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Abstract: Global sensitivity analysis (GSA) of the revised universal soil loss equation (RUSLE) factors
is in its infancy but is crucial to rank the importance of each factor in terms of its non-linear impact on
the soil erosion rate. Hence, the goal of this study was to perform a GSA of each factor of RUSLE for
a soil erosion assessment in southern Bahia, Brazil. To meet this goal, three non-linear topographic
factor (LS factor) equations alternately implemented in RUSLE, coupled with geographic information
system (GIS) software and a variogram analysis of the response surfaces (VARSs), were used. The
results showed that the average soil erosion rate in the Pardo River basin was 25.02 t/ha/yr. In
addition, the GSA analysis showed that the slope angle which is associated with the LS factor was
the most sensitive parameter, followed by the cover management factor (C factor) and the support
practices factor (P factor) (CP factors), the specific catchment area (SCA), the sheet erosion (1), the
erodibility factor (K factor), the rill (1), and the erosivity factor (R factor). The novelty of this work is
that the values of parameters m and n of the LS factor can substantially affect this factor and, thus,
the soil loss estimation.

Keywords: erodibility; uncertainty analysis; soil loss assessment; variogram analysis of response
surfaces; sheet and rill erosion

1. Introduction

Soil erosion can be a natural process where particles are detached by raindrop splash
and ensuing transport through successive deposition and reentrainment downslope [1,2].
Notably, soil is a non-renewable resource from the standpoint of the human lifespan, and
its degradation directly affects ecosystem services, agricultural sustainability, food security,
and the economy [3,4]. For example, in Brazil, the economic impact of soil loss due to
nutrient loss was estimated to be USD 15.7 billion in 2021 [5]. Along with natural processes,
a set of anthropic factors such as deforestation and timber harvesting with the intent of
opening new agricultural lands, overgrazing, and the mismanagement of cropland cause
soil erosion [6]. Of note, erosion is one of the global environmental problems leading
to reductions in food production [7], and ultimately economic losses [8]. A recent study
reported that 75 billion tons of soil are globally lost each year and cost approximately
USD 400 billion annually [9]. The problem becomes more and more serious in developing
countries and, hence, has been accelerating due to the replacement of forested areas by
agricultural areas, which amplify soil erosion and the loss of biodiversity. In some countries,
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deforestation started with the colonization period. For example, the Atlantic Forest biome,
which is the second-largest tropical forest on the American continent [10], underwent
serious deforestation as early as 1500, particularly when Portuguese settlers arrived in
Brazil [11]. However, so far, this biome still has great diversity of plant and animal species,
covering 17 Brazilian states [12], and is home to more than 100 million inhabitants [13]. It is
noteworthy that deforestation and agricultural practices are the main causes of soil erosion
in the Atlantic Forest.

Previous studies have highlighted that severe soil erosion occurs in agricultural areas,
particularly on higher slopes [14,15], and is considered the main problem in the semi-arid
region of Northeast Brazil [16]. The destruction of the vegetation cover increases surface
runoff and decreases infiltration [17], resulting in soil loss. Northeast Brazil is particularly
vulnerable due to land cover alteration, land use, and landscape occupation [18].

The revised universal soil loss equation (RUSLE) is one of the most commonly used
empirical methods to assess the average field-scale soil erosion rate, accounting for rainfall
erosivity (R factor), soil erodibility (K factor), slope length (L) and slope steepness (S),
which are often lumped together and commonly called the topographic factor (i.e., LS
factor), cropland management systems (C), and erosion control practice (P) (CP factor).
Studies have underscored that the R factor is a major contributor to the erosion rate and,
thus, higher rainfall intensity causes higher soil erosion rates [19,20]. For example, a study
conducted in South America revealed that the R factor has substantial impact on soil
loss [21]. With respect to the K factor, it is directly linked to soil erosion and represents the
susceptibility of soil to supply sediments and be transported by surface runoff [22]. The K
factor is mainly influenced by soil texture, including permeability, chemical composition,
and organic matter [23]. Its value indicates the amount of soil loss per rainfall erosivity
index [22]. Moreover, various studies have highlighted that long slope lengths contribute to
high erosion rates due to increased water accumulation and sediment detachment [24-26].
Similarly, an increase in slope steepness greatly affects the erosive force of water [27] and
thus amplifies soil erosion rates [28]. Overall, studies have reported that the LS factor can
greatly influence soil erosion, particularly in complex geographic conditions [29-32]. Like
other factors, the CP factor is crucial in soil erosion assessment and quantifying the effect of
land use land cover (LULC) on the erosion rate [33]. Therefore, areas with high vegetation
can considerably reduce soil loss [34].

Each parameter of RUSLE is plagued with uncertainty. For example, various studies
have highlighted that the LS factor is the most uncertain and sensitive one [35-38]. Like all
other factors of RUSLE, any increase in LS results in an increase in soil loss [39]. Accordingly,
identifying the sources of uncertainty associated with the LS factor becomes crucial and
needs to be reduced. Studies have highlighted that errors and uncertainty in the digital
elevation model (DEM) can affect the estimation of the LS factor [40,41]. Of note, uncertainty
in DEMs can originate from multiple sources, including positional inaccuracy, calculation
error, and interpolation error [36]. Therefore, the spatial effect of the LS factor needs to
be quantified and modeled [42]. Studies have pointed out that the slope gradient § and S
factors decrease when the grid size increases [43], decreasing the soil loss estimation [44].

Various studies have investigated uncertainties in soil erodibility [45-48]. Others have
assessed the sensitivity of the R factor using various equations [49] and the normalized dif-
ference vegetation index-based C factor [50]. A sensitivity analysis (SA) seeks to determine
how uncertainty in the output of a model can be attributed to a set of uncertainty sources
in model inputs [51,52]. Another study documented that SAs can be used to understand
the most influential input variable in a targeted equation to an output behavior as the less
or non-contributing inputs [53]. Notably, SAs can either be local or global. Global SA (GSA)
is the study that examines how uncertainty in a model’s output, whether numerical or
otherwise, can be attributed to various sources of uncertainty within the model’s inputs [54].
GSA considers simultaneously the values of a set of input parameters for the assessment
of the output uncertainty [55], whereas a local sensitivity analysis (LSA) accounts for a
one-at-a-time variation of input factors. The advantage of GSA over LSA is that GSA con-
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siders the entire variation range of the input [51]. To the best of our knowledge, no study
has previously evaluated the global sensitivity of RUSLE nor ranked the sensitivity of the
parameters of the equations used to compute the LS factor. Therefore, the objective behind
this study was to perform a GSA of RUSLE factors as part of a soil erosion assessment in
southern Bahia, Brazil.

2. Materials and Methods
2.1. Study Area and Data

This study was conducted in Canavieiras, Southern Bahia (Figure 1a), which has a
humid tropical climate [56] with an average annual rainfall, relative humidity, and air
temperature of 1830 mm, 80%, and 23.5 °C, respectively [57]. It should be noted that the
meteorological stations are shown in Figure 1b. The Pardo River watershed is located
between latitudes 15°42" and 15°45’ South and longitudes 39°9” and 39°5" West. A mosaic
culture and several types of cocoa, such as shaded cocoa, unshaded cocoa, and organic
cocoa, which are considered forests, represent the LULC of the area.

Northeast
of Brazil
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o X —
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Figure 1. (a) Location of the 30.07 km? Pardo River watershed in the municipality of Canavieiras and
(b) map of meteorological stations.
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The Pardo River crosses two Brazilian states. It rises in the state of Minas Gerais, mainly
in the municipality of Rio Pardo, and completes its course in that of Canavieiras [58]. The
drainage area of the Pardo River watershed used in this study is estimated to be 30.07 km?.
The topography of the watershed features elevation levels ranging from 5.26 m at the
lowest point to 121.96 m at the highest, with an average elevation of 63.79 m. The slope
within the watershed varies from 0° to 35.44°, with an average slope of 9.85°. This indicates
that the landscape is predominantly flat to gently undulating, with some areas having
more pronounced undulations. Slopes reaching up to 35.44° suggest that certain areas are
susceptible to erosion, especially during heavy rainfall. It is noted that the part of the Pardo
River used in this study is the one with limited riparian buffer.

2.2. Modeling

The LULC map was obtained by accessing MapBiomas [59], a Brazilian project. The
MapBiomas was developed using a mosaic of Landsat satellite images of 30 m resolution.
Importantly, LULC was automatically classified as follows: forests (native stands and
grouped agroforestry systems), pastures, forestry, open areas, urban centers, exposed soil,
and water bodies (e.g., rivers, and ponds). The statistical analysis of the global accuracy for
MapBiomas showed a result of 82.4% [59].

2.3. Calculation of Soil Loss

Soil erosion was calculated using RUSLE [60] with the support of QGIS tools. Layers
of DEM, R, and interpolated K were used to model soil loss [61]. Each raster file had the
same resolution (30 m). Soil loss was estimated using Equation (1). After the conversion
of vector files into raster ones, a raster calculator was used to calculate soil loss as follows.
These vector files contained data on the K and CP factors.

A=RXKXLS5xCxP (1)

where R represents the erosivity factor in M] mm (ha h year)~!, K the erodibility factor
expressed in t h (MJ mm)~!, LS the dimensionless slope length and steepness factors, C the
crop management factor, and P the support practice factor.

2.4. Rainfall Erosivity (R Factor)

The R factor is a mathematical expression of the erosive power produced by the average
rainfall and runoff causing soil erosion at a specific location [62]. In this study, average
monthly precipitations were collected from seven climatological stations (Table 1). The data
were processed in a spreadsheet software and presented geographically before conversion
in the comma-separated value (.csv) format and imported into QGIS for conversion into
a shapefile format. Of note, there are several methods (e.g., Inverse Distance Weighting
(IDW), Kriging, and Cokriging) that can be used as interpolation techniques to generate
the R factor. Studies have suggested to use IDW when there is a lack of environmental
information [63,64]. In this study, IDW was used for the spatial interpolation of the R factor,
given that we had rainfall data from a limited number of meteorological stations.

Table 1. Location of the climatological stations used in this study [65].

Annual Mean

Locations Latitude Longitude Altitude (m) Period
(mm/year)

Caravelas —17.73944444 —39.25861111 6 1426.61 1992-2021
Guaratinga —16.58081 —39.783182 199 872.4 1992-2021
Itamarandiba —17.85972222 —42.85277777 920 1006.86 1992-2021
Salinas —16.154862 —42.284921 477 833.65 1992-2021
Salvador (Ondina) —13.00583333 —38.50583333 53 1847.89 1992-2021
Vitoria —20.31583333 —40.31694443 32 1294.08 1992-2021
Vitoria da Conquista —14.88638888 —40.80138888 880 709.94 1992-2021
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To obtain reliable values, Cassol et al. [66] recommended a minimum series of 23 years
of precipitation. In this study, the mean precipitation was calculated for the years 1992 to
2021. Due to the absence of data on the erosivity index (EI), we used Equations (2) and (3),
as recommended by [67-69]:

R=)EI )
/2 085
EI = 67.355 <P> (3)

where EI is the monthly mean erosivity index (M] mm ha~! h=1), and computed as the
sum of the average of the monthly values of erosion indices [67,68,70,71], r is the average
monthly precipitation (mm), and P is the average annual precipitation (mm). In Equation
(2), the R factor is expressed in M] mm ha~! h~! year~!. In Equations (2) and (3), E and I
stand for the kinetic energy of rain and the maximum 30 min intensity (I39), respectively.
It should be noted that Equation (3) is applicable in areas with tropical and subtropical
climates [70].

2.5. Soil Erodibility (K Factor)

The K factor represents the soil vulnerability to erosional agents; hence, it is limited
to a set of sub-factors, including the detachment and transport of soil particles [72]. Soil
erodibility spatially changes with LU and land form [6]. In this study, soil’s physical and
textural properties were used to estimate erodibility, while the soil map from MapBiomas
was used to identify soil types. Previous studies carried out in Brazil have recommended
using K factor values from other studies, taking into account the same types of soil for
mapping the K factor [65,73-75]. In this study, we used the K factor values from published
studies conducted in areas with similar soil types in Brazil. The value of each type of soil
was taken from the literature and registered in the attribute table before the conversion of
this vector file into a raster file.

2.6. Topographical Factor (LS Factor)

The LS factor is the combination of slope length (L factor) and slope steepness (S
factor), and thus reflects the effect of topography on erosion [76]. The LS factor is the ratio
of soil loss per unit area of a field 22.1 m long and with 9% slope [77,78]. In this study, it
was calculated through the 30 m Copernicus DEM previously filled using fill sinks. QGIS
was used to calculate the LS factor according to Equations (4a), (4b) and (5), developed
by [79-81], respectively. Studies have highlighted that the 30 m Copernicus DEM is a
clearly more accurate representation of the Earth’s surface when compared to other sources,
including TanDEM-X, SRTM, and NASA DEMs [82-84].

SCA ., , Sinp

= T ym n — — = —
LS = (m+ 1)(22.13) (0.0896) here m = (0.4 — 0.6)and n = (1.0 — 1.3) (4a)
m = (0.2—0.6)and n = (1.0 — 1.3) (4b)
_ ,SCA,, , Sinp ., _ _ _ _
LS = (722.13) (0.0896) here m = (0.4 — 0.56)and n = (1.2 — 1.3) (5)

where B stands for the slope angle in degrees; m and # for sheet and rill erosion; and SCA
for the specific catchment area (m?/m)—that is, the ratio of the upstream catchment area
of a contour line to its length [85]. In Equation (4a), m and #n vary from 0.4 to 0.6, and
from 1.0 to 1.3, respectively [79]. Conversely, the authors of [80] used Equation (4b) and
documented that m ranged from 0.2 to 0.6 and n ranged from 1.0 to 1.3. Meanwhile, in
Equation (5), m varies from 0.4 to 0.56 and n varies from 1.2 to 1.3 [81]. In this study, we
used the mean values of m and n (m = 0.5 and n = 1.15), and (m = 0.4 and n = 1.15) in
Equations (4a) and (4b), respectively. In addition, we also used the mean of m (0.48) and
n (1.25) in Equation (5). Importantly, m and # are linked to the removal of the soil layer
caused by raindrop splash [86]. We used the filled DEM as input to calculate the flow
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accumulation matrix using the “Flow accumulation” algorithm, which was then used as
input for the total catchment area (T'CA) to extract the SCA using the algorithm “Flow with
and specific catchment area” available in QGIS through hydrology tools in Saga [87]. The
multiple flow direction (MFD) method was used to execute this algorithm.

2.7. Crop Management and Support Practice (CP Factor)

The C factor is dimensionless and depends on the degree of vegetation cover, the
canopy, the topography of the terrain, and the antecedent LU practice [60], and ranges
from 0 (total land cover) to 1 (no land cover) [77]. The P factor is also dimensionless,
resulting from the ratio between expected soil losses for a given soil conservation practice
and up and down tillage [77]. The combination of the vegetation cover and management
factor (C factor) and the support practice (P factor) is often treated as a unique factor when
there are not any protective management practices considered. Various researchers have
combined factors C and P, commonly referred to as the CP factor, and have sought their
values in the literature [88-90]. Notably, the C and P factors can be calculated individually
when a study aims to minimize their impacts on the study area [91]. However, they can
be combined when assessing soil loss due to erosion in a specific area [91]. Based on these
studies, we combined the C and P factors to form the CP factor and searched for its values
in studies conducted in Brazil with similar LULC. The shapefile of LULC was downloaded
from Mapbiomas and then imported into QGIS before being clipped to fit the shape of the
study area. It is noted that the LULC values used to generate the CP factor map in this
study have been used in various studies in Brazil and are recommended by [61,91,92]. They
were inserted into the attribute table (vector layer) before being converted to a raster layer

using QGIS.

3. Sensitivity Associated with RUSLE Model

The variogram analysis of the response surfaces (VARSs) was used for the global
sensitivity analysis, using as inputs the minimum and maximum values of each RUSLE
factor. The inputs used in VARS were the parameter values of the chosen LS equation along
those of the CP, R, and K factors (Table 2).

Table 2. The inputs used in VARS for global sensitivity analysis.

Input (F]) (FZ) (F3)
Factors Min Max Min Max Min Max
cp 0.0 1.0 0.0 1.0 0.0 1.0
R 5606.55 5775.11 5606.55 5775.11 5606.55 5775.11
K 0.028 0.0592 0.028 0.0592 0.028 0.0592
m 0.4 0.6 0.2 0.6 04 0.56
n 1.0 1.3 1.0 1.3 1.2 1.3
B 0 35.436 0 35.436 0 35.436
SCA 8.786 15,535.153 8.786 15,535.153 8.786 15,535.153

Notes: Fq, F», and F3 are inputs of RUSLE parameters used with the LS Equations (4a), (4b) and (5) of [79-81],
respectively. The values of the input factors m, 1, B, and SCA were used to calculate the LS factor, where m and n
were obtained from sampling from VARS, and the other two parameters were kept constant given the use of one
DEM only.

Soil Loss Calculations Based on VARS Sampling

VARS has been acknowledged as computationally efficient and reliable when com-
pared to other GSA approaches [93]. This tool can generate a set of sensitivity indices, such
as those based on derivative, variance, and variogram concepts [94], and offers various
advantages, including easy integration, low computational cost, and the ability to compare
the indicators of Sobol [95], Morris [96], and the Integrated Variogram Across a Range of
Scales (IVARSs), which is a perturbation scale in the factor space, measures the change in
the model response, and provides a set of sensitivities for the VARS model [97]. Admittedly,
some parameters, including factor space (up to a user to define the sampling resolution)
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Load the values
m and n
(t=6400)

and a “star-based” sampling strategy, known as Sensitivity Test Analysis Routines (STARs),
should be well defined first, which provides the degree of importance of each factor, along
90% confidence intervals of the factor space. STAR sampling consists of vertices (STAR
centers) defining subsets of the factor space from which parameters are randomly sampled
across the full set of factor space [98]. The function of STAR is to assess how variations in the
input parameters can modify the output. The ranking of the input factor samples does not
determine the ranking of the output factor. Indeed, we used 100 stars (resulting in a total of
4600 simulations, i.e., t = 4600) and a sampling resolution of 0.1 (corresponding to 10% of
the parameter ranges) for the parameter space to generate the outputs. It is worth noting
that an increase in the STAR number results in an increase in the number of simulations.
The sampling resolution represents the distance between the locations of pairs of points in
the parameter space and also ensures that all the parameter ranges are taken into account
in the sampling process [99]. Similarly, other studies recommended the utilization of a
sampling resolution of 0.1 to avoid the degradation of the “constant mean assumption”
that can occur at larger scales [94,100,101]. Of note, the minimum and maximum values of
each should be inserted in the factor space. Razavi et al. [94] recommended running VARS
with an extensive amount of time to deal with the problem of factor placement in terms of
importance. Thus, there were 4600 maps of the LS factor, as illustrated in Figure 2.

Open the Open the
SCA file heta file

Fead the dat

ach file

Initialize an e Calculate the 1S
value for each pair

matrices of m and n values

Add the r_“i_]
matris to the list
of LS mairices

Figure 2. Example of calculation of the LS factor for each pixel.

The soil loss calculation was carried out using two different methods. Method 1 in-
volved applying the soil loss equation pixel by pixel, using the LS results and the values of
R, K, and CP. Method 1 was thus applied to each pixel included, using the 4600 matrices al-
ready calculated for the LS factor, resulting in the same number of maps where each one was
made up of 27,799 pixels, resulting in 127,875,400 possible outcomes (Po = 127,875,400).
Meanwhile, Method 2 added an extra step by considering the average value of the previous
calculations, as presented in Equation (6).

1 4600

Pixel (A) = 1600 Z% A, (6)
1=

In other words, it aggregated the average of all the values of soil erosion in a pixel.
Each pixel thus contained 4600 values for soil erosion, and in this method, the average was
calculated to produce a representative map of the value of soil erosion per pixel. Examples
of calculations for Methods 1 and 2 are illustrated in Figures 2 and 3. The average value map
is composed of pixels where the value of each pixel is the average of the 4600 possibilities,
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as shown in Figures 4 and 5. It is noted that the map of average values is a uniform map
consisting of the average of all pixels.

Value in t'ha'vear

Figure 3. Method 1—calculation of the soil loss for each pixel.

Pixel | [
Average value
A | | (A)Pixel |
=4600 -

R

Figure 4. Method 2—calculation of 4600 soil loss maps.

A(1'1) A(2.1)

A(1'2) A(2.2)

Figure 5. Average of 4600 possibilities of the pixels.

Importantly, three tests regarding the variation of CP values were conducted: one
with values from 0 to 1 (see Figure S1d in Supplementary Materials), another from 0 to
0.15 (as 75% of CP values fall between 0 and 0.15; see Figure Sla,b in Supplementary
Materials), and finally, one without changing the CP value of each pixel in VARS, which
is the approach used to generate the results introduced later in the manuscript (constant
values). Furthermore, we compared Equations (4a), (4b) and (5) for soil loss assessment
based on VARS sampling (see Figure S1c in Supplementary Materials).

4. Results and Discussion

This section first introduces the nominal soil losses using each LS equation and then
those resulting from the uncertainty analysis. In this manuscript, nominal soil losses refer
to the soil erosion estimated using QGIS.

4.1. Nominal Soil Erosion Losses
4.1.1. R Factor

The R factor ranged between 5606.55 and 5775.11 M] mm ha~! h~! year~!, with a
mean of 5693.78 and a standard deviation of 43.66 M] mm ha~! h~! year~! (Figure 6). In
this study, the erosivity is considered average/high because the R value is between 5905
and 7357 MJ mm ha—! h=! year~! [102]. This result may indicate that it is one of the factors
that substantially contribute to the soil erosion rate in this watershed.
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0 1 2 3 km i
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Figure 6. Erosivity map of the Pardo River watershed.

The R value is slightly lower than those of other studies conducted in the extreme
west of the Bahia state, particularly in the watershed of the Ondas River, where it varied

from 5870 to 6866 MJ mm ha~—! h=! year~! [103] and from 6177.36 to 9968.21 MJ mm ha~!
h-! year_1 [104].

4.1.2. K Factor

There are three soil types in the study watershed: Ferralsols, Fluvisols, and Podsol,
with K values of 0.028, 0.046, and 0.0592 t h (MJ] mm)~!, respectively (Figure 7a,b), as

displayed in Table 3. These values are consistent with those of the K factor estimated by the
USLE in Brazil, which varied from 0.0002 to 0.0636 [105].

39°11'W 39°10'W 39°9'W 39°8'W 39°7'W 39°6'W

39t1aw 39°10W 39°9'wW 39°8'W . 39°TW 39°6'W 39°5W

8 1 é 3:am &7 Pardo River Watershed 0.0436
?
K Factor t h/(MJ mm) o 0.0592
_Jf_( ; 1:80,000 o 0.0280
(a)

Figure 7. Cont.
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wdﬁ 1:80,000 [0 Podzols
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Figure 7. (a) Soil types and (b) K factor map.

Table 3. Values of K factor used in Pardo River watershed.

Types of Soils K@thMJ-1mm-1) Ref.
Ferralsols 0.028 [106]
Fluvisols 0.046 [107]

Podsols 0.0592 [108]

A previous study reported that soils in the study area were considered fairly resistant
to erosion (K values ranging from 0.0132 to 0.0329), moderately sensitive to erosion (K values
between 0.0329 and 0.0461), and fairly sensitive to erosion (K values between 0.0461 and
0.0593) [109]. Based on these erodibility ranges, the soils of this study, Podzols, Ferralsols,
and Fluvisols, are classified as resistant to erosion, moderately sensitive to erosion, and
fairly sensitive to erosion, respectively. It is noted that the K values vary from one type
of soil to another not only because of basic soil properties but also because of human
activities [110,111]. Again, based on the previous erodibility ranges, the soil types in this
watershed were not the main driver of soil loss.

4.1.3. LS Factor

The LS factor is primarily a function of the SCA and the slope. The results showed
that the LS factor lied between 0 (latter and lower part) and 106.32 (steeper and upper
part) (Figure 8a), between 0 and 55.50 (Figure 8c), and between 0 and 71.16 (Figure 8d),
with average values of 7.11, 5.09, and 5.03, respectively (Table 4). Compared with other
studies conducted in the state of Bahia by [18,103,104], the LS factor values in this study
were higher. Notably, the largest LS values are found at the highest elevations, which have
the highest soil erosion.

The slope angle varied from negligible to 35.4° (Figure 8b). The values of the LS factor
depend on the equations used, as shown in Figure 8a,c,d, and consequently influence the
average soil loss.

The LS values shown in Figure 8a,c,d were calculated via the utilization of Equations (4a),
(4b) and (5). It is noted that a larger LS factor value increases potential soil erosion as an increase
in slope length accelerates flow velocity [112,113].
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Figure 8. (a,c,d) LS factor maps and (b) slope angle (8 or b) for the Pardo River watershed.

Table 4. Statistics of LS factors based on various equations.

Equation N° LS Equations [m, n] Min Max STD-Dev
(4a) sc A(’Z * Sing \n [0.5,1.15] 0.0 106.32 7.07
D (2213)" (o:089)
(4b) ' [0.4,1.15] 0.0 55.50 5.03
®) (SEANm (oanb yn [0.48, 1.25] 0.0 71.16 5.05

Notes: Min: “minimum”; Max: “maximum”, STD-Dev: “standard deviation”.

4.1.4. CP Factor

The CP values varied from 0 to 1 (Figure 9b). The highest value (1) corresponded to
exposed soil, and the lowest value (0) was water (Figure 9a,b; Table 5). The CP values
close to zero indicate that the cropping management and support practice factors provide
strong resilience to soil erosion compared to values close to one, which represent exposed
soil [61,114], as presented in Table 5.



Soil Syst. 2024, 8, 125 12 of 26

39°11'W 39°10'W __39°9'W

15°44'S 15°43'S 15°42'S

15°45'S

39°11'W 39°8'W 39°7'W 39°6'W 9°5’VV

Y 1 2 3km ¢ &P Pardo River Watershed Mosaic of uses
e — N )
! LULC classes Exposed soil
1:50:000 B Forest Formation [ Pasture
(a)

39°11'W 39°10'W 39°9'W 39°8'W 39°7'W 39°6'W 39°5'W
& : 8
3 %

15°43'S
S.EV.ST

15°44'S
SW.ST

15°45'S
S/G.ST

39°11'W 39°10'W 39°9'W 39°8'W 39°7'W 39°6'W 39°5'W

& & Pardo River Watershed Pasture

0 1 2 3 km .
CP Factor Mosaic of Uses
T ey
1:80,000 @ Forest Formation & Exposed Soil
(b)

Figure 9. (a) LULC map and (b) CP factor map.



Soil Syst. 2024, 8,125

13 of 26

Table 5. The values of CP factor used in Pardo River watershed.

Classes CP Factor Ref.
Forest formation 0.00004 [91]
Pasture 0.01 [91]
Mosaic of uses 0.15 [92]
Water 0 [61]
Exposed soil 1.0 [61,114]

The finding presented in Table 5 corroborates another study carried out for a watershed
of the Northeastern Brazilian Cerrado [115]. These results may indicate that the actual LULC
is one of the factors contributing to the soil erosion in the watershed.

4.1.5. Potential Soil Loss

The potential nominal soil loss was assessed via the raster calculator of QGIS. The
soil erosion predicted when using the LS equation based on Equation (4a) ranged from 0
to 2733.27 t/ha/year (Figure 10), with an average rate of 29.77 t/ha/year and a standard
deviation of 117.52 t/ha/year, whereas those based on Equations (4b) and (5) varied from 0
t02282.69 and between 0 and 2103.27 t/ha/ year, with averages of 23.76 and 21.52 t/ha/year,
respectively (Figure 10; Table 6). These results are higher than those from a field study
conducted in a 16.31 km? area of the Riacho Gameleira watershed in the northeastern region
of Brazil, specifically in Pernambuco, where the suspended sediment runoff was estimated
tobe 16.96 t/ha/year [116]. Notably, the soil erosion in this watershed was lower compared
with that of another study carried out in the same region, the extreme western region of
Bahia, where the annual average was estimated to be 32.69 t/ha/year [103]. In this study,
the average soil loss derived from these three equations was estimated to be 25.02 t/ha/year.
The mean soil loss in this watershed was higher than the average of that of the Rio Ondas
watershed, estimated to be 13.36 t/ha/year, which is located in the extreme western part of
the state of Bahia [117], and that of another study conducted in southern Bahia, the Rio da
Dona watershed, which had an average of 21.19 t/ha/year [118]. Likewise, the average
soil loss in this study was higher than that of another study conducted in southern Bahia,
specifically in the Cachoeira River watershed, which reported an estimated mean soil loss
of 17.37 t/ha/year [65]. These findings characterize watersheds with different degradation
levels. Another aspect that may cause the difference is the equations that were used for the
calculation of the LS factor in those studies. Indeed, a previous study highlighted that the
LS equations used may have led to overestimated soil losses compared with others [119].
In this study, the high LS values are attributed to the use of the average within the range of
m exponent values. It should be noted that any minor increase in m substantially amplifies
the slope length values. In other words, even a small increase in slope length can lead to a
significant rise in the LS factor [81,120]. Other factors, including the DEM resolution and the
algorithm used, may also cause high LS values in this study. The findings of experimental
studies have corroborated this assertion [120,121]. For example, a study showed that LS
values calculated with a 30 m resolution DEM were higher than those calculated with a 5 m
resolution DEM [121]. This indicates that using finer resolutions can lead to more accurate
LS values. In other words, the accuracy of LS values is largely influenced by the DEM
resolution.
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Table 6. Estimation of soil erosion based on several equations.
LS RUSLE [m, n] Min Max Mean STD-Dev
(4a) R x K x CP x (m+1)(354)m (Smp yn [0.5,1.15] 0.0 2733.27 29.77 117.52
(4b) Rx K xCPx (m+1)(5545)" (0?5;56)" [0.4,1.15] 0.0 2282.69 23.76 91.94
5) R x K x CP x ($54)m (Smp yn [0.48, 1.25] 0.0 2103.27 21.52 85.67
Notes: Min: “minimum”; Max: “maximum”, STD-Dev: “standard deviation”.
In terms of severity, and according to the classification proposed by [122], soil erosion
can be classified as very low, low, moderate, high, very high, and severe (Table 7).
Table 7. Severity range and severity class of soil loss in Pardo River watershed.
Using LS (4 Using LS (4b Using LS (5
Severity Range Severity sing LS (42) sing LS (4b) sing LS
t_(ha.year)*l Classes Area Area Area Area Area o,
(km?) (%) (km?) (%) (km?) Area (%)
<5 Very low 19.18 76.69 19.36 77.44 19.70 78.80
5—-12 Low 1.36 5.44 1.59 6.36 1.58 6.32
12—-50 Moderate 222 8.88 1.90 7.6 1.67 6.68
50—100 High 0.37 1.48 0.35 14 0.41 1.64
100—200 Very high 0.56 2.24 0.66 2,64 0.69 2.76
>200 Severe 1.32 5.27 1.14 456 0.96 3.84

Importantly, most of the study area is considered protected, as most of the area had a
soil loss considered low. Depending on the equation used, the severe erosion class in this
area varied from 3.84 to 5.27% (Table 7).

Similarly, between 76.69 and 78.80% of this watershed area has a soil loss considered
very low, as compared with 68.58% of the Rio de Janeiro watershed, located in the extreme
west of Bahia [104]. Based on Tables 6 and 7 and Figure 10, it is obvious that the soil erosion
is only a nominal value that depends exclusively on each factor of RUSLE. These findings
may also explain the uncertainties existing in the soil erosion calculation.

4.2. Uncertainty and Global Sensitivity of RUSLE Parameters

The global sensitivity of the RUSLE factors using VARS showed the importance
of each one of them and intrinsically of the parameters of the LS factor (8, m, n, SCA)
(Figures 11 and 12) and all the possible soil erosion equations used. The GSA showed that
the slope angle () was the most sensitive parameter. This result is in line with other studies
in the literature, indicating that slope steepness is more sensitive than slope length to the
LS factor used in the assessment of soil erosion [42,123]. This study demonstrated that m
and n affect the value of LS. Evidently, the sensitivity ranking of LS parameters is as follows
(from higher sensitivity to lower): slope angle (B also referred as B in the figures), SCA, n,
and m. In terms of GSA, the parameters of RUSLE had the same order of importance when
using Equations (4a) and (5) (Figures 11 and 12). One of the reasons that may explain that is
because the value of m in both equations is approximately equal (0.5 and 0.48). Conversely,
the GSA of RUSLE parameters using Equation (4b) had a different ranking (8, m, CP, SCA,
K, n, and R) than the other two_It is noted that, independently of the equation used, we
found that the R factor is the least influential parameter of RUSLE. It is noteworthy that the
colors (red, pink, and orange) in the dendrogram do not have any special meaning in terms
of sensitivity or uncertainty in this study. They are automatically generated by VARS to
help distinguish groups of variables using the so-called “elbow method” [124].
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Moreover, the GSA showed the importance order of the other parameters as follows:
CP, K, and R (Figures 11 and 12). The discrepancies between the minimum and maximum
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values of each factor can be one of the reasons for the importance of the parameter order.
These values vary along with m and n, as the equations used for the LS calculations were
all non-linear. These results provide an uncertainty range for the potential soil loss.

The range of LS values based on VARS sampling is introduced in Figure 13. The
sample size of each boxplot corresponds to the total number of pixels available for the
calculation. In the boxplots, blue, red, and green values correspond to the second quartile,
median, and third quartile in the distribution, respectively.

25 ——
20 A 1
15 4
S
[y
&L
0 10]69
-
10 5
8.p2
7.82
5.22
51 4.30
—T 3.68
1.46 1.29 0.5
o il N -
Equation (4a) Equation (4b) Equation (5)

Figure 13. Comparison of LS factors of the Equations (4a), (4b) and (5) based on VARS sampling. The
data sample includes Po = 127,875,400.

Each box represents the interquartile range (IQR), with the median indicated by a
horizontal line. It is noted that the whiskers extend up to 1.5 times the IQR above and below
the box, and individual values, or ‘outliers’, have been eliminated for easier visualization.
All possible combinations of LS, CP, K, and R values are considered and specified in
Table 2. The value of the soil loss was individually calculated for each pixel. The boxplot
illustrates the distribution of all the results obtained for the 27,799 pixels contained in the
4600 maps (matrices). The results shown in Figure 14 correspond to those obtained using
LS Equation (4a). The results of Method 2 showed that the average value of all pixels within
the watershed boundaries ranged from 0 to 4342.98 t/ha/year (Figure 15). This result is
lower compared to that of a study conducted in the Indaia watershed in Mato Grosso do
Sul, Brazil, where soil erosion ranged from 0 to 4082.16 t/ha/year [125]. Notably, the results
of Method 2 were calculated using the LS Equation (4a) (see Table 4). To better illustrate
the distribution of soil erosion values, Figure 16 presents the boxplot of the average values
without considering outliers. The range of soil losses calculated through the application
of VARS is quite large because it includes all possible outcomes, whereas the soil losses
performed by QGIS were based on a pixel-by-pixel calculation.
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Figure 14. Method 1—potential soil erosion calculation results for all 4600 LS maps using Equation
(4a) (Po = 127,875,400).
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Figure 16. Soil loss rate: boxplot using method 2—box plot of average values of soil erosion (A).
Based on the results of Method 2 and Figure 17, it was found that the average of the
soil loss between the second and third quartile values varied from 0.04 to 5.14 t/ha/year.
Comparing the distribution of soil erosion values and all the results obtained using Method
1 with that of Method 2 using the LS Equation (4a), we found that the latter led to a higher
soil loss average, as shown in Figure 17. Finally, using Method 1, we compared the results
of the three LS equations (Equations (4a), (4b) and (5)) (Figure 18).
Soil Loss Comparison
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Figure 17. Comparison of two calculation methods of soil erosion—(A) Method 1 and (B) Method 2.
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Figure 18. Comparison of results for the three LS equations. Each boxplot consists of 127,875,400 values.
The median given each LS calculation is as follows: Equation (4a) > Equation (4b) >
Equation (5) (Figure 18). Such a finding may indicate that a soil loss value estimated using
Equation (5) has a lower uncertainty level compared with that of Equations (4a) and (4b). In
other words, the data dispersions of soil loss displayed by Equation (4a) are less regrouped
around the median compared to those of Equations (4b) and (5), as shown in Figure 18.
The boxplot labeled ‘nominal’ represents the data distribution generated using the QGIS
method for soil loss assessment. In terms of average soil losses calculated using VARS,
42.88, 35.12, and 30.47 t/ha/year were found for Equations (4a), (4b) and (5), respectively.
These results align with a field study conducted in the Santa Rita watershed (9.10 km?),
located in the southern region of Rio Grande do Sul, Brazil, where soil loss was estimated to
be 35.94 t/ha/year [126]. The severity classes of the soil erosion calculated via VARS were
categorized as weak, moderate, medium, strong, and very strong, as classified by [122], as
shown Table 8.
Table 8. Severity range and severity class of soil loss in Pardo River watershed using Method 1 given
LS Equations (4a), (4b) and (5).
Using LS (4 Using LS (4b Using LS (5
Severity Range Severity sing LS (42) sing LS (4b) sing LS
t.(ha.year) 1 Classes Area Area Area Area Area o
(km?) %) (km?) %) (km?) Area (%)
<5 Very low 18.72 74.87 18.87 75.47 19.19 76.74
5-12 Low 1.15 4.58 1.23 4.93 1.31 525
12—-50 Moderate 2.62 10.46 2.57 10.27 2.30 9.19
50-100 High 0.44 1.77 0.32 1.27 0.32 1.27
100—200 Very high 0.39 1.55 0.46 1.82 0.51 2.04
>200 Severe 1.59 6.35 1.51 6.02 1.34 5.35

The results introduced in Table 8 show that only 6.35%, 6.02%, and 5.35% of the Pardo
River watershed have soil loss severity considered severe when using LS Equations (4a), (4b)
and (5), respectively. These results indicate that the percentage of soil loss in a watershed
varies depending on the equation used for LS factor calculation, as well as the severity
range used to categorize the soil loss. In terms of soil loss severity, the percentages of soil
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loss obtained using the LS Equation (4a) (6.35%), Equation (4b) (6.02%), and Equation (5)
(5.35%)) in this study are higher than those obtained in the Verdinho River watershed,
Southwestern Goias, which was 3.17% [127]. As anticipated, regarding the uncertainty
of soil loss severity, the soil loss rate calculated using both QGIS and VARS conveys the
same order (Equation (4a) > Equation (4b) > Equation (5)). Additionally, considering all the
calculation methods used in this study, no more than 6.35% of the Pardo River watershed
experienced soil loss categorized as severe.

5. Conclusions

The average soil erosion calculated via QGIS ranged from 21.52 to 29.77 t/ha/year,
whereas the mean of the soil loss estimated via VARS ranged from 30.47 to 42.88 t/ha/year,
depending on the equation used for the LS factor. A global sensitivity analysis indicated
that the slope angle (B) is the most sensitive parameter, followed by the CP factor, SCA, m,
K factor, n, and R factor. It is noteworthy that B, m, n, and SCA are all parameters of the
LS factor. The novelty of this study, as compared with others, is the sensitivity analysis
of m and n, which is often neglected while it was highlighted that, in the end, they can
substantially influence the potential soil erosion estimation. As far as the sensitivity of
the parameters of three formulations of the LS factor go, they are in the following order
of importance: §, SCA, m, and n. Moreover, the results of this study showed that the
soil erosion rate calculated using QGIS is only an estimated (so-called nominal) value
that can be put in perspective using a global sensitivity analysis (conducted here using
VARS), and that it depends on the equation used and how each parameter of the RUSLE
model is calculated, particularly the LS factor. In conclusion, our findings may help assess
the uncertainty of any soil erosion assessment, considering the variability of m and n,
particularly.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/soilsystems8040125/s1, Figure Sla: Method 1 for soil loss as-
sessment based on VARS sampling, with CP values ranging from 0 to 0.15; Figure S1b: Method 2
for soil loss assessment based on VARS sampling, with CP values ranging from 0 to 0.15; Figure Slc:
Comparison of Equations (4a), (4b) and (5) for soil loss assessment based on VARS sampling; Figure
51d: Comparison of Equations (4a), (4b) and (5) for soil loss assessment based on VARS sampling,
with CP values ranging from 0 to 1.
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