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Abstract:

Abstract
e present study analyzed different indirect methodologies for measuring soil erodibility and characterized the spatial variability
of soil erodibility in the Pântano River Hydrographic Basin (PRHB), state of Mato Grosso do Sul, Brazil. Nine methodologies/
adaptations were tested in 103 soil samples collected covering the main soil types in the hydrographic basin. e data were
submitted to a validation proposal and underwent descriptive and correlation statistical analyses. A spatial dependence analysis
and mapping by kriging was also carried out. e methodologies that best represented the erodibility estimates at PRHB were
those by Sharpley and Williams (Latossolos Vermelho-Escuros [Oxisols] and Planossolos [Alfisols]), Wischmeier and Smith
(Latossolos Roxos [Oxisols]), and Renard (Podzólicos Vermelho-Escuros and Podzólicos Vermelho-Amarelos [Ultisols]). e
final map indicated erodibility medium (46.4% of PRHB), low (45.1%), very low (0.5%) and very high (7.9%). e findings
indicated that the use of a single indirect methodology may underestimate or overestimate the soil erodibility.
Keywords: Pântano River Hydrographic Basin, Soil erosion, Kriging, Soil management and conservation, Mato Grosso do Sul.

Resumo:

Resumo
METODOLOGIAS INDIRETAS DE MENSURAÇÃO DA ERODIBILIDADE DO SOLO E CARACTERIZAÇÃO DA
VARIABILIDADE ESPACIAL.
O presente estudo objetivou analisar diferentes metodologias indiretas para mensuração da erodibilidade do solo, bem como
caracterizar a sua variabilidade espacial na Bacia Hidrográfica do Rio Pântano (BHRP), Mato Grosso do Sul. Avaliou-se nove
metodologias/adaptações aplicadas aos dados de 103 amostras de solo abrangendo os principais tipos existentes na bacia. Os dados
passaram por uma proposta de validação e posteriormente por análise estatística descritiva e de correlação. Realizou-se também a
análise da dependência espacial e mapeamento por krigagem. As metodologias que melhor representaram a erodibilidade do solo
na BHRP foram dadas pelas propostas de Sharpley e Williams (Latossolos Vermelho-Escuros e Planossolos), Wischmeier e Smith
(Latossolos Roxos) e, Renard (Podzólicos Vermelho-Escuros e Vermelho-Amarelos). O mapa final, indicou erodibilidade média
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(46,4% da BHRP), baixa (45,1%), muito baixa 0,5% e, muito alta 7,9% da área da bacia. Concluiu-se que o uso de uma única
metodologia pode subestimar ou superestimar a erodibilidade do solo.
Palavras-chave: Bacia Hidrográfica do Rio Pântano, Erosão do solo, Krigagem, Manejo e conservação do solo, Mato Grosso
do Sul.

Resumen:

Resumen
El presente estudio tuvo como objetivo analizar diferentes metodologías indirectas para medir la erosionabilidad del suelo, así
como su variabilidad espacial em la Cuenca del Río Pântano (CRP), estado de Mato Grosso do Sul, Brasil. Se probaron nueve
metodologías/adaptaciones en103 muestras de suelo cubriendo los tipo principales existentes en la cuenca. Los datos se sometieron
a propuesta de validación y a análisis estadístico descriptivo y de correlación. También se realizó un análisis de dependencia espacial
y mapeo por krigagem. Las metodologías que mejor representaron la erosionabilidad em la CRP fueron las propuestas de Sharpley y
Williams (Latossolos Vermelho-Escuros y Planossolos), Wischmeier y Smith (Latossolos Roxos) y, Renard (Podzólicos Vermelho-
Escuros y Podzólicos Vermelho-Amarelos). El mapa final indicó erosionabilidad medio (46,4% de la CRP), bajo (45,1%), muy
bajo 0,5% y muy alto 7,9% de la cuenca. Se concluyó que el uso de una única metodología puede subestimar/sobrestimar la
erosionabilidad del suelo.
Palabras clave: Cuenca del Río Pântano, Erosión del suelo, Krigagem, Manejo y conservación del suelo, Mato Grosso do Sul.

INTRODUCTION

Knowledge of soil characteristics is of vital importance for conservation planning, mainly due to erosion
processes, which represent a serious environmental problem across the planet. According to Bertoni and
Lombardi Neto (2008), erosion processes are closely related to the use and inadequate management of soils
as indicated by the soil characteristics. us, combating erosive processes constitutes a great challenge, and
it requires detailed knowledge of the soils and an elaboration of adequate management proposals aimed at
environmental sustainability.

Soil erodibility is an important factor for conservation planning because it represents the natural
susceptibility of the soil to the action of erosive agents (ARRAES et al., 2010). Numerous studies have been
carried out in Brazil with the aim of studying this factor, such as the work by Vieira (2008) in Santa Catarina;
Vale Júnior et al. (2009) in Roraima; Chaves et al. (2010) in the Federal District; Castro et al. (2011) in
the Cerrado Goiano; and Carvalho and Leite (2015) in Mato Grosso do Sul and Lima et al. (2019) in the
state of São Paulo.

At a global level, works on soil erosion include those by Zhang et al. (2008) in China; Albaladejo et al.
(2009) in Spain; Parwada and Van Tol (2016) in South Africa; Takal et al. (2017) in Afghanistan; and Al
Rammahi and Khassaf (2018) in Iraq.

According to Arraes et al. (2010), soil erodibility can be determined in three ways: a) using natural rain
under field conditions; b) using the ratio of soil losses and erosivity under simulated rainfall; and c) using
equations that consider soil attributes as influencing variables. Although this last method is less precise
than the previous two, it represents a fast and low-cost method. us, many researchers have adopted these
indirect methods (LIMA et al., 2007; ARRAES et al., 2010; ANACHE et al., 2015; SILVA et al., 2016; Al
RAMMAHI; KHASSAF, 2018; LIMA et al., 2019).

Among the numerous proposed methods, a number deserve to be highlighted, such as the method by
Wischmeier and Smith (1978),   which was based on soil data from the American Midwest. e work by
Lima et al. (1990) presents an adaptation of this previous method for application in Brazilian Latossolos
[Oxisols]. Denardin (1990) proposed a robust equation for estimating erodibility based on 31 Brazilian soil
profiles, and this equation is widely used in Brazil. However, works by Demarchi and Zimback (2014) have
adopted a simpler and more practical proposal described by Bouyoucos (1935).
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A review of the literature also indicates other proposed methodologies, such as the approach applied in the
Water Erosion Prediction Project (WEPP) model (SHARPLEY; WILLIAMS, 1990), the model proposed
by Chaves (1996) and the method presented by Renard et al. (1997).

Given this variety of globally recognized methodologies (with each developed in different edaphoclimatic
conditions), the application of a single method may not be appropriate for representing an area of interest.
us, it is essential to evaluate as many methodologies as possible for a better result.

Moreover, the spatial variability of soil erodibility is another important factor to determine, and
geostatistics have been widely used for this purpose (GREGO; VIEIRA, 2005; MIQUELONI et al., 2015;
LIMA et al., 2019). Geostatistics allow for the interpretation of results based on the structure of the natural
variability of the variable itself and the estimation of behavior of nonsampled locations within the same
sample area (YAMAMOTO; LANDIM, 2013).

Given the above, the objective was to analyze different indirect methodologies for measuring the soil
erodibility factor in the Pântano River Hydrographic Basin and to characterize the spatial variability of soil
erosion through the use of geostatistical techniques.

MATERIAL AND METHODS

e present evaluation was conducted based on a field survey (soil samples) performed in the Pântano River
Hydrographic Basin (PRHB), east of the state of Mato Grosso do Sul, Brazil. e PRHB has an area of
1,348.6 km², which is distributed in the municipalities of Selvíria, Aparecida do Taboado and Inocência, and
it stands out as an important tributary of the Paraná River (Figure 1).

FIGURE 1
Location of the study area, PRHB.

In total, 103 samples from individual collections (at a depth of 0 - 0.20 m) distributed in 54 locations in
the PRHB were analyzed, as shown in Figure 2. In each location highlighted on the map, two samples were
collected (separated by a minimum distance of 100 m). Eventually, only one sample was collected.

e spatialization of the sampling points was carried out based on the different types of soils present in
the soil map of the state of Mato Grosso do Sul (MATO GROSSO DO SUL, 1989), which is available at
a scale of 1:250,000 (SISLA, 2020). is map was chosen because it presents an appreciable spatial detail
of the distribution of soils in the study area and because it is still widely used in environmental studies of a
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regional nature. However, certain nomenclature is inconsistent with the most recent Brazilian system of soil
classification (EMBRAPA, 2018).

erefore, despite making use of the official configuration of the Soil Map of Mato Grosso do Sul (soil
spacing and nomenclature), the updated nomenclature for the studied soils (EMBRAPA, 2018; IBGE, 2021)
is concomitantly presented in Table 1.

In this way, the results presented in this work can be easily adapted to the more current SiBCS classification
nomenclature.

FIGURE 2
Map of soils and sampling sites in the PRHB.

us, the collection consisted of the following soils: Podzólicos, currently named Argissolos [Ultisols];
Latossolos [Oxisols] and Planosolos (Alfisols). Five main types were differentiated according to the
distribution presented in Figure 2: Podzólico Vermelho-Escuro Distrófico (PEd1 and PEd3), Podzólico
Vermelho-Amarelo Álico (PVa2), Latossolo Roxo Distrófico (LRd4), Latossolo Vermelho-Escuro Álico
(LEa11, LEa22, LEa4 and LEa9) and Planossolo Álico (PLa3).

To maintain an adequate proportion, the sample distribution considered the representativeness of the
different subtypes of soils observed in the state soils map (Table 1).
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TABLE 1
Representativeness of the samples collected in the PRHB.

Aer collection, the samples were identified, prepared and analyzed according to Embrapa
As a physical attribute of the soil, the granulometry (total sand, very coarse sand, coarse sand, medium

sand, fine sand, very fine sand, silt and clay) was determined by the pipette method (NaOH 1 mol L-1) and
analyzed.

A particle size analysis was also carried out without the use of dispersant. For soil chemistry, the organic
matter (OM) content obtained indirectly from organic carbon (OC) was analyzed.

e soil erodibility factor (k) was indirectly determined according to the following methodologies:
a) Bouyoucos (1935):

[1]

where k = soil erodibility (Mg ha h ha-1 MJ-1 mm-1).
b)Denardin (1990):

[2]

with

[3]

where “New” silt = (silt + very fine sand) and “New” sand = (very coarse sand + coarse sand + medium
sand + fine sand).

where P is the soil permeability, as coded in Wischmeier et al. (1971). e permeability class assignments
were performed by observing the soil texture, as described in Demarchi and Zimback (2014), (Table 2).
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TABLE 2
Soil permeability classes.

DMP is defined as follows:

[4]

where Ci = center of textural class i, expressed in mm; and Pi = proportion of occurrence of textural class
i, expressed in %. In the present study, this calculation was defined as follows (based on the classification of
sieves of the Brazilian Association of Technical Standards):

[5]

with

[6]

where OM = organic matter (%). c) Wischmeier and Smith (1978):

[7]

with

[8]

where OM = soil organic matter content (%); PER = permeability, given indirectly as a function of texture
(Table 2); and EST = soil structure.

For EST, due to technical difficulty, an adaptation was performed depending on the textural class of the
soil.

According to Donagemma et al. (2016), soils with a sandy texture (sand, loam sand or sandy loam)
are predominantly characterized by a weak small granular structure, which provides great friability. us,
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considering that in very sandy soils, the low amount of clay provides little physical structure (RIBEIRO,
1999), there is a consequent reduction in the aggregation of soil particles.

erefore, soils with fine and granular structures are produced. On the other hand, in soils with higher
clay contents, the cohesion between the grains is greater, which leads to the formation of better structured
soils (CAMPOS et al., 1995). erefore, the assignment of EST classes for this study was performed based on
the predominance of sandy soils and only a small portion with higher clay contents in the PRHB, as shown
in Table 3.

TABLE 3
Soil structure factor for different textural classes.

d) According to Wischmeier and Smith (1978) adapted by Lima et al. (1990):
In this case, the only difference in relation to the method described above is that the granulometric analysis

data were obtained without using a dispersing agent.
e)According to the following expressions by Renard et al. (1997):

[9]

with

[10]

where DG is the geometric average diameter of the soil particles (mm); fi is the fraction corresponding to
the particle size (%); and mi is the arithmetic average of the particle size limits (mm).

f) According to the method proposed by Chaves (1996) and presented in Chaves (2010):

[11]

where FS = % fine sand on the soil A horizon; SIL = % silt from the soil A horizon; OC = % organic
carbon from the soil A horizon; and TS = % total soil sand.

g)According to an expression proposed by Sharpley and Williams (1990) that was presented in the works
of Anache et al. (2015) and Al Rammahi and Khassaf (2018), who presented this methodology with punctual
variations produced different results, the equation is initially the same:

[12]
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with

[13]

[14]

[15]

[16]

where SAN = sand (%); SIL = silt (%); CLA = clay (%); C = content (%) of soil organic carbon; and SN1
= (1 minus sand content (%) divided by 100).

e difference between the references is that the formula applied by Al Rammahi and Khassaf (2018)
uses nominal percentages (example: 10% = 10) while Anache et al. (2015) apply percentages in fractional
amounts (example: 10% = 0.1).

us, erodibility was determined in 9 different ways defined as follows: K(Bouyoucos), K(Denadin);
K(Wischmeier); K(Lima); K(Renard_a); K(Renard_b); K(Chaves); K(Sharpley_a) (as presented by Anache
et al. (2015)) and K(Sharpley_b) (as presented by Al Rammahi and Khassaf (2018)).

A descriptive statistical analysis was performed on the generated data using an Excel spreadsheet. is step
aimed to help validate the different methods. On the other hand, the Pearson correlation matrix was set up
to assess the interaction between the attributes studied.

Posteriorly, the spatial dependence was analyzed using Gamma Design Soware GS+ 7.0 (ROBERTSON,
2004). us, for each erodibility factor, the experimental semivariogram was calculated based on the
presupposition of intrinsic hypothesis stationarity according to the following expression (YAMAMOTO;
LANDIM, 2013):

[17]

where N(h) is the number of experimental pairs of observations Z(xi) and Z(xi + h) separated by a distance
h.

For the semivariographic adjustments, the following were observed: a) the smallest sum of squares of
the deviations (SSD); b) the highest coefficient of spatial determination (R²); and c) the highest spatial
dependence evaluator (SDE).

e final adjustment model and the number of interpolating neighbors for kriging were defined using the
highest correlation coefficient (r) between the observed vs. estimated cross-validation (CV) values.

Aer this step, interpolation by kriging was performed, with the integration of data and editing of the
final maps performed in ArcGIS 10.6® soware (ESRI 2019).
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RESULTS AND DISCUSSION

Table 4 shows the results for the granulometry and organic matter of the soil in the PRHB, and they
that although sandy soils were predominant, appreciable levels of organic matter were also observed. e
following textural classes were also observed: LEa11 (sand, loamy sand and sandy loam); LEa22 (loamy sand,
sandy loam and sandy clay loam); LEa4 (sand, loamy sand and sandy loam), LEa9 (sandy loam and sandy
clay loam), LRd4 (clay, loamy sand and sandy loam), PEd1 (sand, loamy sand, sandy loam, sandy clay loam),
PEd3 (sand, loamy sand, sandy loam), PLa3 (sand and loamy sand) and PVa (loamy sand and sandy loam).

TABLE 4
Particle size and soil organic matter characteristics in the PRHB.

Table 5 shows the results of the review on the erodibility of Brazilian soils (field work with natural and/
or simulated rainfall). Although only few references were found, the organization of these data allowed us to
collate information to help validate the applied methodologies.

It should be noted that soil erodibility can be classified according to its potential. us, according to Castro
et al. (2011), K < 0.0090 is equivalent to very low erodibility, 0.0090 < K ≤ 0.0150 is equivalent to low
erodibility, 0.0150 < K ≤ 0.0300 is equivalent to medium erodibility, 0.0300 < K ≤ 0.0450 is equivalent to
high erodibility, 0.0450 < K ≤ 0.0600 is equivalent to very high erodibility, and K > 0.0600 is equivalent to
extremely high erodibility.
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TABLE 5
Table 5 - Soil

e data in Table 5 allow for two analyses. In the first case (first column), the data are broadly grouped,
with references to the main soil types (LEa, LRd, PEd, PLa, and PVa) being presented without considering
the associations. us, for LEa, the average value of 0.014 Mg ha h ha-1 MJ-1 mm-1 was observed, which
corresponded to low erodibility. LRd, on the other hand, presented medium erodibility (0.016 Mg ha h ha-1
MJ-1 mm-1), which was similar to PEd (0.029 Mg ha h ha-1 MJ-1 mm-1); however, the average value of
the latter was much higher because it is a Podzólico [Ultisol]. PLa indicated low erodibility (0.005 Mg ha h
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ha-1 MJ-1 mm-1) and PVa indicated high erodibility (0.032 Mg ha h ha-1 MJ-1 mm-1), which is the most
critical among those studied.

Silva and Alvares (2005) organized a database on soil erodibility and pointed out that Latossolos [Oxisols]
(0.016 Mg ha h ha-1 MJ-1 mm-1) and Planossolos [Alfisols] (0.009 Mg ha h ha-1 MJ-1 mm-1) had close
medium class values and highlighted Podzólicos [Ultisols] as one of the highest medium erodibility soils
(0.042 Mg ha h ha-1 MJ-1 mm-1).

With regard to the studied soils, Sousa and Lobato (2020) indicated that Latossolos [Oxisols] that
present medium texture and/or high sand contents may present a similar behavior as Areias Quatzosas
[Quartzipsamments], which is more susceptible to erosion. However, the most clayey Latossolos have lower
erodibility. According to Santos et al. (2020), Latossolos are generally deep, well-drained and friable. Such
conditions impart good resistance to laminar erosion under natural conditions or when well managed.

Planossolos [Alfisols] usually have a textural B horizon with clay increments and may have low
permeabilities (SANTOS et al., 2020). However, according to Almeida et al. (2020), it is highlighted that
under conditions of densification, they can be very susceptible to erosion, especially with high sand contents.

Podzólicos [Ultisols] (PEd and PVa) have a natural tendency to be more susceptible to erosion (ZARONI;
SANTOS, 2020), mainly due to their textural relationship (EMBRAPA, 2018). However, when they have
medium textures and lower textural ratios, good infiltration conditions can reduce erodibility problems. In
the specific case of PVa, Santos et al. (2020) pointed out that these soils are very susceptible to erosion. us,
such information is broadly in line with that in Table 5.

On the other hand, the data in Table 5 also enabled more specific verifications when including data for the
occurrence of associations. ese data can be seen in the second column of the table “(+associations)”. For
some cases of LEa, such as LEa11 and LEa22, the amplitude increased since there are occurrences of Areias
Quartzosas [Quartzipsamments] and Podzólicos [Ultisols]. Likewise, the amplitude increased for PEd3 (due
to Latossolos [Oxisols]), PLa (due to Gleissolos [Entisols] and Areias Quartzosas [Quartzipsamments]), and
PVa (with the presence of very sandy soils).

e data in the second column (Table 5), however, show limited support for the validation of the
methodologies since they expand the scale of values. It is also noteworthy that the associations occur on a
reduced scale in the study area, and there is no certainty that the field data in this study correspond exactly
to one of these reported associations. us, the validation process was carried out considering only the
erodibility of the main types of soils (LEa, LRd, PEd, PLa, and PVa).

erefore, in Table 6, the erodibility values for different methodologies and soil types are presented. is
table highlights the cases considered most suitable when compared to the data in the previous table (1st
column of Table 5). erefore, these cases met the following rules:

a)Framing of average values;
b)Framing of extreme values (between minimum and maximum).
An initial highlight in Table 6 is that despite the methodological differences, Bouyoucos' proposal was

the only one to distance itself far from the others, and the very high values (reaching 0.2221 Mg ha h ha-1
MJ-1 mm-1) were the least adequate in this study. Such behavior is due to the high levels of sand for most
of the soils of PRHB, which in some cases reached more than 90% (Table 4). As this methodology is strictly
based on granulometric relationships, it is inadequate when there is the presence of high levels of sand or
clay. Mannigel et al. (2002) also observed this type of behavior for this methodology, which produced values
on the order of 0.4278 Mg ha h ha-1 MJ-1 mm-1 (extremely high class) for a Podzólico [Ultisol].
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TABLE 6
Descriptive statistics of soil erodibility for the different methodologies in the PRHB

In Table 6, the methods that fit LEa were those of Wischmeier and Sharpley_b, while the one by
Chaves only coincided with the class of extreme values. Although the two methods completely fit the
criteria adopted, the Wischmeier methodology (which indicated a medium value in line with that found
by Correchel (2003)) had an extremely low minimum value. Some works identified similar behavior, such
as Marques (2013), and negative values in some cases, as observed by Oliveira and Bahia (1984). us, the
Sharpley_b methodology was a better fit for LEa in the PRHB.
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For LRd (Table 6), the best methodology was that of Wischmeier. e Chaves methodology was partially
met but only coincided with the medium value.

Some studies (AMORIM et al., 2009; EDUARDO et al., 2013) indicated that the Wischmeier
methodology may be inadequate for some very weathered soils. However, based on the adopted criteria, at
least for the most clayey soils of the PRHB (LRd), the methodology presented an appreciable result.

In the case of PEd (Table 6), only the Renard_a methodology met the adopted criteria. is methodology
is strongly influenced by the variation in the geometric average diameter of the soil particles, and it seemed
to best represent the sandy soils of the PRHB. It was also the standout methodology for PVa.

For PLa, the methodologies that fit were that of Lima and Sharpley_b. In this case, the fact that both
methodologies met the adopted criteria suggests the possibility of using both. However, as a final choice
criterion, the spatial behavior of each methodology will also be evaluated.

Before the geostatistical analysis, the interactions between the tested methodologies and the soil attributes
were analyzed. us, in Tables 7 and 8, the Pearson correlation matrices between the methodologies for
determining soil erodibility and the correlation matrix between the methodologies and soil attributes are
presented.

In Table 7, the correlations between Bouyoucos vs Denardin (r = 0.27), Bouyoucos vs Sharpley_a (r =
0.63) and Denardin vs Sharpley_a (r = 0.62) are highlighted. e highlight for this set of methodologies is
the positive relationship between them, which is in contrast to other pairs with negative relationships, such
as Bouyoucos vs Wischmeier (r = -0.61), Bouyoucos vs Lima (r = -0.72), Bouyoucos vs Renard_a and b (r
= -0.84) and Bouyoucos vs Sharpley_b (r = -0.62). is finding indicates two groups that assume opposite
behaviors in their results. In the first case (positive correlations), the Bouyuocos methodology is extremely
influenced by the sand and clay content (whose erodibility increases with the increase in sand and decreases
with the increase in clay) (Table 8). In Denardin's methodology, despite being much better developed, the
same influence of particle size is also observed, although in this case, it does not have an extreme weight as
in Bouyoucos' methodology. Similarly, the calculation method presented in Sharpley_a's methodology also
shows this influence of sand and clay contents.

TABLE 7
Correlation matrix between methodologies for determining soil erodibility.

us, these methodologies (Bouycous, Denardin and Sharpley_a) will indicate greater erodibility due to
the increase in the coarser material (sand) contents and vice versa (Table 8).
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TABLE 8
Correlation matrix between methodologies for determining

soil erodibility and physical/chemical soil attributes.

is pattern regarding Brazilian soil erodibility seems to be a common understanding among researchers
from Brazil. e increase in soil erodibility is linked to the greater presence of sand, and consequently, due
to the characteristics of sand (more friable and less structured soils); thus, they aremore prone to erosion
despite occasionally presenting good infiltration capacity.

On the other hand, the other methodologies (Wischmeier, Lima, Renard_a and b, and Sharpley_b) seem
to have behavior indicating that higher erodibility would be related to lower soil drainage capacity. us,
more sandy soils would have lower erodibility than more clayey soils (Table 8).

erefore, to reinforce the ideas discussed, Figures 3 and 4 show the graphs of the trend lines observed for
the positive and negative correlations between the methodologies and the sand content of the PRHB soils.

FIGURE 3
Trend lines between the main (positive) interactions of erodibility with the sand content of PRHB soils.
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FIGURE 4
Trend line between the main (negative) interactions of erodibility with the sand content of PRHB soils.

Table 9 presents the descriptive analysis of the values determined for each methodology of soil erodibility
that will be used in the geostatistical analysis.

TABLE 9
Descriptive statistical analysis of soil erodibility in the PRHB.

According to Pimentel-Gomes and Garcia (2002), the variability of the data was presented as follows:
According to Pimentel-Gomes and Garcia (2002), the variability of the data was presented as follows:

medium variability (Sharpley_a, Renard_a, Denardin); high variability (Renard_b); and very high variability
(Bouyoucos, Wischmeier, Lima, Chaves, Sharpley_b). Since the variability of the data is an essential
requirement for the geostatistical analysis, it appears that the data are not restricted (Table 9).

e most important approach for geostatistical treatment is the analysis of data asymmetry. us, in
Table 9, with the exception of the Wischmeier methodology, all others presented positive asymmetries.
According to Yamamoto and Landim (2013), when this behavior is observed, the use of data transformation
is recommended, although this is not a restrictive condition (CRESSIE, 1991). erefore, the geostatistical
analysis in this study was initially performed on the original data, and data conversion was only performed in
cases when adequate semivariographic performance was not observed or when the intrinsic hypothesis was
not met (YAMAMOTO; LANDIM, 2013).
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us, Table 10 presents the semivariographic adjustment parameters for the different methodologies for
determining soil erodibility.

TABLE 10
Adjustment parameters of experimental semivariograms for
soil erodibility by different determination methodologies.

(a)Fitted models, where: exp = exponential, sph = spherical; (b) SSR = sum of squares of the residuals; (c)
SDE = spatial dependence evaluator; *transformation of original data used (square root).

In Table 10, the best performance fits were spherical (Bouyoucos, Renard_a, Renard_b) and
exponential (Denardin, Chaves, Wischmeier, Lima, Sharpley_a and Sharpley_b), with coefficients of spatial
determination (R2) ranging between 0.410 (Denardin) and 0.846 (Renard_a) and value ranges that
indicated two groups of distinct magnitudes of (4,290 m - 7,890 m) and (25,530 m - 26,970 m).

In general, the methodologies presented appreciable semivariograms with SDE varying between moderate
and high (ZIMBACK, 2001). On the other hand, the cross validations indicated that kriging will provide
good estimation maps since the correlation between the observed and estimated values had r values ranging
from 0.583 (Sharpley_a) to 0.926 (Renard_b).

us, in Figure 5, the kriging maps generated for soil erodibility in the PRHB area for different
methodologies are presented.
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FIGURE 5
Kriging maps of soil erodibility in the PRHB for different determination methodologies.

Figure 5 shows some distinct maps and similar ones. e map that most distinguishes itself from the
others is the one proposed by Bouyoucos, which indicated the greatest erodibility for the entire PRHB. On
the other hand, there are similarities between the Denardim and Sharpley_a maps (whose high erodibility
homogeneously predominated in almost all PRHB) and the proposals by Renard_a and Renard_b (which
have the same methodological origin). Renard's proposals, in turn, demonstrated greater spatial variability,
with the medium erodibility class predominating in the upper course (more sandy) and high erodibility
predominating in the lower course of the basin (less sandy).

e Wischmeier and Lima proposals presented similar characteristics, with differences only in magnitudes
since the methodologies are similar (Figure 5). ese maps also have some similarities to the Chaves and
Sharpley_b maps. It is noteworthy that this last group of maps had the lowest erodibility values for the PRHB.

Based on the analysis performed in Table 6, some methodologies were more adequate than others. us,
for the LEa areas, the Sharpley_b methodology was adopted; for LRd, that of Wischmeier was adopted; for
PEd and PVa, that of Renard_a was adopted; and for PLa, that of Sharpley_b was also adopted since the Lima
methodology in geostatistical mapping produced values that were classified as medium erodibility when the
extreme values observed in the literature did not exceed the lower class (Table 6).

us, considering the integration of these data, Figure 6 shows the final result of the soil erodibility
mapping for the PRHB area. ese maps (of continuous and classified variability) present the erodibility
estimates that are closest to the values observed in the national literature.

In Figure 6, the classification of continuous values, according to Castro et al. (2011), showed that 46.6%
of the PRHB area has medium erodibility (predominantly composed of Podzólicos Vermelho-Escuros
[Ultisols]), 45.1% of the area has low erodibility (predominantly composed of Latossolos [Oxisols]), while
the very low class presented 0.5%, and the very high class presented 7.9% of the basin area (this one
predominantly in the Podzólicos Vermelho-Amarelos [Ultisols]).

e results presented by the final map (Figure 6) are technical information of essential utility for
environmental planning in the PRHB, mainly because the middle and high erodibility classes account for
more than 50% of the basin. ese areas have experienced intense changes in land use and coverage due to
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socioeconomic changes in the eastern region of MS in the last decade, mainly in the municipalities of Selvíria,
which mostly cover this hydrographic basin.

FIGURE 6
Soil erodibility map for the PRHB area.

CONCLUSION

e nine methodologies analyzed represent a portion of the numerous existing indirect methods of
measuring soil erodibility. However, they use a group of physical/chemical attributes that are more accessible
and less expensive for researchers, such as soil granulometry and organic matter.

Although the analyzed methodologies make general use of the same initial attributes, they sometimes
derive antagonistic responses when correlated with particle size. For example, in the case of the Bouyoucos,
Denardin and Sharpley_a methodologies, the erodibility increased with the sand content; while for
the Wischmeier, Lima, Renard_a, and Sharpley_b methods, the erodibility decreased with increasing
sand content. ese divergent responses between methodologies indicates that the adoption of a single
methodology may result in inadequate estimates for a study area, especially when faced with a wide variety
of soils.

Faced with this challenge, the validation and selection of the best methodologies for the study area proved
to be consistent and indicated that for the Pântano River Hydrographic Basin, the best estimates were given
by the proposals by Sharpley and Williams (LEa and PLa [Oxisols and Alfisols, respectively]), Wischmeier
and Smith (LRd [Oxisols]), and Renard (PEd and PVa [both Ultisols]).

From a geostatistical point of view, the different methodologies for measuring soil erodibility showed
spatial dependence and appreciable parameters of semivariographic adjustments, which provided good
kriging maps. is fact expands the possibilities of using these indirect methodologies since their estimates
supported the application of geostatistics, thus allowing for a glimpse of the differences in the spatial behavior
of erodibility in the PRHB for all methodological proposals.

e final map of soil erodibility for the Rio Pântano Hydrographic Basin was composed of a mosaic of
methodologies that best represented each class of soil, and the following erodibility classes were observed in
the basin: medium (46.4% of the basin area, predominantly in Podzólicos Vermelho-Escuros [Ultisols]); low
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(45.1%, predominantly in the Latossolos [Oxisols]); while the very low class occupied 0.5%, and the very
high class 7.9% of the basin area (this last one predominantly in the PVa [Ultisols]).

Finally, based on the different classes of soils and their physical/chemical characteristics, the use of a
single and exclusive methodology can underestimate or overestimate the values of soil erodibility, which will
produce results that are unsuitable for use, especially with regard to conservation management.

Acknowledgments

ACKNOWLEDGMENTS
is work was carried out with the support of the Coordination for the Improvement of Higher Education

Personnel - Brazil (CAPES): Financing Code 001. We would also like to thank the National Council
for Technological and Scientific Development - Brazil (CNPq) for granting a research productivity grant
(process n. 306448/2020-3). e authors are also grateful for the institutional support of São Paulo State
University (UNESP), School of Engineering, Ilha Solteira and the Federal University of Mato Grosso do Sul
(UFMS), Campus of Três Lagoas (CPTL).

REFERENCES

AL RAMMAHI, A. H. J.; KHASSAF, S. I. Estimation of soil erodibility factor in RUSLE equation for Euphrates
river watershed using GIS. International Journal of Geomate, v.14, p.164-169, 2018.

ALBALADEJO, J.; ORTIZ, R.; GUILLEN, F.; ALVAREZ, J.; MARTINEZ-MENA, M.; CASTILLO V. Erodibility
of agricultural soils in the semiarid Mediterranean area of Spain. Arid Soil Research and Rehabilitation, v.9,
p.219-226, 2009.

ALMEIDA, E. P. C.; ZARONI, M. J.; SANTOS, H. G. Planossolos Háplicos. Agência
Embrapa de InformaçãoTecnológica(Embrapa).Disponívelem: http://www.agencia.cnptia.embrapa.br/gestor/
solos_tropicais/arvore/CONT000gn362j9y02wx5ok0liq1m q86zqh78.html. Acessado em 26 Jan de 2020.

AMORIM, R. S. S.; SILVA, D. D.; PRUSKI, F. F. Principais modelos para estimar as perdas de solo em áreas agrícolas.
In: PRUSKI, F .F. (Ed.) Conservação de solo e água: práticas mecânicas para o controle da erosão hídrica. 2.ed.
Viçosa: Universidade Federal de Viçosa, 2009. p.74-107.

ANACHE, J. A. A.; BACCHI, C. G. V.; PANACHUKI, E.; ALVES SOBRINHO, T. Assessment of methods for
predicting soil erodibility in soil loss modeling. Geociências, v.34, p.32-40, 2015.

ARRAES, C. L.; BUENO, C. R. P.; PISSARRA, T. C. T. Estimativa da erodibilidade do solo para fins
conservacionistas na microbacia Córrego do Tijuco, SP. Bioscience Journal, v.26, p.849-857, 2010.

BERTONI, J.; LOMBARDI NETO, F. Conservação dos solos. 6.ed. São Paulo: Editora Ícone, 2008. 355p.
BOUYOUCOS, G. J. e Clay ratio as a criterion of susceptibility of soils to erosion. American Society of Agronomy

Journal, v.27, p.738-741, 1935.
BRASIL. PCBAP - Plano de Conservação da Bacia do Alto Paraguai (Pantanal): análise integrada e prognóstico da

bacia do Alto Paraguai. v.3. Brasília: Ministério do Meio Ambiente, dos Recursos Hídricos e da Amazônia Legal
(Programa Nacional do Meio Ambiente/Projeto Pantanal), 1997. 369p. (anexos).

CAMPOS, B. H. C.; REINERT, D. J.; NICOLODI, R.; RUEDELL, J.; PETRERE, C. Estabilidade estrutural de um
Latossolo Vermelho - Escuro distrófico após sete anos de rotação de culturas e sistemas de manejo de solo. Revista
Brasileira de Ciência do Solo, v.19, p.121-126, 1995.

CARVALHO, E. M.; LEITE, E. F. Erosividade e erodibilidade na bacia hidrográfica do córrego João Dias,
Aquidauana/MS. Revista Geografar, v.10, p.88-111, 2015.

CASTRO, W. J.; LEMKE-DE-CASTRO, M. L.; LIMA, J. O.; OLIVEIRA, L. F. C.; RODRIGUES, C.;
FIGUEIREDO, C. C. Erodibilidade de solos do cerrado goiano. Revista de Agronegócios e Meio Ambiente, v.4,
p.305-320, 2011.



Mercator - Revista de Geografia da UFC, 2021, vol. 20, núm. 2, ISSN: 1984-2201

PDF generado a partir de XML-JATS4R por Redalyc
Proyecto académico sin fines de lucro, desarrollado bajo la iniciativa de acceso abierto

CHAVES, H. M. L. Modelagem matemática da erosão hídrica: passado, presente e futuro. In: ALVAREZ, V. V.
H; FONTES, L. E. F.; FONTES, M. P. F. (Ed.). O solo nos grandes domínios morfoclimáticos do Brasil e o
desenvolvimento sustentado. Viçosa: Sociedade Brasileira de Ciência do Solo, 1996. p.731-750.

CHAVES, T. A.; GOMES, R. A. T.; MARTINS, E. S.; CARVALHO JÚNIOR, A. O.; BRAGA, A. R. S.;
GUIMARÃES, R. F. Mapa de erodibilidade dos solos da bacia do rio Jardim-DF. Espaço e Geografia, v.13,
p.253-276, 2010.

CORRECHEL, V. Avaliação de índices de erodibilidade do solo através da técnica da análise da redistribuição do
“fallout” do 137Cs. 2003. 79f. Tese (Doutorado em Ciências). Centro de Energia Nuclear da Agricultura,
Piracicaba, 2003.

CRESSIE, N. A. C. Statistics for spatial data. New York: John Wiley e Sons, 1991. 920p.
DEMARCHI, J. C.; ZIMBACK, C. R. L. Mapeamento, erodibilidade e tolerância de perda de solo na sub-bacia do

ribeirão das Perobas. Energia na Agricultura, v.29, p.102-114, 2014.
DENARDIN, J. E. Erodibilidade do solo estimada por meio de parâmetros físicos e químicos. 1990. 114f. Tese

(Doutorado em Agronomia - Solos e Nutrição de Plantas) - Escola Superior de Agricultura “Luiz de Queiroz”,
Piracicaba, 1990.

DONAGEMMA, G. K.; FREITAS, P. L.; BALIEIRO, F. C.; FONTANA, A.; SPERA, S. T.; LUMBRERAS, J. F.;
VIANA, J. H. M.; ARAÚJO FILHO, J. C.; SANTOS, F. C.; ALBUQUERQUE, M. R.; MACEDO, M. C. M.;
TEIXEIRA, P. C.; AMARAL, A. J.; BORTOLON, E.; BORTOLON, L. Caracterização, potencial agrícola e
perspectivas de manejo de solos leves no Brasil. Pesquisa Agropecuária Brasileira, v.51, p.1003-1020, 2016.

EDUARDO, E. N.; CARVALHO, D. F.; MACHADO, R. L.; SOARES, P. F. C.; ALMEIDA, W. S. Erodibilidade,
fatores cobertura e manejo e práticas conservacionistas em argissolo vermelho-amarelo, sob condições de chuva
natural. Revista Brasileira de Ciência do Solo, v.37, p.796-803, 2013.

EMBRAPA - Empresa Brasileira de Pesquisa Agropecuária. Manual de métodos de análise do solo. 2.ed. (Revisada).
Rio de Janeiro: Embrapa/CNPS, 2011. 212p.

EMBRAPA - Empresa Brasileira de Pesquisa Agropecuária. Sistema brasileiro de classificação de solos - SiBCS. 5.ed.
(Revisada e ampliada). Brasília: Embrapa Solos, 2018. 356p.

ESRI - Environmental Systems Research Institute. ArcGIS Professional GIS for the desktop, version 10.6. Soware,
Environmental Systems Research Institute, Redlands, 2019.

GALDINO, S.; RISSO, A.; RISSO, I.; SORIANO, B. M. A.; VIEIRA, L. M.; PADOVANI, C. R.; POTT, A.; Melo, E.
C.; ALMEIDA JÚNIOR, N. Perdas de solo na bacia do Alto Taquari. Corumbá: EMBRAPA/CPAP, Boletim
de Pesquisa e Desenvolvimento, 2003. 40p.

GREGO, C. R.; VIEIRA, S. R. Variabilidade espacial de propriedades físicas do solo em uma parcela experimental.
Revista Brasileira de Ciência do Solo, v.29, p.169-177, 2005.

IBGE – Instituto Brasileiro de Geografia e Estatística. Mapeamento de Recursos Naturais do Brasil. Documentação
Técnica Geral, 2018. 8p. Mapas, Pedologia, Escala 1:250.000. Disponível em: Informações ambientais,
Pedologia, escala_250_mil.

LIMA, C. G. R.; MARQUES, S. M.; LOLLO, J. A.; COSTA, N. R.; CARVALHO, M. P. Inter-relationships among
erodibility, soil tolerance and pysical-chemical attributes in northwestern of São Paulo state. Journal of Urban
and Environmental Engineering, v.13, p.102-114, 2019.

LIMA, J. M.; CURI, N.; RESENDE, M.; SANTANA, D. P. Dispersão do material de solo em água para avaliação
indireta da erodibilidade em Latossolos. Revista Brasileira de Ciência do Solo, v.14, p.186-193, 1990.

MANNIGEL, A. R.; CARVALHO, M. P.; MORETI, D. M.; MEDEIROS, L. R. Fator erodibilidade e tolerância de
perda dos solos do estado de São Paulo. Acta Scientiarum, v.24, p.1335-1340, 2002.

MARQUES, J. J. G. S. M.; CURI, N.; FERREIRA, M. M.; LIMA, J. M.; SILVA, M. L. N.; SÁ, M. A. C. Adequação de
métodos indiretos para estimativa da erodibilidade de solos com horizonte B textural no Brasil. Revista Brasileira
de Ciência do Solo, v.21, p.447-456, 1997.

MATO GROSSO DO SUL (Estado). Macrozoneamento Geoambiental do estado de Mato Grosso do Sul
(1984/1985). Campo Grande: SEPLAN/MS - IBGE, 1989. 242p. Mapas, escala 1:1.000.000.



César Gustavo da Rocha Lima, et al. INDIRECT METHODOLOGIES FOR MEASURING SOIL ERODIBILITY
AND CHA...

PDF generado a partir de XML-JATS4R por Redalyc
Proyecto académico sin fines de lucro, desarrollado bajo la iniciativa de acceso abierto

MIQUELONI, D. P.; GIANELLO, E. M.; BUENO, C. R. P. Variabilidade espacial de atributos e perda de solo na
definição de zonas de manejo. Pesquisa Agropecuária Tropical, v.45, p.18-28, 2015.

PARWADA, C.; VAN TOL, J. Soil properties influencing erodibility of soils in the Ntabelanga area, Eastern Cape
Province, South Africa. Journal Acta Agriculturae Scandinavica, v.67, p.67-76, 2016.

PIMENTEL-GOMES, F. P.; GARCIA, C. H. Estatística aplicada a experimentos agronômicos e florestais. Piracicaba:
FEALQ, 2002. 309p.

RENARD, K . G., FOSTER, G. R., WEESIES, G. A., MCCOOL, D. K., YODER, D. C. Predicting soil erosion by
water: a guide to conservation planning with the Revised Universal Soil Loss Equation (RUSLE). Washington:
USDA, Agriculture Handbook, 1997. 251p.

RIBEIRO, M. A. V. Resposta da soja e do eucalipto a fósforo em solos de diferentes texturas, níveis de densidade e de
umidade. 1999. 71 f. Tese (Doutorado em Agronomia – Solos e Nutrição de Plantas) - Universidade Federal
de Lavras, Lavras, 1999.

ROBERTSON, G. P. GS+: geostatistics for environmental sciences, Version 7.0. Michigan: Plainwell - Gamma Desing
Soware, 2004. 179p.

SANTOS, H. G.; FIDALGO, E. C. C.; ÁGLIO, M. L. D. Solo. Agência Embrapa de
Informação Tecnológica(Embrapa).Disponívelem: https://www.agencia.cnptia.embrapa.br/gestor/arroz/
arvore/CONT000fesi63xh02wx5eo0y53mhyx67oxh 3.html. Acessado em 26 Jan de 2020.

SHARPLEY, A. N.; WILLIAMS, J. R. EPIC - Erosion/Productivity Impact Calculator: 1 Model Documentation.
Washington: USDA, Technical Bulletin 1768, 1990. 235p.

SISLA – Sistema Interativo de Suporte ao Licenciamento Ambiental. Macrozoneamento 1984/1985: Solos-MS (mapa
digital), Escala 1:250.000. Disponível em: Acessado em Jan. 2020.

SILVA, A. M.; ALVARES, A. C. Levantamento de informações e estruturação de um banco de dados sobre
erodibilidade de classes de solo no estado de São Paulo. Revista Geociências, v.24, p.33-42, 2005.

SILVA, M. L. N.; CURI, N.; LIMA, J.M.; FERREIRA, M. M. Avaliação de métodos indiretos de determinação de
erodibilidade de Latossolos brasileiros. Pesquisa Agropecuária Brasileira, v.35, p.1207-1220, 2000.

SOUSA, D. M. G.; LOBATO, E. Latossolos. Agência Embrapa de Informação
Tecnológica (Embrapa). Disponívelem: http://www.agencia.cnptia.embrapa.br/Agencia16/AG01/arvore/
AG01_96_10112005101956.html. Acessado em 26 Jan de 2020.

TAKAL, K. M.; MITTAL, S. K., SARUP, J. Estimation of soil erosion and net sediment trapped of upper-helmand
catchment in Kajaki reservoir using USLE model and remote sensing e GIS technique. International Journal of
Advanced Engineering Research and Science, v.4, p.150-156, 2017.

USDA - United States Department of Agriculure. National Soil Survey Handbook n.430. Washington: USDA, 1983.
VALE JÚNIOR, J. F.; BARROS, L. S.; SOUSA, M. I. L.; UCHÔA, S. C. P. Erodibilidade e suscetibilidade à erosão

dos solos de cerrado com plantio de Acacia mangium em Roraima. Revista Agro@mb On-line, v.3, p.1-8, 2009.
VIEIRA, V. F. Estimativa de perdas de solo por erosão hídrica em uma sub-bacia hidrográfica. Revista Geografia, v.17,

p.73-81, 2008.
WISCHMEIER, W. H.; JOHNSON, C. B.; CROSS, B. V. A soil erodibility nomograph for farmland and

construction sites. Soil and Water Conservation Journal, v.26, p.189-193, 1971.
WISCHMEIER, W. H.; SMITH, D. D. Predicting rainfall erosion losses: a guide to conservation planning.

Washington: USDA, Agricultural Handbook 537, 1978. 67p.
YAMAMOTO, J. K.; LANDIM, P. M. B. Geoestatística: conceitos e aplicações. São Paulo: Editora Oficina de Letras,

2013. 216p.
ZARONI, M. J.; SANTOS, H. G. Argissolos. Agência Embrapa de Informação

Tecnológica (Embrapa). Disponívelem: https://www.agencia.cnptia.embrapa.br/gestor/solos_tropicais/
arvore/CONTAG01_7_2212200611538.h tml. Acessado em 26 Jan de 2020.

ZHANG, K. L.; SHU, A. P.; XU, X. L.; YANG, Q. K.; YU, B. Soil erodibility and its estimation for agricultural soils
in China. Journal of Arid Environments, v.72, p.1002–1011, 2008.



Mercator - Revista de Geografia da UFC, 2021, vol. 20, núm. 2, ISSN: 1984-2201

PDF generado a partir de XML-JATS4R por Redalyc
Proyecto académico sin fines de lucro, desarrollado bajo la iniciativa de acceso abierto

ZIMBACK, C. R. L. Análise espacial de atributos químicos de solos para fins de mapeamento da fertilidade do
solo. 2001. 114 f. Tese (Livre-Docência), Faculdade de Ciências Agronômicas, Universidade Estadual Paulista,
Botucatu, 2001.


