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SUMMARY

Water erosion has radically affected the productive capacity of soils,
especially in regions with a tropical climate, causing environmental and social
damage, such as reduced agricultural productivity and siltation of water bodies.
The objective of this research was to estimate soil losses with using the IntErO
model - Erosion Potential Method in the River Machado Watershed (MRW),
South Minas Gerais State (Brazil), with the idea to identify areas of increased soil
losses due to water erosion, contributing with the research activities to the
environmental planning in order to prevent land degradation. The Machado River
basin was selected as study area because it is an important Sustainable Use
Conservation Unit in Minas Gerais, which has abundant water resources, rich
biodiversity, and intensive agricultural production. The estimated soil losses for
the year 2020 were calculated, using the IntErO model - Erosion Potential
Method, in a Geographic Information System (GIS) environment. The MRW
presented an average soil loss of 18.2 Mg ha™ yr*, and a total of about 2 million
tons per year. In about 85% of the watershed, soil losses were greater than the
tolerable limits, what leads to the conclusion that there is a need to adopt a
comprehensive soil conservation management plan to reduce water erosion. The
highest average soil losses occurred in areas of exposed soil as well as sporadic
agricultural and pasture, and are concentrated in the southern sector of the studied
area. The results obtained can support the environmental planning aimed at the
conservationist use of the soil in the MRW.
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INTRODUCTION

Soil erosion is one of the most widespread and a major environmental
threat which decreases agricultural productivity and affects water quality
(Artemyeva et al., 2021; Kavian et al., 2018; Kavian et al., 2017; Spalevic et al.,
2017; Khaledi Darvishan et al., 2016; Mohammadi and Kavian, 2015; Spalevic et
al., 2013; Nearing et al., 2005). Water erosion has drastically affected the
productive capacity of soils, especially in tropical regions, due to the large
volume of rainfall (Panachuki et al., 2006; Santos et al., 2010). The four basic
factors that regulate water erosion rates are topography, climate, soil types and
characteristics, and land cover (Panagos et al., 2015). The erosion rates are
generally higher on terrains with longer and steeper slopes due to increased
runoff volume and velocity (Tavares et al., 2021).

Erosive processes accelerated or intensified by human activities (Bigarella,
2007) cause damage to the environment and society, both in places where they
occur (in loco) and in nearby or distant areas, such as reduction or even closure of
agricultural production, the loss of soil fertility and siltation of water bodies
(Guerra and Mendonga, 2020).

Over the past 50 years, several water erosion estimation models have been

developed and improved (Lovric and Tosic, 2018, Santana et al., 2021). These
models are based on mathematical equations that express the relationship
between environmental parameters and allow the estimation of soil losses with an
acceptable level of accuracy (Stefanidis and Stathis, 2018). In addition, the
association of modelling with Geographic Information Systems allows the
spatialization of results, facilitating the implementation of actions in the field of
soil conservation management (Imamoglu and Dengiz, 2017).
The Erosion Potential Method (EPM) is a model for estimating water erosion,
based on simple and low-cost obtaining parameters (Gavrilovic, 1962). EPM has
been widely used in the South East European regions, Italy, the Middle East, and
North Africa (EI Mouatassime et al., 2019; Stefanidis and Stathis, 2018; Nikolic
et al., 2018; Darvishan et al., 2017; Spalevic et al., 2017; Dragicevic et al., 2017;
2016;). It has also been recognized as the most quantitative of all the semi-
quantitative models (De Vente et al., 2005). Noteworthy studies comparing EPM
erosion model output with field measurements shows that give satisfactory results
(Tazioli, 2009; Efthimiou et al., 2016). More recently, the IntErO model
(www.geasci.org/IntErO) — EPM method have been applied to tropical conditions
in Brazil, giving accurate results (Sakuno et al., 2020; Tavares et al., 2019; Lense
etal., 2019; Silva et al., 2014).

In this scenario, the objective of the work was to estimate the soil loss rates
by using the IntErO model - Erosion Potential Method in the Environmental
Protection Area (APA) of the Rio Machado Watershed, southern of Minas Gerais
State, to identify the areas with environmentally unsustainable soil loss due to
water erosion and contribute to environmental planning and soil and water
conservation policies. The Machado River Watershed was selected as the study
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area because it is an important Conservation Unit in the State of Minas Gerais,
with abundant water resources and rich biodiversity, and, on the other hand,
widely used by the agricultural sector.

MATERIAL AND METHODS

Study area. The Machado River Watershed (MRW) is a Conservation Unit
(protected area) in the State of Minas Gerais, south-eastern Brazil. It has an area
of 101,600 ha and covers eleven municipalities of southern of Minas Gerais State
(Figure 1). The area is under the anthropogenic influence in certain degree, being
endowed with abiotic, biotic, aesthetic, or cultural attributes. Its basic objectives
are the protection of biodiversity and maintaining the sustainable use of natural
resources (IEF, 2021).

The Machado River is the main watercourse of the watershed, having
112.2 km of extension and an expressive altimetric gradient between its high and
medium course. Its main tributaries are the Machadinho do Campo and
Machadinho streams, on the right bank, and, on the left bank, the Jacutinga and
Conceig¢do streams (Latuf et al., 2019). The Machado River watershed is part of
the Rio Grande Watershed and has the Furnas Reservoir as its base level (Justino
etal., 2019).
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Figure 1. Study area of the Machado River Watershed, Minas Gerais, Brazil.

Climate. The Intergovernmental Panel on Climate Change (IPCC) special
report on climate change and land underlines that the increase of the global mean
surface temperature, relative to pre-industrial levels, may substantially affect
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processes involved in desertification (water scarcity), land degradation (soil
erosion, vegetation loss, wildfire, permafrost thaw) and food security (Panagos et
al., 2021). Climate change and land use change are recognized as the main
drivers of future soil erosion dynamics (Poesen, 2018).

The climate in the studied area is Tropical (Cwa), with a dry season
between April and September, and a rainy season, between October and March,
according to the Képpen-Geiger classification (Reboita et al., 2015). The average
annual precipitation and the average annual compensated temperature considering
a historical series of 30 years, from 1981 to 2010, are 1,597 mm and 19.8° C,
respectively (INMET, 2021).

Geology. The geological framework of the area consists of the following
lithotypes: paragneisses, orthogneisses, quartzites, migmatites, biotite schist and
associated granitoids (CPRM, 2014). The geological substrate has low
permeability and high resistance to erosion, presenting rocky outcrops in the
upper course of the Machado River and in steep areas (Servidoni et al., 2019).

Soils. The pedological units, according to the Brazilian Soil Classification
System (SiBCS) of EMBRAPA (2018) (Figure 2A), are the Haplic Cambisol,
which predominates in the southern sector of the conservation unit, and the Red-
yellow Latosol in the other sectors, with soils of the Red-yellow Argisol and
Haplic Nitosol types in the northern sector (UFV et al., 2010). The soil map of
the area was adapted from the “Soil Map of the State of Minas Gerais” in a scale
of 1:650,000 (UFV et al., 2010). The relief of the area is predominantly smooth
undulating, with an average slope between 3 and 8% (TOPODATA, 2008,
EMBRAPA, 2013). The altitudes vary from 760 m, on the Machado River plain,
to 1,470, mainly on the hills of the southern sector (Figure 1). The slope map
(Figure 2B) was prepared with percentage values, from the Digital Elevation
Model (DEM) covering the area, with a spatial resolution of 30 m (TOPODATA,
2008), using the ArcGis 10.5 Slope tool (ESRI, 2016).
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Figure 2. Soil classes (A) and slope (B) maps of the Machado River watershed,
Minas Gerais, Brazil.
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Land use. The study area has a predominance of the Atlantic Forest
Biome, with transition to Cerrado (Savanna) to the north. In land use, temporary
and permanent crops are highlighted, such as corn and coffee, respectively, in
addition to forestry and pasture for cattle raising (Santos, 2019, MAPBIOMAS,
2020). The land use map considering the year 2020 (Figure 3) was obtained from
the digital platform MapBiomas Project (2020), with a spatial resolution of 30 m.
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Figure 3. Land use map of the Machado River Watershed, Minas Gerais, Brazil.

Adapted from the MapBiomas (2020).

The Erosion Potential Method (EPM). Soil erosion can present a major
threat to agriculture due to loss of soil, nutrients, and organic carbon. Therefore,
soil erosion modelling is one of the steps used to plan suitable soil protection
measures and detect erosion hotspots (Bezak et al, 2021). For the modelling and
analysis of soil erosion intensity in the Machado River Basin of the Minas Gerais,
(Brazil), we used the IntErO model with the Erosion Potential Method in its
algorithm background.

The EPM (Gavrilovic, 1972) considers factors dependent on climate, soil
properties, topographic characteristics, land use and the degree of erosion of the
watershed. Initially, the EPM estimates the susceptibility to the erosion process
by calculating the erosion intensity coefficient (Z). Areas with a value of Z > 1.00
have high susceptibility to erosion, while areas with Z < 0.19 have a low
tendency to the occurrence of the phenomenon (Gavrilovic, 1962). The Z
parameter is calculated according to Equation 1:
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Z=Y Xg (¢ +3ls) Equation 1

where: Y = soil resistance to water erosion, dimensionless; X, = coefficient of
land use and management, dimensionless; ¢ = coefficient of degree of erosive
features, dimensionless and I, = mean slope of the area in %.

The Y parameter represents the soil resistance to water erosion and varies
depending on the type of soil and its source material, having values between 0.20
and 2.00. The most resistant soils have values close to 0.20, while those more
susceptible to erosion have values close to 2.00. The Y factor was determined for
each soil class according to Sakuno et al. (2020), and its average value,
considering the entire studied area, was 0.7.

Parameter X, expresses the protection of the watershed against the erosive
action of rain, considering the existing vegetation cover, and its values range
from 0.05 (areas covered by dense vegetation) to 1.0 (areas with the presence of
soil exposed). In the study area, the X, parameter was determined for each land
use class according to Sakuno et al. (2020), and its mean value for the entire
study area was 0.54.

Factor ¢ represents the characteristics of erosive features observed in the
field, ranging from 0.10, for areas without evidence of erosive processes, to 1.00,
for areas affected by severe erosive processes, such as gullies. Through field
surveys, it was verified that the occurrence of laminar erosion predominates in the
watershed, thus the value of 0.5 was adopted for the parameter ¢ throughout of
the MRW.

The I factor (%) indicates the influence of relief on the erosive dynamics,
and was obtained from the slope map, showing that the area has an average slope
of 4.5%.

Using the Z coefficient, the EPM estimates the total soil loss (Wy,) in Mg
ha™ ano™, according to Equation 2:

Wyr — <2 ’I_‘z) + 01) . Hyr ST - W - Ds Equation 2

where: t, = average air temperature, in °C; Hy, = total annual precipitation, in
mm:; Ds = average soil density in kg dm™.

The parameters H,, (mm) and t, (°C) represent the influence of climatic
factors on erosive dynamics and were obtained for the year 2020 based on a
rainfall station located inside the watershed, at coordinates 45°53'35” W,
21°39'55” S, regulated by the National Institute of Meteorology (INMET, 2021).
In the watershed, in the year 2020, the total annual precipitation was 1,534 mm
and the average annual temperature was 20.5° C.

Finally, the Ds coefficient (kg dm™) demonstrates the average soil density,
and its value was adopted for the study area according to Lense et al. (2019),
being 1.21 kg dm™
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Obtaining the parameters as well as all the processing and modelling steps
were developed with the aid of a Geographic Information System, using the
ArcGis 10.5 software (ESRI, 2016).

The results estimated by using the IntErO model - EPM were compared
with the soil loss tolerance limits (T). T can be defined as the maximum erosive
intensity that still allows for sustainable agricultural production (Wischmeier and
Smith, 1978). T values were obtained for each soil class based on the results of
Lense et al. (2019), who calculated the T using the methodology of Bertol and
Almeida (2000), which is the most recent and most used in Brazilian soils. The T
values adopted were 7.40 Mg ha™ yr' for Latosols, 4.75 Mg ha™ yr* for
Cambisols and 7.20 Mg ha™ yr™ for Argisols/Nitosols.

The IntErO model. The IntErO model uses the Erosion Potential Method
in its algorithm background (Spalevic, 2011; Quallali et al, 2020). The IntErO
model is an upgrading of the River Basins (Spalevic, 1999; Spalevic et al., 2000)
and the Surface and Distance Measuring (Spalevic, 1999) programs.

The model calculate a large number of data with the processing of 22 input
parameters, returning, after the processing, 26 result parameters (Coefficient of
the river basin form, A; Coefficient of the watershed development, m; Average
river basin width, B; (A)symmetry of the river basin, a; Density of the river
network of the basin, G; Coefficient of the river basin tortuousness, K; Average
river basin altitude, Hsr; Average elevation difference of the river basin, D;
Average river basin decline, Isr; The height of the local erosion base of the river
basin, Hleb; Coefficient of the erosion energy of the river basin's relief, Er;
Coefficient of the region's permeability, S1; Coefficient of the vegetation cover,
S2; Analytical presentation of the water retention in inflow, W; Energetic
potential of water flow during torrent rains, 2gDF'%; Maximal outflow from the
river basin, Qmax; Temperature coefficient of the region, T; Coefficient of the
river basin erosion, Z; Production of erosion material in the river basin, Wyear;
Coefficient of the deposit retention, Ru; Real soil losses, Gsp; Real soil losses per
km? The model considers six factors related to lithology (rocks permeability in
percent: fp, permeable; fpp semipermeable, fo, low permeability) and soil type
(erodibility coefficient Y), topographic and relief data (I coefficient), monthly
mean and annual precipitation (P coefficient), temperatures annual averages (t
coefficient), land cover data (X coefficient) and the state of erosion patterns and
development of the watercourse network (& coefficient).

The IntErO model can be characterized as semi-quantitative because it is
based on a combination of descriptive and quantitative procedures. However,
compared to other semi-quantitative methods, this is the most quantitative
because it uses descriptive evaluation for three parameters only: soil erodibility,
soil protection and extent of erosion in the catchment. All other parameters are
guantitative catchment descriptors (Spalevic et al., 2020).

IntErO flowchart is presented in the Figure 4.
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Figure 4. IntErO model Flow chart (based on Spalevic et al., 2020)

RESULTS AND DISCUSSION

The Machado River Watershed showed a total soil loss of about 2 million
tons per year, and an average soil loss of 18.2 Mg ha™ yr™ (Figure 5).

The greatest soil losses per hectare (between 25 and 50 and > 50 Mg ha™
yr') are concentrated in the southern sector of the watershed, which is partly
related to the fact that this sector presents the Haplic Cambisol (CXhbd), as
predominant soil class.

The haplic Cambisol has the lowest resistance to water erosion among the
other classes of soil in the study area, with a value of 0.9 for the Y coefficient
(Table 1). In this context, Silva et al. (2005), in their study on soil degradation by
water erosion, found an average annual loss of soil about 14 times greater for the
Haplic Cambisol compared to the Red Latosol.
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Figure 5. Map of spatial distribution of soil losses in the Machado River
Watershed, Minas Gerais, Brazil.

It is noteworthy that the Haplic Cambisol is the second most abundant soil
type in the watershed, occupying around 33% of its territory. Due to the low
resistance to water erosion of Cambisols, it is necessary that the uses of this soil
are subject to conservation measures, such as the implementation of agricultural
management techniques and the mitigation of runoff and water erosion.

Table 1. Resistance to water erosion (Y) of soils in the Machado River
Watershed, Minas Gerais, Brazil

Soil classes Area (%) Y values
Haplic Cambisol 33.48 0.9
Red-yellow Latosol 60.75 0.6
Haplic Nitosol 1.27 0.7
Red-yellow Argisol 3.00 0.8

Source: Adapted from Sakuno et al. (2020)

In addition, the southern sector of the area has a high Y coefficient, and the
relief is soft, with a declivity of less than 8%, which favors the agro pastoral use
of this area, which defines the predominant land cover and uses ("other temporary
crops”, with an X, of 0.7; "pasture” with an X, of 0.5; and "agricultural and
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grazing mosaic" with an X, of 0.7) (Table 2). These uses offer low soil protection
against water erosion. Furthermore, temporary crops and pastures are more
susceptible to soil degradation due to the removal of the topsoil in agricultural
areas (Mafra, 2020) and the soil compaction and runoff in preferential paths in
pastures (Botelho and Silva, 2004).

It is noteworthy that despite the class "other non-vegetated areas" being the
one with the highest average soil loss per hectare (31.4 Mg ha™t yr?), its
contribution to the total soil loss in the watershed it is very low (1,434.9 Mg yr?),
due to its small area (0.04% of total area) (Table 2). On the other hand, the
classes "other temporary crops™, "pastures” and "agriculture and pasture mosaic"
had the highest total soil losses in the watershed, losing together 1,723,350.9 Mg
yr'!, which is due to the large area occupied by them (67.2% of the MRW).

Table 2. Values of the X, coefficient and soil losses in the land use classes of the
Machado River Watershed, Minas Gerais, Brazil.

. Soil loss Soil loss
Land use classes Area (%) Xa (Mg hal yr'l) (Mg yr'l)
Forest Formation 18.10 0.3 7.6 161,328.20
Forest Plantation 0.90 0.4 11.9 12,090.90
Pasture 26.90 0.5 16.7 528,541.60
Sugar cane 0.54 0.6 14.3 9,183.40
Mosaic Agriculture and 27.05 07 25.5 809,121.30
Pasture
Urban Area* 0.78 - - -
Other non-Vegetated Areas 0.04 1.0 31.4 1,434.90
Water bodies* 1.50 - - -
Soybean 0.49 0.7 17.7 10,193.20
Other temporary Crops 13.30 0.7 24.7 385,688.03
Coffee 10.40 0.6 18.0 21,9263.40

Source: Adapted from Sakuno et al. (2020).
Notes: *Areas not considered in the calculation of soil loss.

On the other hand, the smallest soil losses (between 0 and 5 Mg ha™ yr')
occurred mainly in the northeast and north sectors of the watershed. These areas
have a gently undulating relief, with a slope ranging from 0 to 8%), covered by
coffee plantations, pasture, temporary crops and forest fragments, with an X,
coefficient of 0.6; 0.5; 0.7 and 0.3, respectively (Table 2). Although clustered
crops and pastures have potentially high susceptibility to water erosion, growing
coffee and forest fragments are good protections for the soil against erosion, as
vegetation with higher biomass control runoff more effectively (Bigarella, 2007).
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In addition to the above factors, the areas that suffered the least loss of soil
in the north and northeast sectors are Red-yellow Latosols, which have the
highest erosion resistance among the watershed soils, with a Y of 0.6 (Table 1).

In general, the MRW is classified in category IV of erosion intensity, that
is, in the watershed there is a predominance of low intensity erosion processes,
with a Z coefficient of 0.34.

On the other hand, considering the values of T calculated by Lense et al.
(2019) in about 85% of watershed, soil losses are above the limits of T. The high
percentage of areas with losses above T is since the watershed has many
mountainous areas with large slopes, which intensify soil losses. The results show
the need to adopt soil conservation management plans to reduce water erosion. In
addition, this result can help in the planning of land use and occupation policies
in the watershed, respecting the agricultural suitability of each soil. It is
noteworthy that the T is an index to assess soil losses in the short term, since in
the long term the ideal is that water erosion rates are reduced to a minimum to
promote the sustainability of agricultural systems.

MRW is part of southern Minas Gerais, an important Brazilian region for
coffee production. The adoption of soil conservation practices in the region has
the potential to reduce the loss of nutrients and organic matter in the soil due to
water erosion and, thus, favour an increase in coffee production.

CONCLUSIONS

In 2020, the MRW presented an average soil loss of 18.2 Mg ha™ yr™. The
greatest soil losses per hectare occurred in non-vegetated areas and in agricultural
and pasture mosaics, being 31.4 and 25.5 Mg ha™ yr™, respectively. In about 85%
of the MRW region, soil losses were greater than tolerable limits, which highlight
the need to adopt a comprehensive soil conservation management plan to reduce
soil losses from water erosion.

The results of estimating the intensity of erosion processes and potential
soil losses by the IntErO — EPM method can serve as a support to the
environmental planning and sustainable use of soils in the MRW, having the
advantage of being an effective, simple, and low-cost method in application.
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