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Abstract: The GeoWEPP model has estimated water and soil losses caused by erosion at the watershed
level in different parts of the world. However, this model was developed and its parameters have
been adjusted for temperate climates, which are different from tropical climates such as those
found in Brazil. Our study evaluated the performance of the GeoWEPP model in estimating soil
erosion in three micro-watersheds in the Cerrado (i.e., savannah) of southeastern Mato Grosso
state, Brazil. Major land uses modeled were soybean and corn cultivation, traditional pasture, and
native vegetation. Input parameters for the GeoWEPP model involved climate, soil, land use and
management, and topography. GeoWEPP was calibrated with input parameters for soil erodibility
specified as interrill and rill soil erosion, soil critical shear stress, and saturated hydraulic conductivity
obtained experimentally and estimated by internal routine equations of the GeoWEPP model. Soil
losses observed in micro-watersheds with agriculture, pasture, and native vegetation were 0.11, 0.06,
and 0.10 metric tons per hectare per year, respectively. GeoWEPP best modeled soil erosion for native
vegetation and pasture, while over-estimating that for crops. Surface runoff was best modeled for
crops versus native vegetation and pasture. The GeoWEPP model performed better when using soil
erodibility input parameters.

Keywords: environmental impact; soil conservation; water erosion prediction; watershed; WEPP
parameters

1. Introduction

Land use and occupation have undergone several transformations in recent decades,
especially in emerging countries such as Brazil, as well as more globally. Studies on soil
erosion have been essential for the management and conservation of the environment
in general, especially in agricultural environments with higher erosion potential. Prior
research has estimated soil loss in the order of 820 million metric tons per year in Brazil,
considering not only annual crops but areas cultivated with pastures and perennial crops [1].
Another study estimated soil losses in Brazil to be around 616.5 million metric tons per
year with annual crops alone [2]. Water erosion and nutrient runoff into water bodies are
typical problems of agricultural activities [3]. Accelerated soil erosion has a global effect,
and impacts on the emission of greenhouse gases such as carbon dioxide (CO2), methane
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(CH4), and nitrous oxide (N2O) were responsible for 10 to 15% of global anthropogenic
emissions in 2019 [4].

Erosion is the main cause of soil degradation in Brazil and the world, and studies
aimed at minimizing the adverse impacts of erosion by guiding producers and technicians
are increasingly important. Obtaining regional data, as well as methodological approaches,
facilitates the adoption of sustainable agricultural practices, especially in biomes such as
the Cerrado (i.e., savannah), where agricultural systems have been intensified in recent
years in Brazil. Due to the great diversity and complexity of interactions of factors that
govern the erosion process, which include combinations of climate, topographic relief,
vegetative cover, and soil hydraulic properties, modeling is an essential tool to obtain both
a quantitative and consistent approximation of soil erosion process and sediment transport
rates under a wide variety of conditions [5]. In addition, such modeling can be used to
define the most appropriate land use and management for each location [6–8].

One type of soil erosion model is GeoWEPP, which has been applied in several loca-
tions around the world to estimate water and soil loss [9]. This model was developed and
calibrated for temperate climate conditions, which are very different from tropical climates.
Therefore, developing research that aims to calibrate GeoWEPP to Brazilian edaphoclimatic
conditions before being extensively used for erosion prediction is of paramount importance.
In Brazil, some studies have already been developed using the WEPP model to estimate
soil and water losses under certain soil management conditions. However, most of these
studies have used this model to estimate soil losses without comparing model estimates
with experimental data [10–13].

The Cerrado and southern Amazon regions in Brazil are characterized by intensive
land use for agriculture and livestock. The micro-watersheds used in the present study
predominantly had three types of land use. There were native vegetation, pasture, and
annual cultivation of commodity crops (Figure 1). Major commodity crops in the region
include soybean (Glycine max L.) during the wet season, followed by corn (Zea mays L.) in
the wet/dry seasons (Santa Fe system). The growing of corn or corn under-seeded with
pasture grasses such as Brachiaria sp. immediately following soybeans has become more
prevalent in Brazil. In addition to these cropping sequences involving corn, soybeans can
also be followed immediately by cotton (Gossypium sp.) as a sustainable intensification
strategy to increase crop production on the same land area [14]. Although there has been a
shift from conventional to no-till systems for soybeans, corn, and cotton, which can reduce
erosion but increase reliance on agro-chemicals such as glyphosate (i.e., Roundup®) [15],
conventional tillage is still used on ~40% of Brazil’s total crop area [16]. Therefore, it is
still important to validate soil erosion models for Brazil to complement field research in
conventional tillage.

The GeoWEPP model is based on the physical principles of the erosion process, show-
ing applicability in the simulation of the erosion process for different edaphoclimatic
conditions [17]. It is essential that the model be calibrated for the Brazilian edaphocli-
matic conditions, since the development of a model is quite costly in terms of time and
necessary resources, due to both data collection and the application of guidelines involved
in the process [18,19]. The study and application of tools such as GeoWEPP in devel-
oping countries such as Brazil can facilitate the mapping of areas sensitive to erosion.
This can identify areas better suited for re-seeding perennial crops (e.g., pasture), Ama-
zon re-forestation, and/or re-habilitation of Cerrado biome savannahs and other biomes
in Brazil.

The development of this work is a sequence of studies and results that were be-
ing carried out in the micro-basins, involving hydrological monitoring techniques and
mathematical modeling of sediment production and surface runoff. This study aimed
to evaluate the performance of the GeoWEPP model in estimating sediment production
when applied to three micro-watersheds of the Cerrado in Mato Grosso state, Brazil. These
micro-watersheds are characterized by agricultural production of soybeans (Glycine max L.),
maize (Zea mays L.), extensive pasture (Brachiaria sp.), and native vegetation. The specific
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objectives of our research were to (1) evaluate the dynamics of sediment production related
to different land uses over the period of study between 2013 and 2015 and to (2) determine
the accuracy of the GeoWEPP model in predicting soil losses when applied to these three
watersheds characterized by different soil types and land use.
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Figure 1. Location of study areas in Campo Verde, Mato Grosso state, Brazil.

2. Materials and Methods
2.1. Study Area

Our study was carried out in three micro-watersheds located in the municipality of
Campo Verde, Mato Grosso state, Brazil (Figure 1). The research site is located in the
Cerrado (i.e., savannah) biome in Brazil. These micro-watersheds are located within the
Rio das Mortes watershed, one of the main tributaries of the Araguaia River. The regional
climate is classified as tropical Aw, according to the Köppen classification, alternately wet
and dry, with temperatures ranging between 18 and 24 ◦C. The mean annual precipitation
is 1400 mm, varying between 800 and 1600 mm, with 70 to 80% of annual rainfall falling
during the rainy season (October to May). The rainy season occurs from October to April
and the dry season from May to September. The research area is located in the extreme
northwest of the Paraná basin, belonging to the Cachoeirinha Formation. The lithology
of the area has unconsolidated gravels, practically those that are monomictic, composed
of >90% quartz pebbles that are well rounded with high sphericity. This formation is also
characterized by sandy and clayey lenses, some strongly cemented by iron oxides. The
reddish to yellowish colors from limonitization often form true laterized crusts [20]. These
micro-watersheds were selected because they represented the most common forms of land
use in Brazil’s Cerrado biome, namely agricultural crops and pasture, as well as native
vegetation kept as reserves (Figure 1).
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The three selected micro-watersheds had specific characteristics for each of the three
predominant land use types. First, commodity agriculture involved annual soybean and
corn cultivation under direct sowing in the Santa Fe system for at least 10 years. Second,
pasture was extensive with traditional livestock such as Nelore beef cattle (Bos indicus) with
a stocking density of one animal unit (AU = 450 kg) per hectare. Finally, native vegetation
was regenerated in native Cerrado forest, also more than 10 years old. This type of native
vegetation is considered to be a reference for an environment that has not been altered for
agricultural use.

2.2. Soil Characterization and Soil Sampling

The existing soil classes in the micro-watersheds are Latossolos (Oxisols) in agricultural
areas and Neossolos (Entisols) for both pasture and native Cerrado, as defined by the
Brazilian Soil Classification System [21]. Our study was carried out in two stages. The
first stage involved sampling of soils in the three micro-watersheds. To carry out the
experimental analyses of soil and water loss, three representative sampling points were
selected within the watersheds. One point under pasture use, one under agricultural use,
and one point with native vegetation. The criteria used for determining sampling locations
were local relief, soil color and texture, history of use, and occupation. In each of the
watersheds, soil samples were collected undisturbed using an auger and a kopeck ring
(from the Soltest company). Soil was sampled down to three layers in the upper soil profile
at 0 to 0.20, 0.2 to 0.4, and 0.4 to 0.6 m depth in a sampling grid of 200 × 120 m. The
samples were sent for analysis to the Soil Physics Laboratory at the Faculty of Agronomy
and Animal Science (FAAZ) at the Universidade Federal de Mato Grosso (UFMT) campus
in Cuiabá, Mato Grosso state, Brazil. A more detailed description of soil characteristics in
these watersheds can be found in Bocuti et al., 2016 [22] and Nóbrega et al., 2020 [23].

These data, associated with the physiographic characterization of the watersheds,
were used to run the GeoWEPP model. The data collected also describe the morphometric
characteristics and hydrological dynamics of these watersheds [18]. The second stage of
our study involved physical and physical–hydric characterization of the study areas with
the determination of the effective hydraulic conductivity (Ke), interrill erodibility (Ki),
and rill erodibility (Kr) to calibrate the GeoWEPP model. The methodology proposed by
the Agricultural Research Service of the United States Department of Agriculture (USDA)
Agricultural Research Service (ARS) was used to determine Ke, Ki, and Kr [24] for modeling
by the GeoWEPP Software [9] compatible with the ArcGIS 10.4 version.

2.3. Soil Erosion Field Measurements

Between 2014 and 2016, our research team went to the experimental field site to
determine the calibration parameters for rill erodibility (Kr) and soil critical shear stress
(τc) (Figure 2), in addition to the determination of effective hydraulic conductivity (Ke) and
interrill erodibility (Ki) parameters (Figure 3). The furrow erodibility (Kr) and the critical
shear stress (τc) of the soil were determined from tests with the application of different
flows in preformed furrows in freshly prepared soil with 9 m of length and 0.46 m of depth,
with width and slope equal to the site conditions (Figure 3). During the tests, the surface
velocity of the flow and the discharge rate of the furrows were measured.
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Figure 3. Installation of limiters in the Cerrado micro-basin (a) and determination of the average
precipitation intensity (b) applied at the end of the Ke tests.

The effective hydraulic conductivity (Ke) of the soil was determined in the five study
areas with three replications (two in the watersheds with agriculture, two in the pasture,
and one in the native vegetation). We used a rainfall simulator following methods outlined
in Bocuti et al., 2019 [25] (Figure 2). Interrill erodibility (Ki) in each area was determined in
three experimental plots demarcated with galvanized sheets, following the methodology
proposed by Elliot 1989 [23]. In the experimental plot, artificial rain was applied, and the
Ki was calculated from the equation proposed by Foster 1982 [26] to estimate the sediment
release rate in the interrill areas.

Surface runoff samples were also collected to determine the amount of suspended
soil particles. Immediately after the start of surface runoff and when the flow rate became
approximately constant, the geometry of the furrow and the height of the flow were
determined. These data made it possible to determine the wetted area and perimeter, and
consequently the hydraulic radius of the cross-section of the flow. For each type of soil in
the studied areas, a graph of the average soil shear rate versus the average shear stress
of the flow was generated, and a linear equation was adjusted to the set of points. The
critical shear stress of the soil was considered to be the one in which soil loss was zero. Soil
erodibility was obtained by using the slope of the trend line.

2.4. GeoWEPP Setup and Application

GeoWEPP integrates the WEPP model and the Topography ParameteriZation (TOPAZ)
software into the ArcGIS 10.4® software [27] to predict sediment production and surface
runoff at a watershed scale. The necessary input files for climate, slope, soil, and land use
and management were generated in WEPP, and the topographic data were parameterized
by TOPAZ based on a digital elevation model. A survey of altimetry was completed in the
study region to delineate the catchment area of each basin using a precision GPS (TOPCON
RTK Hiper Lite). With this survey, a digital elevation model (DEM) was generated, with
5 × 5 m pixels. Finally, the watershed was generated by GIS functions in ArcInfo, which
is the command-line sub-package of ArcGIS. A database on WEPP extensions had to be
structured for both modules. In general terms, the database was segmented by climate, soils,
land use and management, and topography based on methods outlined by Maalim et al.,
2013 [28]. A flowchart outlining all the geo-spatial processing steps is shown in Figure 4.
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Figure 4. Methodology flowchart for modeling and preparing soil loss maps for different environ-
ments studied.

2.5. WEPP Input Data Preparation
2.5.1. Climate File

The daily input climate data file for the GeoWEPP model was generated using the
CLIGEN software, version 4.3 [29]. The statistical parameters of precipitation, tempera-
tures, and solar radiation were obtained from climatological stations we installed near the
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study areas. These climatological stations were connected to data loggers that stored the
information between 2012 and 2015 at 10 min intervals.

2.5.2. Topography and Land Cover

The digital elevation model (DEM) of the study watersheds was prepared using the
“Topo to raster” tool in ArcGIS v.10.1, with a spatial resolution of 5 × 5 m. GeoWEPP
integrates the WEPP model and the Topography ParameteriZation (TOPAZ) software into
the ArcGIS 10.4® software to predict sediment production and surface runoff at a watershed
scale. The necessary input files for climate, slope, soil, and land use and management
were generated in WEPP. The topographic data were parameterized by TOPAZ based on
the DEM. Finally, the watershed was generated by GIS functions in ArcInfo. The digital
elevation model (DEM) of the study watersheds was prepared using the “Topo to raster”
tool in ArcGIS v.10.1, with a spatial resolution of 5 × 5 m.

GeoWEPP integrates the WEPP model and the Topography ParameteriZation (TOPAZ)
software into the ArcGIS 10.4® software to predict sediment production and surface runoff
at a watershed scale. The necessary input files for climate, slope, soil, and land use
and management were generated in WEPP. The topographic data were parameterized
by TOPAZ based on the DEM. Finally, the watershed was generated by GIS functions in
ArcInfo.

2.5.3. Soil File

The soil file that composes the physical attributes such as texture, soil saturated
hydraulic conductivity, interrill erodibility, rill erodibility, and critical shear stress were
generated by the internal routine equations of the WEPP model. Subsequently, the data
determined in the field were inserted into the model, and new files were generated to be
modeled in the GIS GeoWEPP interface. The experimental works were carried out in each
of the pedological units of the micro-watersheds contemplated in the present study. Plots
to determine hydraulic conductivity (Ke), interrill erodibility (Ki), rill erodibility (Kr), and
critical shear stress (τc) were installed for each pedological unit, with three replications
performed for each parameter, following the WEPP methodology proposed by the United
States Department of Agriculture (USDA) Agricultural Research Service (ARS) [23] and
by [30]. Conventional soil tillage in the area consisted of removing existing plant residues
followed by one plowing and two harrowing operations.

2.5.4. Management File

The land use and management file was generated from the management module
integrated into the WEPP interface. The model program files were compiled based on local
information available at each micro-watershed (native vegetation, pasture, and agriculture).
Other input parameters were used from the WEPP database [24]. Thus, the output files
were generated for each cropping system based on time frames that can be set by the
user [9], which in our case was over the three years of field data collected.

2.5.5. Precipitation, Surface Runoff, Runoff Coefficient, and Soil Losses in
Micro-Watersheds

Total precipitation and its temporal distribution were recorded in a pulse rain gauge
installed in the experimental area and connected to a datalogger that stored the number
of pulses in the collector every ten minutes. This enabled the evaluation of soil and water
losses due to the different durations and intensities of precipitation. Triangular metal
spillways were installed in each micro-watershed control section to allow all water in the
course to pass through an area with known dimensions. The height (h) of the water depth
that passes over the spillway sill needs to be known in order to calculate the flow rate.

A Hydrolab DS5X multiparameter probe, capable of estimating the hydraulic head
of the course as a function of the hydrostatic pressure and determining the amount of
sediment in suspension from the field calibration curve, was used to constantly monitor
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the hydraulic head above the spillway sill. The probes were installed two meters upstream
of the spillway so that the measured hydraulic head would not be influenced by the
proximity of the spillway, where the water depth is lower due to the energy line. Height
measurements were performed every ten minutes with data stored in the instrument itself.

An automatic water sample collector (Hach-Lange IL 2000-D with 24 bottles) was
installed in each flow rate monitoring section whenever there was a rain event. The samples
were used to determine the concentrations of sediments by the direct method and were used
to prepare the calibration curve of the turbidity sensor. Field collections were carried out
every 15 and 30 days during the rainy and dry seasons, respectively. The Kindsvater–Shen
equation and its respective calibration adjustment functions were used to quantify the flow
of each micro-watershed.

2.6. Statistical Analysis and Modeling

GeoWEPP performance and accuracy were evaluated by comparing the annual
amounts of soil loss observed in the field with those estimated by the model and spe-
cific rainfall events. Data analysis and modeling were carried out using GeoWEPP both
with and without calibration. When calibration was used, the maps of soil loss and surface
runoff of the micro-watersheds were generated by inserting the Ki, Kr, Ke, and τc data
determined within the micro-watersheds. During calibration, all other components such as
climate, soil, land use and management, and topography were also inserted into the model.
If calibration was not used, maps of soil loss and surface runoff of the micro-watersheds
were generated without the insertion of Ki, Kr, Ke, and τc data. Under this condition, the
model itself estimated the parameter values to generate the maps. Thus, only the digital
elevation map and the climate, soil, land use and management, and topographic data were
inserted into the model.

The evaluation of the efficiency of models was performed using the following three
statistics. The first statistic was the root mean square error (RMSE):

RMSE =

√√√√∑n
i=1

(
Yobsj − Yestj

)
2

n
(1)

where Yobs is the observed value, Yest is the estimated value, and n is the total number of
pairs of observed and estimated values for the ith treatment and jth repetition. The second
statistic was the Willmott concordance index (d):

d = 1 −
∑n

i=1

(
Yestj − Yobsj

)
2

∑n
i=1

(∣∣Yestj − Y
∣∣+ ∣∣∣Yobsj − Y

∣∣∣)2
(2)

where d is the concordance index, and Y is the mean of observed values. The third statistic
used was the Nash–Sutcliffe (NS) coefficient:

NS = 1 −
∑n

i=1

(
Yobsj − Yestj

)
2

∑n
i=1

(
Yobsj − Y

)
2

(3)

with similar parameters as RMSE and the Willmott concordance index.

3. Results and Discussion
3.1. Soil Characterization

Table 1 shows the soil physical attributes of the studied micro-watersheds. All three
micro-watersheds with pasture and native vegetation have the same type of soil in common,
Quartzarenic Neosol. This soil type is characterized by sand in the soil profile. The micro-
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watershed with agriculture had a higher clay content with an oxidic characteristic, which is
common in tropical soils.

Table 1. Soil attributes at a depth of 0 to 20 cm within agriculture, pasture, and native vegetation
micro-watersheds in the municipality of Campo Verde, Mato Grosso state, Brazil.

Soil Property Unit Agri-
Culture 1

Agri-
Culture 2 Pasture 1 Pasture 2 Native

Vegetation

Clay grams (g)/kilogram
(kg) 518 512 31 496 140

Sand g/kg 300 355 926 946 748
Total organic carbon g/kg 33.80 29.40 0.56 0.40 14.40

Total porosity % 56.60 61.71 40.23 43.54 51.51
Aggregate stability index (ASI) % 93.45 86.93 78.59 26.59 96.06

Mineralogy n/a
Gibbsite
Quartz

Kaolinite

Gibbsite
Quartz

Kaolinite

Gibbsite
Quartz

Gibbsite
Quartz

Gibbsite
Quartz

Goethite
Slope % 5.33 1.60 13.6 3.70 5.55

3.2. WEPP Input Data Parameters

The values for hydraulic conductivity (Ke), interrill soil erodibility (Ki), rill soil erodi-
bility (Kr), and runoff critical shear stress (τc) differed between the watersheds. There
were differences between the parameters measured at the sampling points within the
watersheds, especially when comparing agriculture and pasture micro-watersheds. Com-
pared to the samples from the agriculture micro-watershed, pasture and native vegetation
micro-watersheds had higher Ke, lower Ki, greater Kr, and lower τc (Table 2).

Table 2. Hydraulic conductivity (Ke), interrill soil erodibility (Ki), rill soil erodibility (Kr), and runoff
critical shear stress (τc) for the different study areas in the micro-watersheds, Campo Verde, Mato
Grosso state, Brazil.

Micro-Watershed
Land Cover

Hydraulic
Conductivity

(Ke)

Interrill Soil
Erodibility (Ki)

Rill Soil
Erodibility (Kr)

Runoff Critical
Shear Stress

(τc)

Millimeters/Hour Kilograms/(m × m3) Seconds/
Meter

Newtons/
Square Meter

Agriculture 1 30.63 ± 6.76 2.44 × 10−5 ± 0.83 × 104 0.2781 0.001483
Agriculture 2 24.49 ± 3.12 13.2 × 10−5 ± 18.2 × 104 0.1927 0.042942

Pasture 1 81.52 ± 15.80 1.56 × 10−5 ± 2.04 × 104 5.2539 0.000949
Pasture 2 109.94 ± 19.34 2.47 × 10−5 ± 4.14 × 104 11.2723 0.000428

Native vegetation 48.31 ± 13.41 0.86 × 10−5 ± 0.21 × 104 1.4383 0.002991

The Ke and Ki data were reprinted/adapted with permission from Bocuti 2016 [22].

3.3. GeoWEPP Model Results

Table 3 shows the sediment production of the watersheds estimated by the GeoWEPP
model with the insertion of parameters. Spatial maps of soil depositions and losses are
presented for agricultural areas (Figure 5), pasture (Figure 6), and for native vegetation
(Figure 7). When simulated without inserting the Ki, Kr, Ke, and τc parameters, the model
was unable to accurately estimate the observed soil loss values in the micro-watersheds.
However, with the insertion of parameters, soil loss values for micro-basins with pasture
and native vegetation were close to the observed values (Table 3). For estimating surface
runoff, the model is sensitive only to the hydraulic conductivity parameter (Ke), while the
sediment production and soil loss are sensitive to all parameters (Kr, Ke, τc, and Ki) [31].
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Table 3. Sediment production simulated by GeoWEPP for micro-watersheds in Campo Verde, Mato
Grosso state, Brazil.

Micro-Watershed
Land Cover

Observed Simulated by GeoWEPP Model

Total Water
Depth

Precip-itated
(Wdp)

Surface Runoff
(SR)

SR
Coefficient Soil Loss

Soil Loss w/NO
Calibration
Parameters

Soil Loss
w/Calibration

Parameters

millimeters/year % metric
tons/hectares/year

metric
tons/hectares/year

metric
tons/hectares/year

Agriculture 1
1640.8 141.3 8.61 0.11

2.71 5.78
Agriculture 2 2.42 6.16

Pasture 1
1616.8 477.8 29.55 0.06

0.28 0.03
Pasture 2 0.44 0.03

Native
vegetation 1579.3 361.8 22.91 0.10 0.21 0.10
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Figure 7. Soil gains/losses generated by GeoWEPP for the micro-watershed for native vegetation in
the municipality of Campo Verde, Mato Grosso state, Brazil.

According to previous research (Supplementary Materials), the mean runoff rates
were lower for areas with higher total sand content due to their higher infiltration capacity
and water percolation in these soils [26]. The areas under pasture and native vegetation
have a sandy texture, with approximately 3 and 14% clay content, respectively. The area
under agricultural production has a clayey texture and, therefore, a higher microporosity
and lower macroporosity, leading to less permeability/movement of water in the soil. The
model accurately estimated soil losses in the micro-watershed with native vegetation, with
values similar to those observed for pasture. The most significant water and soil losses
occurred in the micro-watershed with agricultural crops, indicating higher susceptibility
to soil loss even after inserting values for interrill erosion (Ki), rill erosion (Kr), saturated
hydraulic conductivity (Ke), and soil critical shear stress (Ke). However, the surface runoff
values decreased significantly. It can be seen that the insertion of Ki, Kr, Ke, and τc data was
essential for the main changes that occurred in the modeling of soil loss within micro-basins
with pasture and native vegetation, since these parameters are accurately modeled.

The accuracy of the GeoWEPP model in predicting the conditions of sandy soil in
the micro-basin with pasture may assist research and extension technicians in predicting
erosion and recommending conservation practices. Livestock activity is the main driver of
land use change of native vegetation to pasture in the world. In Brazil alone, 60 million
hectares have been transformed in this way over the last 33 years [32]. Currently, about
58.8% (equivalent to 97.7 million hectares) of pasture show some degree of degradation [33].
Considering that the GeoWEPP model performed well in estimating soil loss for the area
under pasture, it can contribute to making Brazilian meat production more sustainable.
Brazil has extensive areas of pasture devoted to extensive grazing of beef cattle, mainly in
the Amazon biome but also the Cerrado (i.e., savannah) biome.

The GeoWEPP model overestimated soil losses for agricultural crops with parameteri-
zation for the agriculture micro-watershed. The model was developed, and its parameters
were adjusted, for temperate climate conditions, which are very different from tropical
conditions. Among the three micro-watersheds, crop areas were dominated by a clayey
Latossolo Vermelho-Amarelo (Oxisol). In a study of the same micro-watershed, a previous
study determined that this soil is basically composed of gibbsite, quartz, and goethite [27],
characterized by a granular macrostructure with small loose granules, lower soil density,
higher proportion of large pores, and higher permeability [34]. This implies these soils are
less erodible compared to Oxisols with kaolinitic mineralogy, for example [35]. A prior
study estimating the interrill erodibility of Oxisols in Rio Grande do Sul found that the
WEPP model overestimated experimental values by 2.4 to 3.6 times [36]. These researchers
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attributed this overestimation to the equations used in the WEPP model. American soils are
generally sandier, and WEPP was developed based on soils subject to a lower weathering
rate compared to Brazilian Oxisols.

Although the GeoWEPP model overestimated the values of soil loss in the micro-
watershed with agriculture, it can be seen that the practices used in this area have con-
tributed to the maintenance and conservation of soil and water. The observed values of
soil loss in this system are 0.11 metric tons/hectare/year, which is considered below the
threshold considered suitable for tropical soils. The existence of terracing in the agricul-
tural areas we modeled may also have contributed to the WEPP model not being able to
successfully estimate soil loss. This occurs because terraces smaller than 5 m may not have
been captured by the digital elevation model (DEM) during mapping.

Our erosions measurements in the field for crops and pasture were consistent with
another recent study measuring erosion with simulated rainfall in both the Renato sub-
basin and Caiabi sub-basin in the middle and upper regions of Teles Pires River basin
in Mato Grosso state, Brazil, respectively. These sub-basins are in the Amazon-Cerrado
transition zone, which is north of where we conducted our experiment in the southern Mato
Grosso state Cerrado biome. The types of soil in this Teles Pires study’s experimental area
were all Latisols (versus Oxisols). For crops with crop residue, these researchers measured
erosion ranging from 0.035 to 0.102 metric tons (t)/hectare (ha) [37]. This is slightly less than
what we measured at 0.11 t/ha (Table 3). The erosion we measured for pasture at 0.06 t/ha
(Table 3) was within the range measured for erosion in pasture (0.0101 to 0.087 t/ha) by
Alves et al. 2023 [37].

Some studies have observed that anthropogenic factors such as land use and man-
agement have more influence on soil loss than precipitation and topography [38]. This is
consistent with the results from our study, as evidenced by the hydrological dynamics and
surface runoff in the micro-watersheds. A study in the same micro-watersheds we studied
that were in pasture and native vegetation found changes in the balance of carbon and
nutrients, which were attributed to anthropic factors [39].

The WEPP model indicated lower soil losses in areas with pasture and native veg-
etation. This result was already expected since the experimental results obtained in the
field showed high hydraulic conductivity. The experimental units with pasture had 81.52
and 109.94 mm (mm) of effective soil hydraulic conductivity, while the area with native
vegetation had 48.31 mm [25]. Thus, the calibrated model gave these areas the lowest
potential to generate soil losses, especially when considering land use and vegetative cover
factors. Hydraulic conductivity is one of the parameters in which the GeoWEPP model is
more sensitive [40], which can considerably affect model results, as lower water infiltration
corresponds to a higher flow rate and greater sediment transport capacity [41].

The characteristics observed in the micro-watersheds we modeled indicate the extent
to which soil erosion is triggered since these characteristics describe the processes related to
morphometric characteristics and land use and management. These processes are measured
by the amount of material removed from the soil per unit area and per unit time. Such
surface runoff happens when the water volume is higher than the infiltration limit, which
leads to runoff [42]. The processes of transport, deposition, and sedimentation of soil
particles occur more intensely in naturally exposed land or under intensive management
practices such as those for agriculture, which can lead to landscape degradation.

Table 4 shows the values of the root mean square error (RMSE), the concordance
index (d), and the Nash–Sutcliffe coefficient (NS). The NS values were negative for all
areas. Wilmott’s concordance index (d) expresses the accuracy of the estimates in relation
to the observed values. It appears that the model presented a higher level of accuracy
for the pasture micro-watershed, presenting the value closest to unity (d = 0.56). Thus, it
appears that the WEPP model presented more accurate measurements when applied to
watersheds with sandy characteristics, which is corroborated by the work of Amorim et al.
(2010), in which the worst performances of the WEPP model occurred in plots conducted
in Latossolos (Oxisols) [17].
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Table 4. Statistical parameters for the evaluation of soil loss estimates by the GeoWEPP model for the
Brazilian Cerrado with insertion of calibration parameters.

Micro-Watershed

Statistical Parameters

Root Mean
Squared Error

(RMSE)

Willmott
Concordance

Index (d)

Nash-
Sutcliffe

(NS)

Agriculture 0.12 0.27 −3.38

Pasture 0.48 0.59 −0.56

Native vegetation 0.68 0.44 −0.59

Figure 8 shows the relationship between the soil loss estimates using the parameterized
GeoWEPP model compared to the same model without the parameterization. Most of the
points for the micro-watersheds with pasture and native vegetation are located below the
zero deviation line, indicating the tendency for underestimation of soil losses by the model
for the land use and management conditions in GeoWEPP simulations. The main changes
with the parameterization occurred for agricultural production in the micro-watershed. In
general, the USLE, RUSLE, and WEPP erosion models tend to overestimate small events and
underestimate large events [43]. This feature is even more evident in the WEPP model [44],
and the model may not be able to estimate or correct soil loss values. A possible explanation
for unsatisfactory results for model runs simulated by GeoWEPP may be related to the
way GeoWEPP analyzes events. GeoWEPP analyzes runoff and sediment generation daily.
The response time for a rainfall event may last only a few hours. Thus, the error for events
could be minimized if GeoWEPP analyzed the rainfall events with a minimum time step of
one hour. The approximations performed for land cover or even the calibration parameters
to represent natural phenomena may have caused errors or may not be representing all the
phenomena that impact soil erosion.
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Figure 8. Estimation error of soil loss by the GeoWEPP model versus observed soil losses measured in
metric tons (t) per hectare (ha) under land use and management conditions in the micro-watersheds
for agriculture, pasture, and native vegetation in Campo Verde, Mato Grosso state, Brazil.
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The determination of the minimum length of drainage networks and the minimum
critical area by GeoWEPP may also have had a considerable influence on our results. This
is because the greater the drainage density, the faster that water and sediments are drained
by the basin, which can generate larger peaks. Limited research in Brazil has validated
GeoWEPP using calibration parameters from multi-year field data. However, several
of these researchers point out that the model has a high level of uncertainty due to the
complexity in evaluating soil erosion [45].

It can be Inferred that the inclusion of the calibration parameters for hydraulic conduc-
tivity (Ke), interrill erodibility (Ki), rill erodibility (Kr), and critical shear stress (τc) alter the
flow dynamics and sediment production in the outlet generated by the GeoWEPP model.
Therefore, the estimation of these parameters by WEPP can lead to unexpected results.
This is because the model has numerous parameters for land use characteristics, but all for
American soils under temperate climate conditions.

Prior research found that the use of parameters obtained experimentally improved
on average, 306% of the estimates for soil loss, when compared to the use of Ke, Ki, Kr,
and τc, generated internally by WEPP. The same occurred for water losses, providing an
improvement of 135% [46]. When analyzing the sensitivity of several input parameters of
the WEPP model for the Brazilian edaphoclimatic conditions, a previous study verified that
the Ke, Ki, Kr, and τc parameters were the ones that presented the greatest improvements
within the model [47].

3.4. Future Directions for Sustainable Agricultural Development

The two types of soils represented in our analyses make up over half of the land area of
Brazil (Oxisols 38.7 + Entisols 14.5 = 53.2%) [48]. Although the GeoWEPP model validation
for crops requires future improvement, the pasture and natural vegetation we validated
the model for make up a large percentage of the Cerrado savannah biome at 54.8% for such
natural areas and 30.7% for pasture with crops taking up only 13.1% of the land area of
the Cerrado biome [49]. Future studies using GeoWEPP can validate the model across a
greater variation in types and density of natural vegetation cover since it has been shown
in more arid environments such as Brazil’s northeast region that denser vegetation cover
is associated with lower erosion metrics and greater soil carbon [50]. Natural vegetation
buffers in the Cerrado confer ecosystem service benefits such as biodiversity and improved
soil and water quality [51].

GeoWEPP can be used to identify priority pasture areas in Brazil for improved soil
conservation. Soil erosion is a significant challenge in Brazil, especially in agricultural
areas with sandy soils, which can lead to noticeable erosion as rills and gullies even in
areas with pasture [52], as well as increased suspended sediments loads in rivers such as
the Teles Pires [53]. Brazil’s pastures help support ~253 million head of cattle [49]. Using
GeoWEPP to model erosion in Brazil’s pastures is important due to the predominance of the
extensive grazing system in Brazil and the susceptibility of this type of grazing to pasture
degradation. Of Brazil’s ~850 million hectares or ha (~8.5 million square kilometers or km2)
of total land area, about 21% of this is in pasture or ~179 million ha (~1.79 million km2).
About 35.7% of Brazil’s pasture is degraded or 63.7 million ha (637,000 km2) [54]. Therefore,
using GeoWEPP to help rehabilitate degraded pastures is paramount to improving large
ruminant livestock productivity and profitability, which can produce more cattle on less
land. Such land sparing can allow for the restoration of natural habitats.

4. Conclusions

The GeoWEPP model performs well in estimating soil loss for areas under pasture and
native vegetation; however, further study is warranted to increase the model’s accuracy
in estimating soil loss for areas where there is annual cultivation of commodity crops
such as soybeans and maize. The GeoWEPP model performed better when the calibration
parameters for both interrill and rill soil erodibility, soil critical shear stress, and saturated
hydraulic conductivity were used in the model. The model slightly underestimated soil loss
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in pasture while accurately modeling this for native vegetation. GeoWEPP overestimated
erosion in the micro-watershed we evaluated for agricultural production. In general, the
GeoWEPP model can be used in a predictive way if there is an available digital elevation
model for the terrain being modeled. This model can facilitate planning by agricultural
technicians and by state, university, and independent researchers. As a whole, it is an
important predictive tool for soil and environmental management in this region. This is
due to GeoWEPP’s ability to generate numerous scenarios of land use and management,
which can help predict possible impacts from erosion. Future studies should focus on better
calibrating the model with commodity cropping systems and expanding the use of this
model to other tropical areas in Brazil, as well as around the world.
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Author Contributions: Conceptualization, W.d.A.M. and R.S.S.A.; methodology, W.d.A.M., W.M.d.S.
and E.D.B.; software, W.d.A.M.; validation, W.d.A.M., R.S.S.A. and E.D.B.; formal analysis, W.d.A.M.,
R.S.S.A., A.K.H. and W.M.d.S.; investigation, E.D.B.; resources, R.S.S.A., E.D.B., M.O.H., A.K.H. and
W.d.A.M.; data curation, M.O.H. and D.C.d.A.; writing—original draft preparation, W.d.A.M., W.M.d.S.,
A.K.H. and M.O’H.H; writing—review and editing, W.d.A.M., A.K.H., D.C.d.A., L.A.D.L.D.R. and
W.M.d.S.; visualization, L.A.D.L.D.R., A.K.H.; D.C.d.A. and W.M.d.S.; supervision, M.O.H. and
R.S.S.A.; project administration, R.S.S.A. and E.D.B.; funding acquisition, R.S.S.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was developed in partnership with the CarBioCial project (donation num-
ber: 01 LL0902A). The authors are also grateful for financial support from the Mato Grosso State
Research Support Foundation (www.fapemat.mt.gov.br, accessed on 5 December 2019), grant num-
ber: 335908/2012 and the Brazilian National Council for Scientific and Technological Development
(www.cnpq.br, accessed on 11 December 2019), grant number: 481990/2013-5.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Study data can be obtained by request to the corresponding author or
the first author via e-mail.

Acknowledgments: The authors would like to thank Fazenda Santa Luzia and Fazenda Rancho do
Sol for providing the study areas, and CAPES for granting the doctoral scholarship to the first author.
The authors also acknowledge the collaboration of field hosts (Fazendas Santa Luzia and Rancho
do Sol) and the field assistance of Túlio G. Santos and Alan R.R. Martin. We thank four anonymous
reviewers whose comments and edits improved the quality of our work.

Conflicts of Interest: The authors declare no conflict of interest. Supporting entities had no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References
1. Hernani, L.C.; de Freitas, P.L.; Pruski, F.F.; de Maria, I.C.; de Castro Filho, C.; Landers, J.N. A erosão e o seu impacto. In Uso

Agrícola dos solos Brasileiros; Manzatto, C.V., de Freitas Junior, E., Peres, J.R.R., Eds.; Embrapa Solos: Rio de Janeiro, Brazil, 2002;
pp. 47–60. Available online: https://ainfo.cnptia.embrapa.br/digital/bitstream/item/215162/1/A-erosao-e-seu-impacto-20
02.pdf (accessed on 9 November 2022).

2. Dechen, S.C.F.; Telles, T.S.; Guimarães, M.D.F.; Maria, I.C.D. Perdas e custos associados à erosão hídrica em função de taxas de
cobertura do solo. Bragantia Camp. 2015, 74, 224–233. Available online: http://www.scielo.br/pdf/brag/v74n2/0006-8705-brag-
74-2-224.pdf (accessed on 5 October 2018). [CrossRef]

3. Ellen MacArthur Foundation. Cities and Circular Economy for Food, 2019 Report. Available online: http://www.
ellenmacarthurfoundation.org/publications (accessed on 17 September 2022).

4. Lal, R. Soil Erosion and Gaseous Emissions. Appl. Sci. 2020, 10, 2784. [CrossRef]

https://doi.org/10.5433/1679-0359.2020v41n5Supl1p1909
https://doi.org/10.1371/journal.pone.0179414
https://doi.org/10.1371/journal.pone.0179414
https://doi.org/10.19084/RCA18130
http://dx.doi.org/10.1590/1807-1929/agriambi.v24n6p357-363
http://dx.doi.org/10.1590/1807-1929/agriambi.v24n6p357-363
https://doi.org/10.1016/j.gecco.2019.e00819
www.fapemat.mt.gov.br
www.cnpq.br
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/215162/1/A-erosao-e-seu-impacto-2002.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/215162/1/A-erosao-e-seu-impacto-2002.pdf
http://www.scielo.br/pdf/brag/v74n2/0006-8705-brag-74-2-224.pdf
http://www.scielo.br/pdf/brag/v74n2/0006-8705-brag-74-2-224.pdf
http://doi.org/10.1590/1678-4499.0363
http://www.ellenmacarthurfoundation.org/publications
http://www.ellenmacarthurfoundation.org/publications
http://doi.org/10.3390/app10082784


Sustainability 2023, 15, 4711 17 of 19

5. Bhattarai, R.; Dutta, D. Estimation of Soil Erosion and Sediment Yield Using GIS at Catchment Scale. Water Resour. Manag. 2007,
21, 1635–1647. [CrossRef]

6. Beven, K. Changing ideas in hydrology—The case of physically based models. J. Hydrol. 1989, 105, 157–172. [CrossRef]
7. Grayson, R.B.; Moore, I.D.; McMahon, T.A. Physically-based hydrologic modeling: II. Is the concept realist? Water Resour. Res.

1992, 28, 2659–2666. [CrossRef]
8. Tucci, C.E.M. Modelos Hidrológicos, 2nd ed.; Editora da UFRGS; Universidade Federal do Rio Grande do Sul: Porto Alegre, Brazil,

2005; pp. 1–678. ISBN 8570258232.
9. Renschler, C.S.; Flanagan, D.C.; Engel, B.A.; Frankenberger, J.R. GeoWEPP—The Geo-spatial interface for the Water Erosion

Prediction Project. In Proceedings of the 2002 ASAE Annual Meeting, Chicago, IL, USA, 18–31 July 2002; American Society of
Agricultural and Biological Engineers: St. Joseph, MI, USA, 2002. [CrossRef]

10. Jong Van Lier, Q.; Sparovek, G.; Flanagan, D.C.; Bloem, E.M.; Schnug, E. Runoff mapping using WEPP erosion model and GIS
tools. Comput. Geosci. 2005, 31, 1270–1276. [CrossRef]

11. Ferreira, A.M.; Silva, A.M.; Passos, C.A.; Valentino, C.H.; Gonçalves, F.A.; Menezes, P.H.B.J. Estimativa da erosão hídrica do solo
pelo modelo Water Erosion Prediction Project na Sub-Bacia do Córrego do Gigante, sul de Minas Gerais. Eng. Sanit. Ambient.
2021, 26, 471–483. [CrossRef]

12. Silva, A.M.; Mello, C.R.; Curi, N.; Oliveira, P.M. Simulação da variabilidade espacial da erosão hídrica em uma sub-bacia
hidrográfica de Latossolos no sul de Minas Gerais. Rev. Bras. Ciênc. Solo 2008, 32, 2125–2134. [CrossRef]

13. Cecílio, R.A.; Rodriguez, R.D.G.; Baena, L.G.N.; Oliveira, F.G.; Pruski, F.F. Aplicação dos modelos RUSLE e WEPP para a
estimativa da erosão hídrica em microbacia hidrográfica de Viçosa (MG). Rev. Verde Agroecol. Desenvolv. Sustent. 2009, 4, 39–45.
[CrossRef]

14. Spera, S.A.; Cohn, A.S.; VanWey, L.K.; Mustard, J.F.; Rudorff, B.F.; Risso, J.; Adami, M. Recent cropping frequency, expansion, and
abandonment in Mato Grosso, Brazil had selective land characteristics. Environ. Res. Lett. 2014, 9, 064010. [CrossRef]

15. Ofstehage, A.; Nehring, R. No-till agriculture and the deception of sustainability in Brazil. Int. J. Agric. Sustain. 2021, 19, 335–348.
[CrossRef]

16. Fuentes-Llanillo, R.; Telles, T.S.; Junior, D.S.; de Melo, T.R.; Friedrich, T.; Kassam, A. Expansion of no-tillage practice in
conservation agriculture in Brazil. Soil Tillage Res. 2021, 208, 104877. [CrossRef]

17. Pandey, A.; Himanshu, S.K.; Mishra, S.K.; Singh, V.P. Physically based soil erosion and sediment yield models revisited. Catena
2016, 147, 595–620. [CrossRef]

18. Amorim, R.S.S.; da Silva, D.D.; Pruski, F.F.; de Matos, A.T. Evaluation of the performance of the USLE, RUSLE and WEPP soil
erosion models for different edaphoclimatic conditions in Brazil. Eng. Agric. 2010, 30, 1046–1059. [CrossRef]

19. Magalhães, W.A.; Amorim, R.S.S.; Hunter, M.O.; Bocuti, E.D.; Dos Santos, T.G. Morphometric characteristics and hydrological
dynamics in microbasins with different land uses of cerrado soils in Mato Grosso, Londrina (PR). Semin. Ciênc. Agrár. 2020, 41,
1909–1922. [CrossRef]

20. Weska, R.K. Uma síntese do cretáceo superior mato-grossense. Rev. Geociênc. 2006, 25, 71–81. Available online: https://www.
revistageociencias.com.br/geociencias-arquivos/25_1/7.pdf (accessed on 18 February 2023).

21. Dos Santos, H.G.; Jacomine, P.T.; Dos Anjos, L.H.C.; De Oliveira, V.Á.; Lumbreras, J.F.; Coelho, M.R.; De Almeida, J.A.; de Araujo
Filho, J.C.; De Oliveira, J.B.; Cunha, T.J.F. Brazilian Soil Classification System, 5th ed.; Embrapa: Brasília, Brazil, 2018; pp. 93–96.

22. Bocuti, E.D. Condutividade Hidráulica Efetiva e Erodibilidade Entressulcos de Solos da Bacia do Rio das Mortes. Master’s Thesis,
Universidade Federal de Mato Grosso, Cuiabá, Brazil, 2016; pp. 1–76.

23. Nóbrega, R.L.B.; Guzha, A.C.; Torres, G.N.; Kovacs, K.; Lamparter, G.; Amorim, R.S.S.; Couto, E.; Gerold, G. Effects of conversion
of native cerrado vegetation to pasture on soil hydro-physical properties, evapotranspiration and streamflow on the Amazonian
agricultural frontier. PLoS ONE 2020, 12, e0179414. [CrossRef]

24. Elliot, W.J. A Compendium of Soil Erodibility Data from WEPP Cropland Soil Field Erodibility Experiments 1987, 1988; U.S. Department
of Agriculture, Agricultural Research Service: West Lafayette, IN, USA, 1989; pp. 1–291.

25. Bocuti, E.D.; Amorim, R.S.S.; dos Santos, T.G.; Raimo, L.D.L.; Pereira, H.G. Interrill erodibility and its relationship with Cerrado
soil attributes. Rev. Ciênc. Agrár. 2019, 42, 68–78. [CrossRef]

26. Foster, G.R. Modeling the erosion process. In Hydrologic Modelling of Small Watersheds; Haan, C.T., Johnson, H.P.,
Brakensienk, D.L., Eds.; ASAE Monograph, ASAE: St. Joseph, MI, USA, 1982; pp. 296–380.

27. ESRI 2016. ArcGIS Desktop: Release 10.4.1. Redlands, CA: Environmental Systems Research Institute. Available online:
https://desktop.arcgis.com/en/quick-start-guides/10.4/arcgis-desktop-quick-start-guide.htm (accessed on 15 December 2016).

28. Maalim, F.K.; Melesse, A.M.; Belmont, P.; Gran, K.B. Modeling the impact of land use changes on runoff and sediment yield in the
Le Sueur watershed, Minnesota using GeoWEPP. Catena 2013, 107, 35–45. [CrossRef]

29. Cligen. Agricultural Research Service, U.S. Department of Agriculture. Available online: https://www.ars.usda.gov/midwest-
area/west-lafayette-in/national-soil-erosion-research/docs/wepp/cligen/ (accessed on 15 January 2017).

http://doi.org/10.1007/s11269-006-9118-z
http://doi.org/10.1016/0022-1694(89)90101-7
http://doi.org/10.1029/92WR01259
http://doi.org/10.13031/2013.10418
http://doi.org/10.1016/j.cageo.2005.03.017
http://doi.org/10.1590/s1413-415220190216
http://doi.org/10.1590/S0100-06832008000500033
http://doi.org/10.18378/rvads.v4i2
http://doi.org/10.1088/1748-9326/9/6/064010
http://doi.org/10.1080/14735903.2021.1910419
http://doi.org/10.1016/j.still.2020.104877
http://doi.org/10.1016/j.catena.2016.08.002
http://doi.org/10.1590/S0100-69162010000600006
http://doi.org/10.5433/1679-0359.2020v41n5supl1p1909
https://www.revistageociencias.com.br/geociencias-arquivos/25_1/7.pdf
https://www.revistageociencias.com.br/geociencias-arquivos/25_1/7.pdf
http://doi.org/10.1371/journal.pone.0236236
http://doi.org/10.19084/RCA18130
https://desktop.arcgis.com/en/quick-start-guides/10.4/arcgis-desktop-quick-start-guide.htm
http://doi.org/10.1016/j.catena.2013.03.004
https://www.ars.usda.gov/midwest-area/west-lafayette-in/national-soil-erosion-research/docs/wepp/cligen/
https://www.ars.usda.gov/midwest-area/west-lafayette-in/national-soil-erosion-research/docs/wepp/cligen/


Sustainability 2023, 15, 4711 18 of 19

30. Flanagan, D.C.; Nearing, M.A. USDA-Water Erosion Prediction Project Hillslope Profile and Watershed Model Documentation;
NSERL Rep. No. 10; USDA-ARS National Soil Erosion Research Laboratory: West Lafayette, IN, USA, 1995. Available on-
line: https://www.ars.usda.gov/midwest-area/west-lafayette-in/national-soil-erosion-research/docs/wepp/wepp-model-
documentation/ (accessed on 3 March 2017).

31. Admas, M.; Melesse, A.M.; Abate, B.; Tegegne, G. Soil Erosion, Sediment Yield, and Runoff Modeling of the Megech Watershed
Using the GeoWEPP Model. Hydrology 2022, 9, 208. [CrossRef]

32. Parente, L.; Mesquita, V.; Miziara, F.; Baumann, L.; Ferreira, L. Assessing the pasturelands and livestock dynamics in Brazil, from
1985 to 2017: A novel approach based on high spatial resolution imagery and Google Earth Engine cloud computing. Remote Sens.
Environ. 2019, 232, 111301. [CrossRef]

33. Campos, M.O.; Cerri, C.E.P.; La Scala, N. Atmospheric CO2, soil carbon stock and control variables in managed and degraded
pastures in central Brazil. Remote Sens. Appl. Soc. Environ. 2022, 28, 100848. [CrossRef]

34. Ferreira, M.M.; Fernandes, B.; Curi, N. Influencia da mineralogía da fração argila nas propriedades físicas de Latossolos da região
sudeste do Brasil. Rev. Bras. Cienc. Solo 1999, 23, 515–524. [CrossRef]

35. Alcantara, G.H. Erodibilidade em Sulcos e Tensão Cisalhante Crítica de Latossolos com Diferentes Teores de Óxidos de Ferro.
Master’s Thesis, Faculdade Ciências Agrárias e Veterinárias, Universidade Estadual Paulista, São Paulo, Brazil, 2018; 71p.

36. Nunes, M.C.M.; Cassol, E.A. Estimativa da erodibilidade em entressulcos de latossolos do Rio Grande do Sul. Rev. Bras. Cienc.
Solo 2008, 32, 2839–2845. [CrossRef]

37. Alves, M.A.B.; de Souza, A.P.; de Almeida, F.T.; Hoshide, A.K.; Araújo, H.B.; da Silva, A.F.; de Carvalho, D.F. Impact of land use
on soil erosion in agricultural frontier areas in the Cerrado-Amazon ecotone, Brazil. Sustainability, 2023, submitted.

38. González-Arqueros, M.L.; Mendoza, M.E.; Vázquez-Selem, L. Human impact on natural systems modeled through soil erosion in
GeoWEPP: A comparison between pre-Hispanic periods and modern times in the Teotihuacan Valley (Central Mexico). Catena
2017, 149 Pt 1, 505–513. [CrossRef]

39. Nóbrega, R.L.B.; Guzha, A.C.; Lamparter, G.; Amorim, R.S.S.; Couto, E.G.; Hughes, H.J.; Gerold, G. Impacts of land-use and
land-cover change on stream hydrochemistry in the Cerrado and Amazon biomes. Sci. Total Environ. 2018, 635, 259–274.
[CrossRef] [PubMed]

40. Nearing, M.A.; Deer-Ascough, L.; Laflen, J.M. Sensitivity analysis of the WEPP hillslope-profile erosion model. Trans. ASAE 1990,
33, 839–849. [CrossRef]

41. Bocuti, E.D.; Amorim, R.S.S.; Raimo, L.A.D.L.D.; Magalhães, W.D.A.; de Azevedo, E.C. Effective hydraulic conductivity and its
relationship with the other attributes of Cerrado soils. Rev. Bras. Eng. Agric. Ambient. 2020, 24, 357–363. [CrossRef]

42. Pissarra, T.C.T.; Politano, W.; Ferraudo, A.S. Avaliação de características morfométricas na relação solo-superfície da bacia
hidrográfica do Córrego Rico, Jaboticabal (SP). Rev. Bras. Cienc. Solo 2004, 28, 297–305. [CrossRef]

43. Nearing, M.A. Why soil erosion models over-predict small soil losses and under-predict large soil losses. Catena 1998, 32, 15–22.
[CrossRef]

44. Tiwari, A.K.; Risse, L.M.; Nearing, M.A. Evaluation of WEPP and its comparison with USLE and RUSLE. Trans. ASAE 2000, 43,
1129–1135. [CrossRef]

45. Kinnell, P.I.A. A comparison of the abilities of the USLE-M, RUSLE2 and WEPP to model event erosion from bare fallow areas.
Sci. Total Environ. 2017, 596–597, 32–42. [CrossRef]

46. Gonçalves, F.A. Validação do Modelo WEPP na Predição de Erosão Hídrica para Condição Edafoclimática da Região de VIÇOSA-
MG. Ph.D. Thesis, Universidade Federal de Viçosa, Viçosa, Brazil, 2007; pp. 1–116. Available online: https://www.locus.ufv.br/
bitstream/123456789/629/1/texto%20completo.pdf (accessed on 31 January 2023).

47. Amorim, R.S.S. Avaliação dos Modelos de Predição da Erosão Hídrica USLE, RUSLE e WEPP para Condições Edafoclimáticas
Brasileiras. Ph.D. Thesis, Universidade Federal de Viçosa, Viçosa, Brazil, 2003; pp. 1–120. Available online: https://www.locus.
ufv.br/bitstream/123456789/9620/1/texto%20completo.pdf (accessed on 31 January 2023).

48. Guerra, A.J.T.; Fullen, M.A.; Jorge, M.D.C.O.; Alexandre, S.T. Soil Erosion and Conservation in Brazil. Anu. Inst. Geociênc. 2014,
37, 81–91. [CrossRef]

49. Oliveira, P.T.S.; Godoi, R.D.F.; Colman, C.B.; Motta, J.S.; Sone, J.S.; Almagro, A. Agricultural Land Degradation in Brazil. In The
Handbook of Environmental Chemistry; Springer: Berlin/Heidelberg, Germany, 2022; pp. 1–31. [CrossRef]

50. Lins, C.M.T.; de Souza, E.R.; Souza, T.E.M.d.S.; Paulino, M.K.S.S.; Monteiro, D.R.; Júnior, V.S.D.S.; Dourado, P.R.M.;
Junior, F.E.D.A.R.; da Silva, Y.J.A.; Schaffer, B. Influence of vegetation cover and rainfall intensity on soil attributes in an area
undergoing desertification in Brazil. Catena 2023, 221, 106751. [CrossRef]

51. Nóbrega, R.L.B.; Ziembowicz, T.; Torres, G.N.; Guzha, A.C.; Amorim, R.S.S.; Cardoso, D.; Johnson, M.S.; Santos, T.G.; Couto, E.;
Gerold, G. Ecosystem services of a functionally diverse riparian zone in the Amazon-Cerrado agricultural frontier. Glob. Ecol.
Conserv. 2020, 21, e00819. [CrossRef]

52. Bouramtane, T.; Hilal, H.; Rezende-Filho, A.T.; Bouramtane, K.; Barbiero, L.; Abraham, S.; Valles, V.; Kacimi, I.; Sanhaji, H.;
Torres-Rondon, L.; et al. Mapping Gully Erosion Variability and Susceptibility Using Remote Sensing, Multivariate Statistical
Analysis, and Machine Learning in South Mato Grosso, Brazil. Geosciences 2022, 12, 235. [CrossRef]

https://www.ars.usda.gov/midwest-area/west-lafayette-in/national-soil-erosion-research/docs/wepp/wepp-model-documentation/
https://www.ars.usda.gov/midwest-area/west-lafayette-in/national-soil-erosion-research/docs/wepp/wepp-model-documentation/
http://doi.org/10.3390/hydrology9120208
http://doi.org/10.1016/j.rse.2019.111301
http://doi.org/10.1016/j.rsase.2022.100848
http://doi.org/10.1590/S0100-06831999000300004
http://doi.org/10.1590/S0100-06832008000700030
http://doi.org/10.1016/j.catena.2016.07.028
http://doi.org/10.1016/j.scitotenv.2018.03.356
http://www.ncbi.nlm.nih.gov/pubmed/29665544
http://doi.org/10.13031/2013.31409
http://doi.org/10.1590/1807-1929/agriambi.v24n6p357-363
http://doi.org/10.1590/S0100-06832004000200008
http://doi.org/10.1016/S0341-8162(97)00052-0
http://doi.org/10.13031/2013.3005
http://doi.org/10.1016/j.scitotenv.2017.04.046
https://www.locus.ufv.br/bitstream/123456789/629/1/texto%20completo.pdf
https://www.locus.ufv.br/bitstream/123456789/629/1/texto%20completo.pdf
https://www.locus.ufv.br/bitstream/123456789/9620/1/texto%20completo.pdf
https://www.locus.ufv.br/bitstream/123456789/9620/1/texto%20completo.pdf
http://doi.org/10.11137/2014_1_81_91
http://doi.org/10.1007/698_2022_923
http://doi.org/10.1016/j.catena.2022.106751
http://doi.org/10.1016/j.gecco.2019.e00819
http://doi.org/10.3390/geosciences12060235


Sustainability 2023, 15, 4711 19 of 19

53. Borella, D.R.; de Souza, A.P.; de Almeida, F.T.; de Abreu, D.C.; Hoshide, A.K.; Carvalho, G.A.; Pereira, R.R.; da Silva, A.F.
Dynamics of Sediment Transport in the Teles Pires River Basin in the Cerrado-Amazon, Brazil. Sustainability 2022, 14, 16050.
[CrossRef]

54. Polidoro, J.C.; de Freitas, P.L.; Hernani, L.C.; dos Anjos, L.H.C.; Rodrigues, R.D.A.R.; Cesário, F.V.; de Andrade, A.G.; Ribeiro, J.L.
Potential impact of plans and policies based on the principles of conservation agriculture on the control of soil erosion in Brazil.
Land Degrad. Dev. 2021, 32, 3457–3468. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/su142316050
http://doi.org/10.1002/ldr.3876

	Introduction 
	Materials and Methods 
	Study Area 
	Soil Characterization and Soil Sampling 
	Soil Erosion Field Measurements 
	GeoWEPP Setup and Application 
	WEPP Input Data Preparation 
	Climate File 
	Topography and Land Cover 
	Soil File 
	Management File 
	Precipitation, Surface Runoff, Runoff Coefficient, and Soil Losses in Micro-Watersheds 

	Statistical Analysis and Modeling 

	Results and Discussion 
	Soil Characterization 
	WEPP Input Data Parameters 
	GeoWEPP Model Results 
	Future Directions for Sustainable Agricultural Development 

	Conclusions 
	References

