soil
(Nasta et al., 2013).

Tests to determine soil’s hydrodynamic properties can
be performed in the field or laboratory by applying direct and
indirect methods. Laboratory determinations are generally onerous
and long time-consuming, hampering the spatial analyses on a
significant scale (Souza et al., 2008a). Field methods, such as the
Beerkan method (Lassabatere et al., 2000), allow the maintenance
of the functional connections of the sampled volumes with the
surrounding matrix (Haverkamp et al., 1994; Yilmaz et al., 2010;
Bagarello et al., 2014; Alagna et al., 2016; Castellini et al., 2018;
Fernandez-Galvez et al., 2019). Beerkan’s method allows the
determination of soil’s hydrodynamic properties through simplified
infiltration tests, particle size distribution, specific mass of the
soil, and initial soil water content (Angulo-Jaramillo et al., 2019).

The hydrodynamic properties have various spatial variability
sources (Sipek et al., 2019; Siqueira et al., 2019; Bagarello et al.,
2019). The variability sources might be linked with soil’s textural
and structural characteristics. Therefore, determinations and studies
of the soil’s hydrodynamic properties on the field should follow
a plan that contemplates their spatial distribution. According to
Picciafuoco et al. (2019), not considering the spatial variability
when using hydrologic models can lead to significant mistakes.

Criteria that qualify the variability indices according to their
coefficient of variation are commonly used to characterize these
indices and their distribution in space. An example is the Warrick
& Nielsen (1980) criteria, used in several studies, such as those
by Cheong et al. (2020), Keskinen et al. (2019) and Moradi et al.
(2016). Also, it is common to spatialize these parameters through
geostatistical analyzes, with the help of GIS environments, as
performed by Souza et al. (2017), Oliveira Janior et al. (2014),
and Souza et al. (2008a).
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Although being crucial in the elaboration of water resources
management models, information about the soil’s hydrodynamic
properties and their spatial distribution are scarce in semiarid
regions. According to Albuquerque et al. (2012), in the Brazilian
semiarid, where the Caatinga biome is predominant, the availability
of data is even more limited. The few investigations conducted in
these regions emphasize that the hydrodynamic parameters show
indexes of variability between medium and high, according to the
criteria of Warrick & Nielsen (1980), being strongly correlated
to the soil’s texture (Souza et al., 2008; Santos et al., 2012a).
Oliveira Junior et al. (2014) also attributed the spatial distribution
of hydrodynamic properties to the soil’s texture in a preserved
Caatinga area.

Despite the relation of the hydrodynamics spatial
variability with the soil’s texture, some investigations emphasize
that there is still a lack of clarity on this relation. For example,
Rahmati et al. (2018), assessing hydrodynamic parameters of
the soil, verified a considerable variability among them for the
same texture class. Godoy et al. (2019), when determining the
spatial correlation between hydrodynamics parameters and soil
properties, found out that the relationship them is not constant
in space. This fact highlights the importance of determining the
combined behavior of these variables. Consequently, there is a
need to expand the investigations about the spatial distribution
of the hydrodynamic properties to understand how these indexes
vary with the soil’s physical properties. Thus, this paper aims to
characterize the spatial variability of the hydrodynamic properties
using the Beerkan method in the soil of native Caatinga forest in
the Brazilian semiarid region.

MATERIAL AND METHODS

Study area

The present research was developed in an experimental
area located in the city of Caruaru, in the Agreste of the state
of Pernambuco, Brazil’s northeast (Figure 1). The area selected
for the tests embraces an area of 875 m* with a predominant
vegetation of native Caatinga forest. The vegetation in the area is
characterized by being thorny, deciduous, and varies from shrub
to arboreal (Silva et al., 2017; Alcoforado-Filho et al., 2003).

According to Jacomine et al. (1973), the studied soil is a
Planosol of medium depth, strongly drained, acid to moderately
acid, and with medium natural fertility. According to the Képpen
classification the region has a climate of Bsh ‘(hot semiarid) type,
characterized by low humidity and little annual rainfall (average
between 200 mm and 500 mm). The study covered a mesh of
48 points in the sutrface, equidistant 5x5 m.

2.2 Beerkan’s methodology

Beerkan’s methodology is mainly based on simplified
infiltration tests. The experiments consisted of recording the time
to infiltrate fixed volumes of water (50 ml), inside a containment
ring of 150 mm of diameter, which was inserted to a depth of
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Figure 1. Images highlighting the regions where the study was made

about 10 mm into the soil. The volume of water was poured into
the ring at time zero, and the time elapsed during the infiltration
of a known volume of water was measured. When the first
volume completely infiltrated, a second known volume of water
was added to the ring, and the time needed for it to infiltrate
was measured (time cumulative). According to Lassabatere et al.
(2000), the procedure is commonly repeated for 8 to 15 known
volumes. In this study, the procedure was fixed in 16 volumes
for all experiments.

In each infiltration experiment, soil samples were collected
to determine the initial soil water content (0), particle-specific
mass (0s), and particle size distribution (PSD). Another sample
of known volume is extracted to determine the soil-specific mass
(0). At the end of the experiment, the saturated soil is sampled
to determine saturated soil water content (0).

Hydraulic properties are derived from the soil water
retention curve proposed by van Genuchten (1980) and Burdine
(1953) (Equation 1), and the soil hydraulic conductivity curve
proposed by Brooks & Corey (1964) (Equation 2).

0-0,) . (ho|"
[gs_'gr]_[“—[@) } (1)
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n

RBRH, Porto Alegte, v. 26, €20, 2021

K<e)=1<s[z—_6;rrj" ®

with q:i+2+p
mn

where 0 is the volumetric soil water content [L*1.7]; 0 is the saturated
soil water content [L’.1.7]; 0 is the residual soil water content,
assumed to be zero; 4 is the soil water pressure head [L]; gis the
inflection point of the water retention curve [L]; 7z and # are the
shape parameters of the water retention curve, dimensionless ; K.
is the saturated soil hydraulic conductivity [L.T"']; 7 is the shape
parameter of the hydraulic conductivity curve, dimensionless; and
p s a tortuosity parameter, dimensionless.

BEST (Beerkan Estimation of Soil Transfer Parameters
through Infiltration Experiments) algorithm was used to calculate
the parameters of shape (7, 1, and 1) and normalization parameters
(K, S, and /g). There are three different BEST algorithms for
estimating hydrodynamic parameters: BEST-Slope (Lassabatere et al.,
20006), BEST-Intercept (Yilmaz et al., 2010), and BEST-Steady
(Bagarello etal., 2014). BEST-Slope is the first algorithm developed
by Lassabatere et al. (2006). BEST-Intercept is an adaptation
developed for some specific cases of the infiltration curve, in
which K| results in a negative value. BEST-Steady estimates the
saturated hydraulic conductivity by fitting the infiltration curve
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at its stationary stage. Castellini et al. (2018) evaluating the three
BEST methods, observed a better performance of the BEST-
Slope to describe the water retention curve. Aiello et al. (2014)
highlights that BEST-Slope performed well for a study carried out
on a soil with sandy loam texture. Therefore, the authors adopted
BEST-Slope algorithm for this work.

The shape parameters (7, #, and 1)) depend mainly on the
soil texture, which are estimated from the particle size distribution
(PSD). To obtain the shape parameters of the hydraulic curves,
the PSD is fitted to the following equations:

-M
H(ng 3
D

with, M =1--2
N

where F(D) is the cumulative frequency associated with diameter
D (L), M and N are two shape parameters, and D (L) is a scale
parameter. )

The normalization parameters (0, K, e 4g) depend on the
soil structure and are determined from the infiltration experiment.
To estimate K and 5, BEST-Slope uses the experimental data
obtained with the Beerkan method and infiltration model by
Haverkamp et al. (1994). Particularly, BEST-Slope applies the
first part of the cumulative infiltration curve to fit to the transient
model and the final slope to describe the steady-state, determined
by Equation 4 and 5.

K, =i — 48> 4

I(t)=S\/;+[A(1—B)S2+Bi§xp}t (5)

where [ is the cumulative infiltration (L); #is the time (T); iy? is
the experimental steady-state infiltration rate (..T); .4 and B are
constants (Brooks & Corey, 1964); S is the Sorptivity (L.T*).

Characteristic scale soil properties

During the three-dimensional infiltration process, the factors
affecting the water flow into the soil are the geometry of the water
source, soil capillarity, and gravity (Souza et al., 2008a, 2016; Oliveira
Junior et al., 2014). One of the ways to characterize these factors
is from the capillary length scales, Ac [L] (White & Sully, 1987) and
the characteristic radius of hydraulically active pores, Am [L] (Philip,
1987), which are determined by Equations 6 and 7, respectively.

bS?
- SR 6
Ae 60K, (6)

where 4 is a constant dependent on soil water diffusivity, being
considered 4 = 0.55 (Bouarafa et al., 2019).

o

A =
PwgAc

m

)

where ¢ is the surface tension of water (6 =73 mN.m™); o is the
specific mass of water (g, = 1000 kg.m?); and gis the acceleration
of gravity (¢ = 9.80 m.s?).
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Also, the number of pores per unit area, CA (N° of
potes.m?) was determined using Poiseuille’s law for flow into a
capillary tube, according to Equation 6 (Souza et al., 2007, 2016).

8uK,
CA, =—°F0s
n P&y’ ®)

whete p is the dynamic viscosity of water (0.001 kg.m™.s™).

Parameter analysis

Initially, a statistical analysis of the parameters under
study was performed, with the position measures, covering the
determination of the arithmetic mean and median of the sample,
also included the dispersion measures, such as standard deviation,
variance, and coefficient of variation, in addition to a measure of
asymmetry, with the determination of the asymmetry coefficient.

The determination of the variability indexes of the parameters
was carried out based on the criteria introduced by Warrick &
Nielsen (1980), which relate the samples’ degree of variability
with their coefficient of variation. Variability is considered low if
its variation coefficient is less than 12%; medium if it is between
12 and 60%; and high if the values are above 60%.

To check the quality of the adjustment of the variables,
the Kolmogorov-Smirnov test was applied to determine the
adherence of the parameters to a normal distribution or log-normal
distribution, considering 5 and 1% of significance, as also used in
the studies of variability by Souza et al. (2017, 2008a) and Oliveira
Junior etal. (2014). An uncertainty analysis was performed for the
parameters 7, 0, K, and S. For these parameters, the respective
confidence intervals were calculated, considering the normal or
log-normal distributions at 5% significance.

Analysis of the spatial distribution of parameters

To analyze the spatial distribution of the parameter indices
and, thus, to verify their variability and possible spatial correlation,
maps were plotted with the scores of all the analyzed parameters,
using the Quantum Gis software, version 2.18.28. The maps were
organized into 5 ranges of scores, with different colors, in which
the blue strip indicates the highest indices, the red the lowest
indices and the yellow the intermediate indices.

RESULTS AND DISCUSSIONS

Texture classification, soil water infiltration curves,
and statistical analysis of parameters

The fractions of sand, silt, and clay, and the respective
textural classifications of the 48 points were determined from
the particle size analysis. According to United States Department
of Agriculture (1987), the 48 studied points were classified as
sandy loam (Figure 2a). Figure 2b shows the infiltration curves
for the 48 points.
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The infiltration tests lasted, on average 2030 s, with the
fastest test taking 848 s and the most extended taking 3630 s.
Infiltrations with a shorter duration (below average), observed in
54% of the points, may be related to a higher density of vegetation
cover, which indicates the strong presence of roots inside the
soil (Nunes et al., 2012). Therefore, it is easier for the water to
infiltrate the soil due to the preferential flows formed by the roots.

Ma et al. (2016) evaluating soils of different textures in a
semiarid region, found a correlation between the infiltration curves
and the textural variation. In contrast, the 48 points analyzed in our
study, presented same textural classification and a high discrepancy
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Figure 2. (a) The textural class of the 48 points studied; (b)
Cumulative infiltration curves of the 48 points analyzed, with
I (mm) being the accumulated infiltration layer of soil water, T
(s) the duration to infiltrate all water volumes and the red line
corresponding to the average infiltration cutve.

between infiltration curves (Figure 2a). This probably indicates an
influence of the soil structure on the infiltration curves.

It is possible to verify the atypical behavior of some
infiltration curves (concave, large double, or discontinuous),
representing the presence of non-soil water repellent regions.
According to Vogelmann et al. (2015), forest soils commonly
present hydrophobic organic compounds. Clothier et al. (2000)
and Moret-Fernandez et al. (2019) indicate’s that water repellency
modifies soil water dynamics, reducing matric potential and
affecting infiltration capacity. In this sense, when the repelling
effect disappears, it is common to observe atypical, discontinuous,
and double-slope infiltration curves, especially in very dry soil
conditions (Vogelmann et al., 2017; Li et al., 2018).

Table 1 shows the statistical design for the soil physical
properties and shape parameters of Beerkan’s method. According
to the Kolmogorov-Smirnov test, the sand, silt, clay, and particle
density parameters were adjusted to a normal distribution at 5%
significance, while the soil density was adjusted to 1% significance.
The average values of sand, silt, and clay fractions are 61.91, 28.29,
and 9.80%, respectively.

The indicative of higher sand contents is pertinent to
the Planosols superficial layers found in the semiarid region, as
observed by Oliveira et al. (2009) and Sousa et al. (2013). According
to Silva et al. (2012), that this occurs due to the loss of clay on
the surface as a result of eluviation or dissolution.

Taking as indicators the limits of Coefficient of Variation
(CV) established by Warrick & Nielsen (1980), sand and silt
fractions have low variability (CV < 12%), and average variability
in the clay fraction (12% < CV < 62%). Chagas et al. (2016)
evaluated the texture variation of the soil’s superficial layer in
the Brazilian semiarid using the criteria of Warrick & Nielsen
(1980). They verified an average variability for sand, silt and clay
fractions. Araujo et al. (2018), in their studies on Yellow Argisols,
Litossolos, and Neossolos, obtained low and/or medium variability
in textural fractions in superficial layers of semiarid soils, according
to the criteria of Warrick & Nielsen (1980). All textural fractions
exhibited distributions close to the symmetry, considering the
index presented by the coefficient of skewness.

The average of the soil specific mass was 1.50 g.cm?, a
typical value for sandy soils, as specified by Reinert & Reichert
(2006) and Chatterjee et al. (2018). The results were also similar
to those obtained by Vital et al. (2015) and Marinho et al. (2019),
who evaluated the specific mass in Caatinga soils. A low variability

Table 1. Statistical analysis of soil physical indexes and Beerkan method shape parameters of the 48 studied points.

Parameters Sand Silt Clay 0 0s o n N m
%] T %] [

Mean 61.91 28.29 9.80 1.50 2.43 38.15 2.24 11.01 0.11
Median 62.59 28.25 9.54 1.56 2.43 35.55 2.24 11.09 0.11
St.Dev 3.12 3.20 1.56 0.16 0.06 6.93 0.01 0.50 0.00
Variance 9.76 10.23 2.42 0.03 107 48.04 107 0.25 10°
CV [%] 5.05 11.30 15.89 10.83 2.57 18.17 0.65 4.55 5.44
Asymmetry -0.51 0.58 -0.12 -0.72 0.24 0.60 -0.01 0.32 0.05
Maximum 67.26 35.35 13.06 1.80 2.56 52.06 2.27 12.34 0.12
Minimum 53.96 22.98 6.59 1.13 2.31 25.62 2.21 10.17 0.09
o-value KS 0.48%* 0.66** 0.79%* 0.04 0.55" 0.08** 0.99** 0.96%* 0.99%*

Note - Studied indexes: o = soil specific mass; ps = particles specific mass; 6 = porosity; m, n and 7 = shape parameters. Statistical Parameters: St Dev = statistic
deviation; CV = coefficient of variation. *normal distribution at 1% significance (0.050 > p—value > 0.010); **normal distribution at 5% significance (o— value > 0.050).
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(CV < 12%) was verified when considering the Warrick &
Nielsen (1980) limits for this index. These results are according
to Melo et al. (2008) and Oliveira Janior et al. (2014), who also
found low-specific mass variability for native Caatinga forests.

The particle-specific mass average was 2.43 g.cm”, patticle-
specific mass is related to the mineralogy and organic matter
content, and usually does not vary widely. The small variability
observed shows the relationship of this parameter with the soil
texture, being barely influenced by the eventual variations in the
organic matter content between the points.

The average porosity was 38.14% and the coefficient of
variability was 18.17%, indicating an average variability. Their
distribution was close to the symmetry. It is expected that the
forest soils present variations in their total porosity for the same
textural class. This happens due to the competitiveness among the
species, ground fauna, and its consequent compaction vatiations
(Barreto et al., 2006; Rodrigues et al., 2016). Di Prima et al. (2016),
in their studies, observed a total porosity with an average value
of 55.1% for sandy loam soil. This average value is higher than
those obtained in the present work, evidencing that this result is
probably linked to the different land uses studied.

Regarding the shape parameters, the average values were
2.24 for the # parameter, 0.11 for 7 and 11.01 for 7. According
to the Warrick & Nielsen (1980) criteria all these parameters have
low variability (CV < 12%) and a fairly symmetrical distribution,
highlighting their relationship with the soil texture.

Minasny & McBratney (2007), evaluated the vatiation of
shape parameters between USDA textural classes. These authors
found mean values of 2.27; 0.24 and 10.49 for », », and 7,
respectively, for sandy loam soils. Gomes et al. (2015) evaluated the
hydrodynamics parameters of sandy soil, obtaining similar values
to this study (#=2.50; »=0.17 and n=10.71). Lassabatere et al.
(2000) and Santos et al. (2012a), who analyzed the #, 7, and 7
parameters for different textural classes, emphasize that the values
of n e m are commonly higher in coarse soils like the sandy soils
than in fine soils. The inverse was observed for 7 in both works.

Table 2 shows the statistical analysis performed for the
initial soil water content, the scale parameters, and the characteristic
scales. The Kolmogorov-Smirnov test indicated an adjustment to
anormal distribution at 5% significance, except for the C, _, which
did not show normality to the studied reliability indexes. The K|,

particularly, despite adjusting to the normal distribution, showed
a better fit to the log-normal distribution with 5% significance.

The soil water content is an essential factor in the analysis
of the water infiltration processes in the soil. In this study was
obtained an average value of 0i of 0.06 cm’.cm” with high variability
(CV > 60%). Regarding the 6, this study presented an average
value of 0.39 cm®.cm™, 2 medium variation (CV = 18.98%), and
a low asymmetry in its distribution (> 0.5). The average 0 value
obtained is close to that observed by Souza et al. (2008, 2016),
which was 0.37 cm?.cm” for sandy soils.

The average value of the saturated hydraulic conductivity
(K)), was 0.02 mm.s™, ranging between 0.005 and 0.046 mm.s™.
Montenegro & Montenegro (2006), evaluating K, of sandy loam
soils, obtained average values of 0.083 mm.s"'. Shwetha & Varija
(2015), analyzing the hydrodynamic parameters of sandy loam soil,
recorded average K values of 0.019 mm.s”, with minimum and
maximum values of 0.016 and 0.022 mm.s", respectively, which
were similar to the ones registered in this work. Rahmati et al. (2018)
registered for a loam sandy soil an average of 0.08 mm.s™ for K..
This parameter presented an average variability (CV = 50%) and a
fairly symmetrical distribution. This behavior was also observed by
Alello et al. (2014), who obtained average values of 0.005 mm.s’!
for sandy loam soils and average variability.

According to Souza et al. (2010), the sorptivity reflects the
soil capacity to absorb water by capillarity and depends on the
soil structure and the variation of the soil water content between
the beginning and end of the infiltration process. The § average
value was 0.253 mm.s™3, with minimum and maximum values of
0.105 and 0.571 mm.s*?, respectively. According to the Warrick
& Nielsen (1980) criteria its variation was also considered average
(CV = 37.55%). Alagna et al. (2016) estimated average values
of 0.023 and 0.010 mm.s® for sorptivity in sandy loam soil.
Ursulino et al. (2019) obtained average values of 1.2 mm.s™ for
sandy loam soils and Rahmati et al. (2018) for a loam sandy soil
registered an average of 0.023 mm.s™>.

The hg parameter presented an average of -3.795 mm, with
high variability, according to the Warrick & Nielsen (1980) criteria.
Lafayette et al. (2019) recorded /g values of - 65 and -80 mm for
sandy loam soils, while Ursulino et al. (2019) verified average /g
values of -167 mm for the superficial layer in sandy loam soil.

Table 2. Statistical analysis of the scale parameters of the Beerkan method and soil characteristics scales for the 48 studied points.

i 0, Hg K S A ) Ch
Parameters S < o m
-—-- [cm’.cm™®] ---- [mm] [mm.s] [mm.s?"?] [m] [m] [m]
Mean 0.07 0.39 -3.79 0.02 0.245 4x10° 2x107 0.86
Median 0.06 0.37 -3.50 0.018 0.228 4x107 2x107 0.19
St. Dev 0.04 7.3x10" 2.11 0.01 0.092 3x107 10 1.19
Variance 2x107 5x107 4.45 107 9x107 107 107 1.41
CV [%] 65.58 18.98 55.59 50.0 37.55 75.0 50.0 138.14
Asymmetry 1.46 0.36 -0.59 0.28 0.622 0.704 0.68 1.39
Maximum 0.19 0.52 -0.58 0.046 0.447 0.01 4x10° 4.48
Minimum 0.016 0.267 -8.718 5x107 0.105 107 10 103
p-value KS 0.16" 0.31%* 0.87** 0.51%* 0.77** 0.50%* 0.57** 0.004™%

Note - Studied indices: 6i = initial soil water content; 0s = saturation soil water content; Ks = saturated hydraulic conductivity; § = sorptivity; 4g = inflection point of
the water retention curve; Ac = capillary length scales; &, = radius of hydraulically active pores; CA = number of pores per unit area; CV = coefficient of variation.
**normal distribution at 5% significance (o— value > 0.050). ™ no adjustment to the normal distribution.
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In general, it is possible to highlight that for the same
textural class, there is a significant difference in the K| parameter,
other authors observed the same behavior for K. The soil hydraulic
properties, such as K and S, depends on the texture, but are
directly associated with others soil properties, especially with the
structural arrangements (Souza et al., 2017). Oliveira Junior et al.
(2014) found a high variability of K| studying Caatinga native soils.
Souza et al. (2008a) for the Fluvic Neossol also obtained medium
variability for hydrodynamic parameters, while for the Yellow
Latosol, the K parameter showed high variability.

Finally, the average values obtained for Ac, A m and CAz were
7.4x10° m, 2.4x10~ m and 660.75 No. of pores.m™?, respectively. High
variability was observed for the three parameters, according to the
adopted criteria. Souza et al. (2007), comparing the hydrodynamic
parameters and characteristic scales for a surface without a crust
and another with a crust with a sandy-clay texture, found average
Am and Cl values of 1.6x10° m and 2.03x10° No. of potes.m?,
and 1.9x107 and 0.54x10* No. of potes.m?, respectively.

Figure 3 shows the QQ plot with a confidence interval for
the normal distribution for the shape parameter n and the scale
parameters 0, and .§' and log-normal distribution for K.

It is possible to verify a good adherence of the theoretical
distributions to the empirical distributions of the hydrodynamic
parameters at a significance level of 5%. In the particular case
of K, there was also good adherence to the normal distribution,
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also observed in the works by Oliveira Junior et al. (2014) and
Souza et al. (2017). However, the adjustment to the log-normal
distribution showed greater precision, as also verified by Di
Prima et al. (2016) and Bouarafa et al. (2019).

The parameters of these distributions allow the estimation
of the main hydrodynamic properties associated with levels of
probability of occurrence, making it possible to associate the
levels of probability to the estimation of measures dependent
onn, 0, K, and .

Soil water retention curves and hydraulic
conductivity curves

The shape (7, 7, and ) and scale (0s, 4gand K)) parameters
values of the retention and hydraulic conductivity functions,
enabled the delineation of the soil water retention curves 0(h)
(Figure 4a) and soil hydraulic conductivity curves K(#) (Figure 4b).

Accorindg Figure 3, the retention curves showed relative
dispersion as the h value decreased. The dispersed behavior was
also observed for the hydraulic conductivity curves. According
to Pinheiro & Teixeira (2009), despite the homogeneity of the
texture, the variability presented by the retention curves and
hydraulic conductivity may be associated with vegetation and its
influence on soil structure and surface coverage. This is because
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Figure 3. Graphics QQ Plot. (a) shape parameter 7; (b) saturation soil water content, 0; (c) hydraulic conductivity, K; (d) sorptivity, 5.
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Figure 4. Soil water retention curves (a) and Hydraulic conductivity curves (b) of the 48 points, where h is the soil matrix potential,
0 a soil water content, K the hydraulic conductivity and the red lines corresponding to the respective average curves.

numerous species compete with each other in the same area. These
groups have different sizes, physiologies, and root thicknesses.
Besides that, their arrangement in the soil can cause preferential
or difficult paths for water conductivity.

Graphical representation of the spatial distribution
of the studied parameters

Figure 5 shows the maps with the spatial distribution of
the parameters analyzed in the study area. Due to the homogeneity
of the texture between the points studied, there was no need for
spatial visualization of the textural indexes. It is possible to observe
that the parameter  presented an inverse relation to 7, 7 and o.
The parameters m and n demonstrate a positive correlation with p.

The maps of the K, §'and /g parameters and the characteristic
scales are random in their spatial distribution. Although they
depend on the structure and texture of the soil, there was no high
correlation between these parameters and the physical indexes of
the soil or with the shape parameters presented.

Some hypothesis for the lack of visualization on a direct
correlation, in soil covered by forest, ate plant growth / death
events, species competition and the action of microorganisms,
which are random and do not follow a homogeneous distribution.

8/14

Therefore, these aspects interfere in the soil structure, promoting
a random spatial distribution between the parameters.

Godoy et al. (2019) found a strong positive correlation
between hydraulic conductivity and effective porosity. Despite
this, they found that the correlation between the transport and
physical properties of the soil is not constant. Then, for better
identification they pointed out the need for depth studies on the
soil structure on a microscale. Souza et al. (2017), analyzing soils
of the semiarid region, did not verify a significant relation of K
with the soil’s physical properties. However, they found an inverse
relationship of the K, with the sorptivity, the specific mass and
Macroporosity.

Regarding the characteristic scales, it is possible to highlight
a significant inverse relationship between the parameters Ac, and
hg, while Am showed a direct relationship with hg. The sorptivity,
however, showed a direct correlation with the scale parameters.
The other parameters showed no significant correlations with scale
parameters. But, Gharedaghloo et al. (2018) found a decrease in
hydraulic conductivity attributed to reduced pore radius and an
increased pore tortuosity. The difficulty in adequately incorporating
the macropore network in small volumes of soil samples may
justify the unrelated relationship between pore scales and K, as
highlighted by Di Prima et al. (2018).
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Figure 5. Spatial distribution maps of the main studied parameters, with lower indices represented by red and higher indices by blue. (a)
shape parameter #; (b) shape parameter ; (c) shape parameter n; (d) soil density; (¢) soil porosity, o; (f) saturation soil water content, 6;
() hydraulic conductivity, K; (h) sorptivity, 5; (i) parameter Hg; (j) scale parameter Ac; (k) scale parameter Am; (1) scale parameter CAz.
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Thus, a greater refinement in the relationship between
the parameters would be obtained by associating other methods
with Beerkan’s methodology. This approach can estimate the
hydrodynamic parameters considering their microstructure and
pore arrangement.

CONCLUSIONS

The present study describes the characterization of the
hydrodynamic properties (Parameters of the soil water retention
curve and the conductivity curve), as well as the spatial variability
of these properties in soil with native Caatinga vegetation. One
used the Beerkan method and the BEST-Slope algorithm. The
Beerkan method performed well in estimating hydrodynamic
properties. This fact enable to reduce the scarcity of hydrodynamic
information for the caatinga biome.

The results of soil’s textural characterization allowed the
analysis of the variability degree of the hydrodynamic properties for
a homogeneous soil. This outcome is observed when considering the
same textural class, and small variations in particle size distribution
between the studied points.

For this soil, despite its homogeneous texture, the
hydrodynamic properties related to water transfer were characterized
with a medium to high variability in their indices, with evident
spatial variation.

The shape parameters, 7, 77 and 7 presented low variability,
while 01 exhibited a high variability. In regard to the hydrodynamic
properties, the saturation soil water content, the saturated hydraulic
conductivity and the sorptivity presented an average variability.
Most of the parameters of the retention curve and the hydraulic
conductivity curve were well described by the normal distribution.
Particularly, the saturated hydraulic conductivity was better described
by the log-normal distribution. May the necessary estimates be
made from the parameters of these distributions.

These results could provide for the improvement of
knowledge of hydrological processes in semiarid regions. They
would contribute to improve the performance of specific
hydrological models for these regions. Future works can provide
an expansion of the determination of hydrodynamic properties
in Caatinga atreas, addressing the influence of soil ecology (Fauna,
Roots, etc...) and soil structure.
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