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Abstract
Information regarding the soil erosive processes that comprise the detachment, transport and deposition, are essential when 
analyzing hydrological processes associated with the generation of the flow in the landscape and water recharge. The USPED 
(Unit Stream Power Erosion and Deposition) model has been applied in several regions around the world for providing more 
accurate estimates, since it adds a physical base that relates the relief morphology with the erosion-defining runoff parameters. 
The current study aims to analyze erosion and deposition using the USPED model in a sub-basin on Mogi Guaçu River’s mar-
gins, municipality of Mogi Guaçu, SP, Brazil, and generate subsidies for future diagnoses regarding areas in the region with grea-
ter capacity for water storage, based on less erosion. The loss of mineral and organic particles arising from the erosive process 
changes the soil’s effective depth, texture and structure, directly and negatively impacting its capacity to absorb and retain water. 
60% of the sub-basin’s area was unaffected by considerable processes of erosion and deposition, both due to the current arboreal 
vegetation, but also the smooth relief of the site. The erosion and deposition sites have totaled 23.42 and 15.76% of the sub-basin 
area respectively, being adjacent to one another and preferably near or within the drainage network. The results of the spatializa-
tion were validated by the Kappa Index and revealed that the UPSED model obtained an excellent agreement with the “ground 
truth”.  Stability in terms of erosion, favors the water recharge in area, since the soils present a sandy texture and in addition, the 
Latossolos, which make up 63% of the sub-basin, are deep and possess a high water storage capacity and permeability.

Keywords: Semi-empirical modeling; Surface runoff; Contribution area; Unit Stream Power Erosion and Deposition.

Resumo
Informações a respeito dos processos erosivos do solo, que compreendem desagregação, transporte e deposição, são essenciais 
quando se deseja analisar processos hidrológicos associados à geração do escoamento na paisagem e à recarga de aquíferos. 
O modelo Unit Stream Power Erosion and Deposition (USPED) vem sendo aplicado em diversas regiões do mundo por oferecer 
estimativas mais precisas, uma vez que agrega uma base física que relaciona morfologia do relevo e parâmetros de escoamento 
definidores da erosão. O presente trabalho visa analisar a erosão e a deposição utilizando o modelo USPED em uma sub-bacia 
hidrográfica da planície aluvionar do Rio Mogi Guaçu, município de Mogi Guaçu, São Paulo, Brasil, e gerar subsídios para fu-
turos diagnósticos de áreas com maior capacidade para armazenamento de água na região, baseado na menor erosão. A remoção 
de partículas minerais e orgânicas do solo, decorrente do processo erosivo, altera a profundidade efetiva, a textura, a estrutura e, 
consequentemente, interfere direta e negativamente em sua capacidade de absorver e reter água. A sub-bacia apresentou cerca de 
60% de sua área não afetada por processos de erosão e deposição consideráveis, graças à vegetação arbórea atual, mas também ao 
relevo suave do local. Os locais de erosão e deposição totalizaram 23,42 e 15,76%, respectivamente, da área da sub-bacia, sendo 
adjacentes um ao outro e preferencialmente próximos ou dentro da rede de drenagem. Os resultados da espacialização foram 
validados pelo índice Kappa e revelaram que o modelo UPSED obteve excelente concordância com a “verdade de campo”. A es-
tabilidade em termos de erosão favorece a recarga da água na área, uma vez que os solos apresentam textura arenosa e, além disso, 
os Latossolos, que compõem 63% da sub-bacia, são profundos e possuem alta capacidade de armazenamento e permeabilidade.

Palavras-chave: Modelagem semiempírica; Escoamento superficial; Área de contribuição; Unit Stream Power Erosion 
and Deposition.
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INTRODUCTION

The hydrographic basin is an open natural system whose 
processes are interlinked and in equilibrium, so that when 
analyzing the soil erosive process, it becomes relevant 
not only regarding the level of degradation to which an 
area is subjected, but also in the delineation of part of the 
hydrological phenomenon itself. From this perspective, 
the water dynamics on and within the landscape, with 
respect to surface runoff and infiltration, respectively, 
allow us to infer about the potential of water recharge in 
each region. Increased erosion may result from increased 
runoff and lead to lower recharge of aquifers, reducing 
base flow and increasing maximum outflows of water-
courses. The reverse process will occur if there is increased 
infiltration (Nearing et al., 2011; Cecílio et al., 2013). 
In this sense, the understanding of the mechanisms that 
are related directly or indirectly with the erosion process 
is a necessary step for an effective environmental man-
agement of the natural resources of a river basin, as Lelis 
et al. (2012) points out.

In Brazil, the great thickness of the sedimentary rocks 
the Paraná River Basin accumulated over geological time 
favored water recharge, containing almost half of the 
groundwater reserves of the entire country. The alluvial 
plain of the Mogi Guaçu River is located in what is con-
sidered to be the largest national hydrogeological prov-
ince and the dynamics of its groundwater vary season-
ally, depending on  the plain’s degree of evolution and 
its fluvial conditions. 

The understanding of the deposition processes and con-
formation of the relief, resulting from the soil-climate-flow 
interaction, is fundamental in the study of water dynam-
ics and its interaction with the landscape. As the action of 
water wearing away the land surface, the soil becomes a 
testament to the evolutionary processes that shape the land-
scape (Mello et al., 2019). Thus, the hydrological processes 
associated with the generation of aquifer flow and recharge 
require complementary information regarding soil suscepti-
bility to the detachment, transport and deposition processes 
that make up the water erosion, as well as its relationship 
with the landscape.

Research carried out in the region emphasizes the evo-
lution of the silting potential and the consequent reduction 
in flow due to easy soil detachment combined with the low 
sediment transportation capacity of the drainage system 
(CPRM and CPLA, 2002; Klinke Neto et al., 2018). This pro-
cess entails a strong tendency to dry up some watercourses 
in the short term (CPRM and CPLA, 2002) and highlights 
the urgency behind protecting the soil from the impact of 
raindrops and runoff. In addition to the local environmen-
tal characteristics, the erosive and depositional processes 
currently observed in the region are being accelerated due 

to human action (dikes and/or dams, degraded areas, roads, 
among others) (Klinke Neto et al., 2018). Thus, studies that 
address the interaction between factors that act on soil ero-
sion in the area are essential for actions aimed at soil and 
water conservation to be taken.

 Vegetal cover, climate, soil class, and topography 
influence the erosive process, so the studies are based on 
the intense experimentation of these factors on the sedi-
ment production. In this sense, mathematical models are 
used to simulate the integration of the variables involved 
in the erosion and to evaluate the hydrological processes 
occurring in the environment. However, it should be 
emphasized, that an efficient evaluation requires erosion 
models that encompass certain variables in the topogra-
phy analysis (Kandel et al., 2004), such as the contribution 
area (Moore and Burch, 1986; Desmet and Govers, 1996; 
Mitasova et al., 1996) and the points subjected to depo-
sition in the hydrographic basin (Kinnell, 2005; Warren 
et al., 2005; Oliveira et al., 2013). Among these models, 
the Unit Stream Power Erosion and Deposition (USPED) 
(Mitasova et al., 1996) stands out.

Derived from the empirical hydrological model USLE 
(Universal Soil Loss Equation) (Wischmeier and Smith, 
1978), the semi-empirical model USPED adds a physical 
base that attempts to compare the relief morphology to 
erosion-defining runoff parameters, making the estima-
tion more accurate. The improvement of this model when 
compared to the USLE stimulated its study in several 
regions of the world, Africa (Tamene and Vlek, 2008), 
Europe (Niculiţă, 2011; Rodriguez and Suarez, 2012; 
Sir et al., 2013; Aiello et al., 2015; Lazzari et al., 2015; 
Djodjic and Markensten, 2019; Honek et al., 2020), Asia 
(Kandrika and Dwivedi, 2003; Seo et al., 2010), North 
(Warren et al., 2005; Pricope, 2009; Warren et al., 2019) 
and South America (Oliveira et al., 2013). The USPED 
model’s distinctive feature is that it predicts not only the 
spatial distribution of erosion but also deposition rates 
under laminar flow conditions and furrows in convergent 
and divergent terrain in large areas and high precipitation. 
The USPED model considers the flow strength unit the-
ory to derive the topographic factor, which consists of a 
matching contribution area variable.

In this context, the current work aims to analyze erosion 
and deposition in a sub-basin on the Mogi Guaçu River’s 
margins, municipality of Mogi Guaçu, SP, Brazil, using the 
USPED model. In addition to evaluating the associated fac-
tors and identifying the sources and sediment receiving areas, 
this study intends to generate subsidies for future diagnoses 
of areas with greater capacity for water storage in the Mogi 
Guaçu River plain. The loss of mineral and organic particles 
arising from the erosive process changes the soil´s effective 
depth, texture and structure, directly and negatively impact-
ing its capacity to absorb and retain water.
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MATERIALS AND METHODS

Study area

The studied sub-basin has a surface area of 7.727 km2 

and is located on the northern margin of the upper middle 
course of the Mogi Guaçu River, in part of its alluvial 

plain, in the municipality of Mogi Guaçu (SP) (Figure 1). 
The sub-basin is part of the Mogi Guaçu Conservation 
Units Complex (CUCMG), located in the transitional 
zone between the Savanna (Brazilian Cerrado) and 
Atlantic Forest biomes. Featuring the biotic character-
istics of both biomes, it can be considered an ecotone  
while also including an important part of the Permanent 

Figure 1. Location maps of the study sub-basin. (A) Regional, (B) Local.
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Preservation Area (APP) of the Mogi Guaçu River, its 
sub-basins and springs. 

The climate, according to the Koppen classification 
ranges between Aw (tropical climate with a dry winter season 
and rainy summer) and CWA (wet temperate climate with a 
dry winter and a hot summer) yearly average temperature 
of 21.5 °C and precipitation of 1,500 mm. In its geological 
context, the study area is regionally inserted in the Paraná 
Basin, characterized by the accumulation of a great thick-
ness of sedimentary rocks. Locally, the study area is formed 
by sediments of the Itararé Subgroup, whose lithology is 
composed of fine sandstones, coarse conglomerates, clay, 
and clayey sandstone. The groundwater that occurs in the 
sedimentary rocks of this area is generally free, although it 
can occasionally be found at certain levels of confinement. 
Spatially well-defined reservoir layers are absent due to the 
great geological heterogeneity (Chang et al., 2003).

The soil map of the area has a scale of 1:30,000 
(Figure 2A). Coming from the refinement of the semi-
detailed survey (scale 1:100,000) (Oliveira et al., 1982), this 
map was produced during the preparation of the Management 
Plan for the Mogi Guaçu Conservation Units (UCRBEEc, 
2010) and provided by the São Paulo State Forestry Institute 
(IF). The soils are classified according to the Brazilian Soil 
Classification System (SiBCS) (Embrapa Solos, 2018) and 
the current classes are Gleissolo Háplico Distrófico (GX), 
Gleissolo Melânico Distrófico (GM) (2.846 km2) and 
Latossolo Vermelho-Amarelo (LVA), with the LVA Distrófico 
cambissólico occupying 2.031 km2 and the LVA Distrófico 
típico has 2.85 km2. LVA Distrófico cambissólico are soils 
with changeable primary materials visible in the profile and/
or rock fragments on the B horizon at estimated percentages 
below incipient B horizon’s limits within 200 cm of the soil 
surface (Embrapa Solos, 2018). Thus, the “cambissolic” 
distinction is presented as they present intermediate prop-
erties for the Cambissolos class. Furthermore, the place of 
occurrence of the LVA Distrófico cambissólico corresponds 
to terraces and the LVA Distrófico típico is located in flood-
plain areas with smooth undulating relief. 

The soil textures in the study sub-basin are: LVA Distrófico 
cambissólico with loamy sand texture (15% clay, 10% silt, 
75% sand); LVA Distrófico típico with sand clay loam texture 
(27% clay, 5% silt, 68% sand); and Gleissolo with loamy sand 
texture (15% clay, 8% silt, 77% sand). The sandy to medium 
texture of the study sub-basin soils is derived from the parent 
material of the Itararé Group sandstone. The texture data used 
for analysis in this article were obtained using a systematic 
survey (800 × 800 meters) conducted across sub-basin for 
mapping the soil properties, according to Klinke Neto et al. 
(2017). At each point, soil samples were collected according 
to Santos et al. (2005), in the 0 to 20 cm layer, representa-
tive of the surface diagnostic horizon. Particle size analysis 
was performed using the Bouyoucos method (Bouyoucos, 

1951). The sand fraction was obtained by sieving. The North 
American Classification System (USDA) was used for the 
textural classification (Santos et al., 2005). 

The relief information used in the analyzes comes from 
a Digital Elevation Model (MDE) built with a resolution of 
10 meters, as a result of a planialtimetric survey (1:10,000 
scale) conducted throughout the sub-basin (Figure 2B). 
The survey’s goal was to study and learn about the prefer-
ential flows’ directions paths and its influencers, as well as 
to improve the understanding of the relief relation versus 
the scale of analysis in landscape studies. The equipment 
used in the survey was the Topcon Hiper L1/L2 Geodetic 
Receiver, with a horizontal accuracy of 3 mm + 0.5 PPM 
and vertical accuracy of 5 mm + 0.5 PPM, with more than 
5,000 points being collected for the relief description locally.

The mapping of land use was conducted with the ArcGIS 
10.2 (ESRI, 2014) software and the information regarding 
the ground cover were obtained by interpreting CBERS-4 
satellite image 10/01/2016, available for free at the Division 
Generation of Images (DGI) website created by the National 
Institute of Space Research (INPE, 2018). This information 
was complemented with field observations. The images 
were pre-treated (equalization), a composition of the bands 
of interest was made and then the map-to-map images were 
registered using the GeoCover image provided by National 
Aeronautics and Space Administration (NASA). The main 
classes mapped were: Submontane Semideciduous Seasonal 
Forest (FESD), Alluvial Semideciduous Seasonal Forest 
(FESDA) and vegetation with river influence (floodplains), 
according to the Technical Manual of Brazilian Vegetation 
(IBGE, 2012) (Figure 2C). Pinus and Eucalyptus forests, 
grassland not managed for about 20 years, and recovery 
areas with native species were also classified (Figure 2C). 
The floodplain areas are covered by dense shrubby vegeta-
tion with the sparse presence of lianas and herbaceous spe-
cies. The coverage designated as recovering areas includes 
sites for the planting of native species in order to recover 
local vegetation.

USPED modeling

The USPED model expresses soil loss by multiplying indexes 
that consider the effect of the following factors: rain (erosiv-
ity, R), soil (erodibility, K), topography (LS), cover and soil 
management (C) and conservationist practices (P). The work 
was carried out in a Geographic Information System (GIS) 
environment using the map algebra tool. Each of the K, LS, 
and C factors represent a specific map of the study area, 
generated with the spatial resolution of 10 m. 

In addition to deposition, USPED results determine the 
surface affected by laminar erosion and rill erosion for each 
soil mapping unit. For the interpretation of soil losses esti-
mated by the model, the criterion of soil losses tolerance was 
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Figure 2. Sub-basin maps: (A) Soil classes; (B) Digital Elevation Model (MDE); (C) Classes of use and occupation. System 
of Coordinates UTM, datum SIRGAS 2000, zone 23S.
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adopted as defined by Wischmeier and Smith (1978). Thus, the 
results were compared with the respective loss tolerances of 
11.53 t h-1 year-1 for the class Latossolo Vermelho-Amarelo 
and 5.82 t ha-1 year-1 for the Gleissolo class. These values 
were estimated by Mannigel et al. (2002) for the State of 
São Paulo and correspond to the maximum loss that the soil 
supports to be able to recover through natural processes.

30 years of data (1970 to 1999) from the Brazilian 
National Water Agency (ANA) were used in the calcula-
tion of the annual R factor. The annual erosivity index (EI) 
was obtained by summing the monthly erosivity index cal-
culated from Equation 1 (Lombardi Neto and Moldenhauer, 
1992). The erosivity was then classified according to Foster 
et al. (1981).

EI (R factor) = 68.730 (p2/P)0.841 (1)

where: 
EI = monthly average erosion index (MJ mm ha-1 h-1 year-1); 
p = mean monthly precipitation (mm); 
P = mean annual rainfall (mm).

The K factor value was determined using the Bouyoucos 
model (Bouyoucos, 1935), which considers texture informa-
tion in the analysis (Equation 2). In order to obtain the spa-
tialisation of the variable, the equation was applied in each 
cell of the MDE (pixel-a-pixel), derived from the planialti-
metric survey carried out in the area. The results of erodibil-
ity obtained were classified according to Foster et al. (1981).

Factor K = [(sand (%) + silt (%)] / (clay (%))]/100 (2)

where: 
K Factor = soil erodibility (Mg ha h ha-1 MJ-1 mm-1).

The direction, distribution and consequent accumulation 
of the flow in an MDE are the main points to be controlled 
in a hydrological study. In the USPED model, the LS fac-
tor is given by Equation 3:

LS = Am (sinθ)n (3)

where: 
A = contribution area (m2); 
θ = slope angle; 
m and n = constants that depend on the type of flow and 
soil properties.

For situations where rill erosion is dominant, these 
parameters are usually set at m = 1.6 and n = 1.3; and where 
laminar erosion prevails, m = n = 1.0 (Foster and McCool, 
1994). The parameters m and n were established as 1, due to 
the erosive laminar character found in the study sub-basin. 

The contribution area was obtained from the MDE (Figure 2B), 
the slope maps (Figure 3A) and aspect maps were initially 
calculated, subsequently constructing the water flow paths. 

The upstream contribution area map was determined 
from the lines of the water flow path and the DEM with 10 m 
spatial resolution (Figure 3B). The flow of each cell was 
obtained via the D∞ method (Tarboton, 1997), as it better 
describes the surface flow pathways (Oliveira et al., 2012) 
and was similar to the drainage network observed in the field.

C factor ranges from 0 to 1 according to erosivity and 
erodibility, approaching zero in conservation management 
systems and 1 in non-conservation systems. The calcula-
tion of the C factor involves the data generated in the stan-
dard plots and the rain erosivity values to establish the soil 
loss ratio at each stage of the vegetation. Considering the 
amount of time spent and the cost of the direct evaluation 
of this factor in the field, in addition to the accuracy of the 
currently available methods that consider vegetation reflec-
tance, C factor values were defined from the Normalized 
Difference Vegetation Index (NDVI) (Figure 3C). For the 
analysis of the vegetation through the NDVI, the CBERS-4 
sensor image was composed of the visible band (R: band 3, 
G: band 2, B: band 1) and NDVI was processed with bands 
3 (reflectance in red) and 4 (near infrared reflectance) (Asrar 
et al., 1984). This index is able to minimize topographic 
effects by producing a linear scale of measurement, which 
ranges from -1 (absence of vegetation) to +1 (high density 
of vegetation cover). Although they do not share the same 
proportionality, the scale of the C factor is inverse to that 
of the NDVI. Since the NDVI did not present negative val-
ues in this study, the values of C factor were defined from 
the inversion of the linear scale derived from the NDVI. 
The roads were mapped in the classification of use and 
occupation and transposed to the multispectral image, con-
sidering the low visualization of roads in the multispectral 
image for the analysis of NDVI and its importance in the 
soil losses of a basin with forest use.

The P factor ranges from 0 to 1, being equal to 1 when 
conservation practices are absent. The values for the P fac-
tor (dimensionless) were extracted from the literature. In the 
areas with natural vegetation (planted and native forests), 
the value of P was considered to be 0,10 (Roose, 1977), 0 
(zero) in floodplain areas and water bodies and 1 for roads 
(Bertoni and Lombardi Neto, 2005).

In order to validate the spatialization accuracy of the 
erosion or depositional areas generated by the USPED 
model, 10 points classified as erosional areas, 10 points 
classified as depositional areas and 10 points classified as 
stable areas were selected on the map. The criteria behind 
selecting points was to check all kind of areas represent-
ing the diversity in environments and situations found in 
the field. The samples’ purpose was to test the result gen-
erated when confronting contrast situations of classified 
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Figure 3. Variables generated for the modeling of the sub-basin: (A) Classes of the slope; (B) Contribution area; (C) 
Normalized Difference Vegetation Index (NDVI). System of Coordinates UTM, datum SIRGAS 2000, zone 23S.
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areas as much as possible (abrupt change from one area 
to another), area gradient (gradual change between areas), 
homogeneous classification areas and fragmented areas. 
These points were used to confront the “ground truth”. 
Each point had its coordinates inserted into a Garmin 76 
Csx GPS, which served as a guideline for the location of 
these points in the sub-basin. In the field, each selected 
point was surveyed and characterized as an eroded, depos-
ited or stable area, based on the methodology adapted from 
Santos et al. (2005). The removal of surface and subsur-
face soil parts by the water action was detected by com-
paring the thickness of its surface horizon with another of 
the same type located in the area, in the same slope class, 
but in a portion where the erosive process did not occur. 
Deposition was considered when the soil surface pre-
sented loose and homogeneous particles distinct from the 
superficial horizon located below, without the presence of 
vegetation and, when pertinent, an overlay of the current 
vegetation was present. When the soil did not show ero-
sion or apparent deposition signs, the area was classified 
as stable. The “ground truth” information was inserted and 
analyzed within the Kappa index with 95% confidence 
(Equation 4), where the hypotheses: H0 = null agreement 
and H1 = there is agreement.

Kappa Index = [PO-PC] / [1-PC] (4)

where: 
PO = proportion of units that fully agree; 
PC = proportion of units that agree by chance.

RESULTS AND DISCUSSION

R, K, LS and C factors

The rainfall monthly average ranged from 32 to 253 mm, 
while the average annual rainfall was 1,460 mm. The val-
ues of monthly rainfall erosivity ranged from 52 to 1,652 
MJ mm ha-1 h-1, with an annual average erosivity of 7,001 
MJ mm ha-1 h-1 year-1. These values are considered critical, 
especially in the months of December, January and February. 
The annual average erosivity is classified as high and it is 
close to that verified by Weill et al. (2001) of 7.738 MJ 
mm ha-1 h-1 year-1 for the Mogi Guaçu River basin, corre-
sponding to the values expected for the region, according 
to Santa’anna Neto (1995).

Soil texture is an important factor that influences erod-
ibility since it affects both the detachment process and the 
transport process associated with the erosion process. The soil 
erodibility (K factor) of the sub-basin ranged from 0.015 to 
0.085 Mg ha h ha-1 MJ-1 mm-1 (Figure 4A), being classified 
as low and high, respectively. 

The lowest values of erodibility were observed in the 
areas presenting the Latossolo Vermelho-Amarelo Distrófico 
típico and correspond to the average value for this soil class 
in the State of São Paulo, as reported by Silva and Alvares 
(2005). The erodibility results estimated in this study cor-
respond to those expected for Latossolos, whose low val-
ues are attributed to the variable amounts of iron and alumi-
num oxides which, by favoring aggregation and providing 
greater resistance to dispersion in water, are responsible for 
its good structure. Oxidized soils, even when very clayey, 
present low erodibility due to their good infiltration capac-
ity. The highest values, verified in the Gleissolo area, are 
higher than the average observed in the State but are within 
the range expected for the class (Silva and Alvares, 2005). 
The areas of the basin with greater sand content, south and 
southeast, and higher silt, south and along the north bank 
of the Mogi Guaçu presented greater erodibility values 
(Figure 4A) while areas of low erodibility were associated 
with higher clay and lower sand contents, such as the north 
and northwest areas. It can also be added that fine particles 
(clay) tend to resist peeling, while larger particles (very 
coarse, coarse sand and medium sand) tend to resist trans-
port. The silt and fine sand sizes are the most susceptible 
to both detachment and transport.

In the USPED model, the LS factor represents an inter-
action between the change in transport capacity (slope) and 
flow direction (aspect). The contribution area is, by defini-
tion, the representation of the water flow at a given site or 
grid of cells and is considered in the calculation of the LS 
factor of the model along with the aspect and slope maps 
of the area. The LS factor found was mainly low in a large 
part of the basin, being highest only in the slope and gully 
areas of the Mogi Guaçu River and in the higher elevated 
areas with the hill slope present in the upper middle part 
of the sub-basin, to the beginning of the main drain line 
(Figure 4B).

The C factor derived from NDVI (pixel-a-pixel) enabled 
a more accurate coverage analysis, rather than the establish-
ment of a single C factor per coverage class. C factor val-
ues ranged from 0.10 to 0.68 (Figure 4C) and it was found 
that the variations in coverage density in the different plant 
classes present in the sub-basin were adequately repre-
sented by NDVI, as that’s also observed in the studies by 
Carvalho et al. (2014), when estimating the C factor using 
NDVI for the RUSLE model, and Silva et al. (2013) and 
Silva et al. (2017) for the USLE model. In the analysis of 
the C factor derived from the intensity of the photosynthetic 
activities by the NDVI, it was possible to point out that the 
vegetation with the highest quantity of biomass, identified 
by the darker shades of gray (lower values), are more fre-
quent in the southern part of the sub-basin that is mainly 
occupied by the native FESDA vegetation along the Mogi 
Guaçu River’s margins (Figure 2C). The northern part of 
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Figure 4. Factors of the USPED model: (A) K factor — Erodibility; (B) LS factor — Topography; (C) C factor — Land use 
and coverage. System of Coordinates UTM, datum SIRGAS 2000, zone 23S.
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the area, represented by medium to low-density vegetation 
(lighter shades of gray) corresponds mainly to grasslands 
and planted forests. The higher values of the C factor mark 
the regions of exposed soil regarding the areas undergo-
ing recovery or the degraded grasslands. Therefore, these 
regions are more prone to water erosion. There are still areas 
without vegetation related to roads, which naturally have 
high C factor values.

USPED modeling

The USPED model provides estimates of annual average 
soil loss rates as well as the spatialization of erosion and 
deposition at basin scale from R, K, LS, C and P factors. 
The results found via modeling were classified as according 
to the following classes shown in Table 1: High Erosion; 
Moderate erosion; Low erosion; Very low erosion; Stable 
(erosion and deposition practically absent); Very low deposi-
tion; Low Deposition; Moderate deposition; High Deposition.

The result of the USPED model coupled with the ero-
sion/deposition spatial distribution in the sub-basin as well 
as the points used in the validation process is presented in 
Figure 5. Stable areas, that is, that do not present erosion 
or deposition, represented approximately 60% of the sub-
basin, according to the low-lying relief found in the area. 
Thus, surface runoff tends to be naturally slow to very slow 
in most soils and the infiltration process is facilitated, result-
ing in the stability of much of the basin. The erosion areas 
totaled 23.42% and, to a large extent (19.21%) were clas-
sified as very low erosions. Less than 1% of the total area 
presented losses above the tolerated limit (Table 1).

When the erosion process is observed in comparison to 
the soil classes, it is verified that the Latossolos presented 
a greater area subjected to erosion or deposition, with 
about 26 and 17% of their total area, when compared to the 
Gleissolos, which presented about 19 and 14%, respectively. 
Despite the smaller absolute area affected by erosion in the 
Gleissolos, this class presented proportionally, more than 
twice the areas above the tolerated limit in comparison to 
the Latossolos (Table 1). When comparing the highest val-
ues of erodibility verified for the Gleissolos and the lowest 
values, when compared to the Latossolos, it is verified that 
other factors of the USPED model are interfering in the ero-
sive dynamics of the sub-basin. Since rainfall erosivity is 
the same throughout the area, due to its small size, we can 
see the marked influence of the topography and the veg-
etation cover in the modeling process. Grasslands mainly 
characterize the less dense vegetation that increases the 
susceptibility to erosion in the sub-basin and pine forests, 
as presented in the C factor (Figure 4C).

At the sites of intermediate LS factor (Figure 4B) the 
erosion will occur at a low intensity, whereas very low ones 
correspond to parts of undulated relief (3 to 8% slope) of 

the sub-basin (Figure 3A). The most susceptible areas to 
the erosive process (high and moderate erosion) are sub-
jected to the drainage network flow convergence and/or 
located in regions of greater slope (8 to 20%, undulated 
relief) near the Mogi Guaçu River, represented by the high 
values of the LS factor. In the areas to the northeast of the 
sub-basin, the relief is undulating, and the soil cover is less 
protective (Figure 4C), favoring erosion. In the southern 
part of the sub-basin, where the low LS factor (Figure 4B) 
reflects the predominantly flat relief (0 to 3% slope), there 
is a greater influence of soil class and vegetation cover, cor-
roborating the verification of Aiello et al. (2015) regarding 
the greater relevance of these factors over the others when 
analyzing the USPED in conditions of smooth topography. 
In this sense, the application of the USPED model in rugged 
topography by Sir et al. (2013), showed higher erosion rates 
derived from the combination of the topography associated 
with susceptible soils and intensive agriculture.

On the Mogi Guaçu River’s margins, geomorphologi-
cally related to alluvial terraces and unconsolidated sedi-
ments, the largest erosion is related to the undulating soft 
relief associated with the Latossolo Vermelho-Amarelo 
Distrófico cambissólico adjacent to the river, which is high 
erodibility soil in the region due to cambisolic property 
(Figure 5). As for the Gleissolos of the sub-basin, although 
they present high erodibility (Figure 4A), they are found 
in alluvial deposits that undergo periodic flooding and are 
located in flat areas that cover about 60% of the entire basin 
(463.62 ha) (Figure 3A) and are thus less susceptible to ero-
sion, representing the stable areas (Table 1 and Figure 5).

It is important to highlight the impact of roads in the area, 
which are one of the main causes of erosion and sediment 
sources in sub-basins (Figure 5). In this sense, the results 
estimated by USPED correspond to what was verified in the 
field. The roads are located in the greater slope of the basin 
(Figures 2C and 3A) which, combined with the high rainfall 
erosivity, contributes to the soil losses in these segments. 
The road network of the sub-basin presents an orthogonal 
constructional pattern, where the roads are constructed par-
allel to each other, at symmetrical distances and cut perpen-
dicularly, not considering the characteristics of the relief and 
hydrography. The pattern of construction is simple, with no 
primary coating on the bearing surface and soil conserva-
tion work, making them more susceptible to climatic influ-
ences. In the rainy periods during the months of December, 
January and February, the erosive process is evidenced from 
the action of surface runoff since, with the central belt of 
the road waterproofed due to compaction, the road acts as 
a canal carrying water and sediments. The water accumu-
lates along the roadsides and is directed towards the slope, 
which, in addition to concentrating great destructive force 
and soil drag, impairs recharge in the sub-basin as this water 
can no longer infiltrate, and favors siltation and water source 
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Table 1. Estimation of loss and soil deposition by the USPED model and tolerance of soil loss, in comparison to the total 
surface and sub-basin soil classes.

Classes (Mg ha-1 year-1) % total surface (100%) % Latossolos (63%) % Gleissolos (37%)
High erosion (> 50) 0.02 0.03 0
Moderate erosion (49 to 5) 1.22 1.13 1.39
Low erosion (4.9 to 1) 2.9 3.08 2.80
Very low erosion (0.99 to 0.1) 19.21 21.82 14.
Stable (0.09 erosion to 0.1 deposition) 60.82 5.24 66.90
Very low deposition (0.11 to 1) 11.99 13.09 10.11
Low Deposition (1.1 to 5) 2.45 2.39 2.55
Moderate Deposition (5.1 to 50) 1.31 1.21 1.4
High Deposition (> 50.1) 0.01 0.02 0
Tolerance of soil losses ------------------- %  -------------------
<Tolerance 99.22 99.46 98.81
> Tolerance 0.8 0.54 1.19

Figure 5. Erosion and deposition potential estimated using the USPED model, in the Mogi Guaçu River sub-basin. UTM 
System of Coordinates, SIRGAS 2000 datum, zone 23S.
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Table 2. Kappa index result for validation of USPED model spatialization.

Erosion Deposition Stable General
Kappa Index 0.92 0.850 0.69 0.850
P < 0.001 < 0.001 < 0.001 < 0.001
Confidence Interval (95%) 1 – 0.5 1 – 0.492 1 – 0.412 1 – 0.59

pollution. Due to these reasons, roads require careful man-
agement and permanent conservation.

The depositional areas represented 15.76% of the sub-
basin’s total surface, classified in the very low class in the 
majority (Table 1). Throughout the sub-basin, there is a 
pattern of erosion and deposition sites. In general, these 
sites are adjacent to one another and occur preferably near 
or within the drainage network (Figure 5), also seen in the 
Tamene and Vlek (2008), Seo et al. (2010) and Aiello et al. 
(2015) studies during the application of the USPED model. 
Deposition points in the flat areas south of the basin were 
observed, corroborating the observations of Sir et al. (2013) 
regarding the deposition of sediments in the flat parts of the 
relief in a basin, and not only the bottoms of valleys and 
hillside slopes.

The vegetation cover exerts a noticeable influence on 
the susceptibility to erosion and deposition processes in the 
sub-basin. The FESD present in the areas of undulating soft 
relief (Figures 2C and 3A) is more protective when compared 
to planted forests (Pinus and Eucalyptus) and grasslands in 
areas of the same topography. By protecting the soil against 
erosion degradation, water that could be lost through runoff 
infiltrates the soil and percolates to deeper layers, supplying 
the aquifers. Thus, the native forest contributes in an effective 
way  for the soil to maintain its function as a way of rainwa-
ter entering the hydrographic basin and, consequently, inter-
fering with the local hydrological system. When evaluating 
soil loss in comparison to the use in the Mogi Guaçu River 
basin, Weill et al. (2001) also reported greater erosion in the 
grassland rather than in the native forest.

In the FESDA vegetation areas located on the Mogi Guaçu 
River’s margins, erosion was observed associated with the 
rugged topography and the deposition was favored by litter 
and native forest vegetation. Plant residues in direct contact 
with the soil surface reduce the sediment load in the runoff 
since they act as a network by filtering sediments suspended 
in the runoff. Thus, the riparian forest interferes in the dynam-
ics of surface water in detriment of groundwater and in the 
depositional processes that form the physical environment that 
sustains it. These results are concordant with the one pointed 
out by Lima et al. (2005), which affirms that the soil cover is 
a very active factor in the definition of the recharge potential, 
as well as erosive and depositional behavior of eroded slope 
sediments, as well as soil type, topography, and rainfall, since 
the vegetation cover affects soil attributes, distribution and 
abundance of water in the soil.

The results obtained by the Kappa Index (Table 2) 
revealed that the UPSED model obtained an excellent agree-
ment with the “ground truth” regarding the spatialisation 
question, reaching the general value of 0.85, which accord-
ing to Landis and Koch (1977) is interpreted as a very high 
match between the field data and the model. Only in the 
stable areas, the correlation was below the optimum limit 
of 0.85, yet it is still considered to be good.

The results estimated by USPED in the sub-basin are con-
cordant to those reported by Weill et al. (2001), Boumanns 
et al. (2010) and IPT (2012), which highlight a medium to 
low susceptibility to erosion throughout the sub-basin. In a 
region close to the study area, inserted in the Mogi Guaçu 
River basin, Fushita et al. (2011) also estimated low to 
medium erosion risk. IPT (2012) reported a moderate to high 
sedimentation trend in the study area, including the Mogi 
Guaçu River, overestimating the results observed in the cur-
rent study, where about 60% of the area is stable (with ero-
sion ranging from 0 to 0.09 Mg ha-1 year-1, and deposition 
of 0 to 0.1 Mg ha-1 year-1) and 11.99% presented very low 
deposition (< 1 Mg ha-1 year-1) (Table 1). In the surveys car-
ried out by Weill et al. (2001) and Boumanns et al. (2010) 
using the USLE model, soil losses in the sub-basin region 
occurred predominantly in the range of 14 to 28 Mg ha-1 year-1 
and 0 to 24 Mg ha-1 year-1, respectively. This range indicates 
an overestimation of this model compared to the USPED 
model, which estimated about 20% of the area with losses 
of 0.1 to 0.99 Mg ha-1 year-1, in addition to a large part of 
the sub-basin (60.82%) practically free of losses and depo-
sition (Table 1). We consider the results of the current study 
to be more accurate since the USLE presents the limitation 
of considering an average slope (S factor) and slope length 
(L factor) for the entire basin, so that the direct influence 
of the convergent and divergent flow, that is, of the surface 
runoff, is minimized, making it impossible to determine the 
sources and sinks of the erosion materials and deposition 
areas. The water erosion, as a process directed hydrologi-
cally, must be assessed in terms of runoff and detail (pixel 
by pixel), which is performed by USPED (Kandel et al., 
2004; Warren et al., 2005; Oliveira et al., 2013).

Several studies have demonstrated the ability of USPED 
to estimate realistic rates of soil loss and deposition com-
pared to other models. Warren et al. (2019) found similar 
results such as those observed in this study using, from the 
visual analysis of the erosion and deposition points in field, 
the qualitative validation of the USPED model, achieving 
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90% of hits with the USPED estimation. In addition to the 
potential of this validation type, the cited authors recommend 
the model highlighting its accuracy and simplicity to provide 
information regarding the erosion and deposition locations 
in addition to intensity and distribution, allowing for effec-
tive and punctual actions regarding the soil conservation.

Aiello et al. (2015) and Lazzari et al. (2015), when com-
paring the performance of the USPED model with dam 
siltation data collected in the field, verified that the model 
estimated values very close to those observed, confirming 
its reliability in the quantification of erosion at the basin 
scale. The authors attributed this performance to the pres-
ence of the contribution area as a USPED calculation vari-
able since it reflects the impacts of the divergent and con-
vergent flow. Warren et al. (2005) and Tamene and Vlek 
(2008) also reported a high level of agreement between the 
results estimated by USPED and those collected in the field. 

CONCLUSIONS

60% of the sub-basin’s area was unaffected by considerable 
erosion and deposition, both due to the current arboreal 
vegetation, but also the flat or low-lying relief of the site. 
Thus, the runoff tends to be slow or very slow for most 
soils and the infiltration process is facilitated. The stabil-
ity of the sub-basin in terms of erosion favors the recharge 
of water in the area since the soils present a sandy texture 
and the Latossolos, which comprise most of the sub-basin, 
are deep, thus possessing a high storage capacity of water 
and permeability.

In the rest of the area, erosion points totaled 23.42%, 
largely classified as very low erosion, and less than 1% of 
the total area presented losses above the tolerated limit. 
In these areas, the evolution of the erosive process is favored, 
mainly in greater slopes, by the sandy texture of the soil 
that results in the low aggregation of particles. The areas 
of moderate to high susceptibility to the erosive process are 
those subjected to the convergence of flow of the drainage 
network and occupied mainly by grasslands, Pinus forest, 
and roads. Under the same conditions, but with native for-
est vegetation (FESD), the soil is better protected and the 
water, which could be lost through the surface runoff, infil-
trates and percolates to the deeper layers of the profile, sup-
plying the aquifers. Therefore, the native forest collaborates 
so that the soil maintains its role as means of entry of rain-
water into the river basin and, consequently, interferes with 
the local hydrological system.

There is a pattern of erosion and deposition sites, which 
are adjacent to one another and occur preferably near or within 
the drainage network. The deposition areas accounted for 
15.76% of the sub-basin’s total surface, being classified in 
the very low class for the most part. The deposition of the 

material transported from the slopes in the drainage network 
increases the risk of affecting the water quality and avail-
ability of the water bodies due to the silting.

The validation of the spatialisation obtained by the 
USPED model revealed a very high correspondence between 
the field data and the model. The USPED allowed identify-
ing the preferential paths of the surface runoff in the Mogi 
Guaçu River sub-basin, directly associated with the devel-
opment of the erosive process. It was also possible to see 
how the hydrological cycle, the soils, and the vegetation 
interact with each other. Thus, it was possible to delimit the 
priority areas during conservation intervention, character-
ized by grasslands, Pinus forest and sub-basin roads, located 
mainly in stretches of rugged relief. Assessment, prevention 
and control of the erosion in the sub-basin are key issues 
in order to maintain and ensure adequate soil hydrological 
responses and reduce hydrogeological risk.
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