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ABSTRACT

The process of water erosion occurs in watersheds throughout the world and it is strongly affected by anthropogenic
influences. Thus, the knowledge of these processes is extremely necessary for planning of conservation efforts. This study was
performed in an experimental forested watershed in order to predict the average potential annual soil loss by water erosion using the
Universal Soil Loss Equation (USLE) and a Geographic Information System (GIS), and then compared with soil loss tolerance. All
the USLE factors were generated in a distributed approach employing a GIS tool. The layers were multiplied in the GIS framework
in order to predict soil erosion rates. Results showed that the average soil loss was 6.2 Mg ha! yr'!. Relative to soil loss tolerance, 83%
of the area had an erosion rate lesser than the tolerable value. According to soil loss classes, 49% of the watershed had erosion less than
2.5 Mg ha'! yr'. However, about 8.7% of the watershed had erosion rates greater than 15 Mg ha! yr!, being mainly related to
Plinthosol soil class and roads, thus requiring special attention for the improvement of sustainable management practices for such
areas. Eucalyptus cultivation was found to have soil loss greater than Atlantic Forest. Thus, an effort should be made to bring the
erosion rates closer to the native forest. Implementation of the USLE model in a GIS framework was found to be a simple and useful
tool for predicting the spatial variation of soil erosion risk and identifying critical areas for conservation efforts.

Index terms: Forest systems, soil losses, USLE, GIS, coastal plain.

RESUMO

O processo de erosdo hidrica ocorre em todo mundo sendo fortemente afetado por influéncias antropicas. Assim, o conhecimento
desses processos € extremamente necessario para o planejamento de praticas de conservagdo do solo. O estudo foi conduzido em uma
bacia hidrografica experimental florestada com o objetivo de estimar o potencial médio de perdas de solo anuais por erosdo hidrica,
utilizando a Equac@o Universal de Perdas de Solo (EUPS) inserida no Sistema de Informagdo Geografica (SIG), e comparar com a
tolerancia de perdas de solo. Todos os fatores da EUPS foram gerados de forma distribuida utilizando a plataforma SIG. Os mapas foram
multiplicados no ambiente SIG para estimar as taxas de erosdo do solo. Os resultados mostraram que a perda de solo média foi de 6,2 Mg
ha! ano'. Em relagio a tolerancia de perdas de solo, 83% apresentaram taxas de erosdo menores que o valor de tolerancia permitido. Com
relagdo as classes de perdas de solo, 49% da bacia tiveram perdas de solo menores que 2,5 Mg ha! ano™!. Entretanto, cerca de 8,7% da
area da bacia apontaram taxas de erosdo maiores que 15 Mg ha! ano™, estando, principalmente, relacionada a classe de solo Plintossolo
e as estradas, exigindo uma atengdo especial para conduzir um manejo sustentavel nessas areas. O cultivo de eucalipto mostrou perdas
de solo maiores que a Mata Atlantica. Desse modo, um esforco deve ser realizado a fim de aproximar as taxas de erosdo para proximo dos
valores na mata nativa. A implementacdo do modelo EUPS no ambiente SIG mostrou ser uma ferramenta simples e til para predi¢do da
variag@o espacial do risco de erosdo do solo e na identificagdo das areas criticas para focar os esfor¢os de conservagao.

Termo para indexacgdo: Sistemas florestais, perdas de solo, EUPS, SIG, tabuleiros costeiros.
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INTRODUCTION onsite and offsite. Erosion in advanced stages can not only

transport sediments but also remove nutrients, organic

The process of water erosion occurs in watersheds  carbon and agrochemical contaminants to outside the
throughout the world and it is strongly affected by  systems, resulting in a decrease of overall land productivity.
anthropogenic influences. Modification of natural Knowledge about soil erosion processes and the
ecosystems can cause intense environmental degradation,  speed in which soil is eroded is necessary for planning of
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conservation efforts. Modeling is a tool to provide a
quantitative and consistent approach to predict soil loss
and the sediment delivery ratio under a wide range of
conditions (BHATTARAIL; DUTTA, 2007). In addition, it
can be used to evaluate hypotheses and determine the
appropriate soil management and land use for each site
(TUCCI, 1998).

Simple empirical methods, such as the Universal
Soil Loss Equation (USLE) (WISCHMEIER; SMITH, 1978),
have been used for the assessment of soil erosion at the
watershed scale (BHATTARAI; DUTTA, 2007; PANDEY;
CHOWDARY; MAL, 2007; DABRAL; BAITHURI;
PANDY, 2008; BESKOW et al., 2009). The USLE is the
simplest and most widely used model for erosion prediction,
which estimates the long-term annual average rate of
erosion with generally acceptable accuracy. Basically, the
USLE estimates the soil loss per unit area based on the
following factors (WISCHMEIER; SMITH, 1978): rainfall
erosivity (R), soil erodibility (K), topography (LS), cover-
management (C), and support practices (P).

The combination of USLE and a Geographic
Information System (GIS) has been found to be an effective
and suitable approach for estimating the magnitude and
spatial distribution of erosion. USLE model applications in
a GIS framework allow analyzing rapidly soil erosion by
means of an in-depth analysis since this process can
account for spatial variability (PANDEY et al., 2007). Soil
erosion estimates using GIS techniques enable planners
to identify sites which are susceptible to water erosion
and also provides a quantitative measure of soil loss at
different scales (MARTIN; SAHA, 2007).

The main reason for using a GIS is that the erosion
process varies spatially, so that cell sizes should be used
allowing spatial variation to be taken into account (DE
ROO; JETTEN, 1999). The same researchers also reported
that the amount of data necessary for a great amount of
cells is required for an accurate representation of the
watershed. Since it is not practicable to input data manually,
GIS can be used to gather and access databases.

The objective of this study was to evaluate soil
loss risk caused by water erosion in a watershed located at
the Coastal Plain region of Brazil applying the USLE model
coupled with a GIS framework, and then the soil loss will
be compared with the soil loss tolerance. It is expected
that this methodology will provide a useful tool to identify
high risk areas for soil erosion, thus allowing the proposal
of adequate conservation and management practices in
the studied watershed and in similar ones of the Brazilian
Coastal Plain region, which occupy around 100 million
hectares.

MATERIAL AND METHODS
Study Area and Soil Description

The experimental watershed is located in the Fibria
Celulose S.A. area, Aracruz County, Espirito Santo state,
southeastern Brazil, between parallels 19°51° S and 19°53°
S and, between meridians 40°11° W and 40°14° W (Figure
1). According to Koppen classification, the climate of this
region is Aw (tropical with rainy summer and dry winter),
with average annual rainfall equal to 1,400 mm (EMBRAPA,
2000). The watershed has a drainage area of 286 ha,
containing eucalyptus plantations and Atlantic Forest, with
advanced regeneration.
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Figure 1 — Location of the study area and soil map for the
experimental watershed.

The soil classification in the watershed was
performed in accordance with classification recommended
by Embrapa (2006). The watershed includes the following
soil classes, which are the most representative soils of the
Brazilian Coastal Plain, since they represent 100 millions
of hectares of Brazilian Coast: a) dystrocohesive Yellow
Argisol — PA1, b) moderately rocky Yellow Argisol — PA2,
and c) dystrophic Haplic Plinthosol — FX.

Universal Soil Loss Equation (USLE)

The USLE allows an estimate of the long-term annual
average soil loss under specific conditions. This model was
applied in a GIS environment to evaluate the potential soil
loss and its distribution in a forested watershed at the Brazilian
Coastal Plain. The USLE computes soil loss as the product of
six factors (Equation 1) (WISCHMEIER; SMITH, 1978).
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A=RxKxLxSxCxP )

where: A is the average annual soil loss per unit of area
(Mg ha! yr!), R represents the average annual rainfall
erosivity factor (MJ mm ha! h! yr'), K is the soil
erodibility factor (Mg h MJ!' mm™), L corresponds to
the slope length factor (dimensionless), S is the slope
steepness factor (dimensionless), C represents the cover
management factor (dimensionless), and P is the support
practice factor (dimensionless). For the calculation of
soil erosion risk, data sets of rainfall and sediments from
erosion plots were collected from November 1997 to May
2004.

A Geographic Information System (GIS) was
used in order to enable authors to deal with USLE
parameters and predictions spatially distributed. The
details of all factors in Equation (1), which were
represented in a 10-meter-resolution map, are described
below. The data were analyzed with the software
ArcGIS 9.3 (ESRI, 2009).

a) Rainfall erosivity factor (R)

The R factor was calculated by Martins et al. (2010a)
(Figure 2). These authors used data set of rainfall recorded
every 5 minutes from January 1998 to July 2004.
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Figure 2 — Rainfall erosivity index for the studied
watershed (Adapted from MARTINS et al., 2010a).

b) Soil erodibility factor (K)

The K factor for each soil class in the studied
watershed was determined by an earlier study which was
carried out by Martins et al. (2011). The K values used
were 0.007, 0.017, and 0.0004 Mg h MJ!' mm! for PA1, FX,
and PA2, respectively. The K factor map was created with

the aid of GIS tools and derived from the soil map of the
area.

¢) Topographic factor (LS)

In this study, a large number of elevation points
were surveyed throughout the watershed, which allowed
the generation of a 10-m-resolution Digital Elevation
Model (DEM) (Figure 3). In order to characterize soil loss
spatially with a good resolution, homogeneous grid cells
as small as possible are necessary for feeding the database
inputs.
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Figure 3 — Digital Elevation Model (DEM) of the
experimental watershed.
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The DEM was imported to the GIS for developing a
slope map; thereafter, the latter map was classified into
four classes according to Yuksel, Gundogan and Akay
(2008): (i) very gentle to flat (<5%); (i) gentle (5-15%); (iii)
steep (15-30%); and (iv) very steep (>30%) (Figure 4). The
slope length factor (L) and the slope steepness factor (S)
were also generated on a grid cell basis.

The slope length factor (L) is expressed by
equation 2 (RENARD et al., 1997):

L=(1/2213)" @

where: A is the field slope length (m), and m is the slope
length exponent (WISCHMEIER; SMITH, 1978). A grid
size of 10 m was used as field slope length (). Similar
procedure was adopted by several researchers
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(BHATTARAL; DUTTA, 2007; PANDEY; CHOWDARY:
MAL, 2007; DABRAL; BAITHURI; PANDEY, 2008;
BESKOW etal., 2009).
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Figure 4 — Map of slope categories for the experimental
watershed according to classification recommended by
Yuksel, Gundogan and Akay (2008).

The slope-length exponent m is related to the ratio
(B ) of rill to interrill erosion by the following equation 3
(FOSTER; MEYER; ONSTAD, 1977):

m=p/(1+p) 3

Values for theratio B ofrill to interrill erosion were
computed according to the equation 4 proposed by
McCool et al. (1989):

B= (sin6/0.0896)/{3.0~(sin6)0'8+0.56} @

where: @ isthe slope angle (degree).

The slope-steepness factor (S) was evaluated
according to equations 5 and 6 presented in McCool et al.
(1987) for slopes greater than 4 m, which were applied in
several studies (BHATTARAI; DUTTA, 2007; PANDEY;
CHORWDARY; MAL, 2007, DABRAL; BAITHURI,
PANDEY, 2008; BESKOW et al., 2009):

S =10.8-sin6+0.03 for slope <9% ®)

S=16.8-5in0-0.50  for slope >9% ©)

where: S is the slope steepness factor. The combined LS
factor was calculated with the aid of a GIS software by
multiplying L and S factor maps.

d) Cover management and support practice factors
(CP)

In this work, the C factor map was developed based
on values published in the research carried out by Martins
etal. (2010b) with the same land use. No support practices
were considered, so the P factor was set equal to 1.0 for
the entire area. A similar assumption was also adopted by
Beskow et al. (2009).

Soil Loss Tolerance (T)

The T values, reported by Martins et al. (2010b),
were 10, 11 and 5 Mg ha! yr! for the PA1, FX and PA2,
respectively. These values were compared to USLE
predictions using GIS tools to identify areas where land use
and management were appropriate, and to identify areas
that need more attention in order to have soil erosion rates
reduced and to prevent from long-term soil degradation.

RESULTS AND DISCUSSION
USLE Parameters

Annual rainfall erosivityranged from 4,536 to 17,056
MJ mm ha! h' yr! (Figure 2). This great variation in
magnitude indicates that the assessment of the rainfall
erosivity for this watershed was indispensable for providing
areliable R factor estimate. The R factor calculation based
on total rainfall records and/or geographic location can be
useful for Brazilian regions where rainfall intensity values
have not been recorded. Nevertheless, when this type of
information is available, the rainfall erosivity factor should
be estimated with such information.

The greatest R value (17,056 MJ mm ha' h-!' yr!)
was observed in 2004, however, it is important to note
that R value for March/2004 corresponded to 12,540 MJ
mm ha' h'l. It should be mentioned that this monthly
value was greater than the annual values for the other six
years (Figure 2). This can be justified because a hurricane,
the first in modern times, in the South Atlantic Ocean
struck the Brazilian coast in this month (LE COMTE, 2005;
MCTAGGART-COWAN et al., 2006). Although this
hurricane has hit mainly the Santa Catarina state coast, it
caused heavy rainfall events with high intensity in a large
area of the Brazilian coast, including Espirito Santo state.
Because of this unusual extreme event, rainfall erosivity
had values greater than any predictions. The spatial
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distribution of R factor in this study was assumed to be
constant in the entire watershed which has a drainage
area of 286 ha, where a small spatial variability related to
both rainfall and rainfall erosivity is expected. This
procedure was also adopted by Dabral, Baithuri and
Pandey (2008) for a larger watershed with 127,878 hectares
in Northeastern India.

The soil erodibility map was generated using
results from field plots conducted and measured by
Martins et al. (2011). It is worthwhile to point out that the
greater the erodibility value, the lesser the resistance of
the soil to water erosion. Analyzing the K factor map, it
can be noticed that almost all the watershed (92%) can be
considered as having low soil erodibility, with values less
than 0.010 Mg h MJ"' mm, while the remaining part has
moderate soil erodibility (FOSTER et al., 1981).

The LS factor was calculated by Equations (2),
and (5) or (6) taking its spatial variation into account
resulting in values from 0.03 to 6.88 (Figure 5). The spatial
analysis of the LS factor indicated that 65% of the
watershed had a topographic factor less than 1.0, thus
meaning that in a great part of the watershed, LS factors
are not the major responsible for increase the water
erosion risk. In addition, it was also found that a
considerable area (52%) has gradients less than 5% (Figure
3), representing a low risk for soil losses. On the other
hand, the steeper slopes may result in more runoff volume
and energy, thus originating greater water erosion.
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Figure 5 — Topographic factor (LS) map for the studied
watershed.

The watershed analyzed in this study is composed
of only three types of land use, namely native forest —
Atlantic Forest (30%), planted eucalyptus forest (59%) and
forest roads (11%). The C factor map was generated using
results obtained by Martins et al. (2010b). From such study,
the C factor values were 0.297 and 0.017 for the eucalyptus
plantation and the Atlantic Forest (native ecosystem),
respectively.

Spatial Distribution of Soil Loss

The map of long-term annual average soil loss
(Figure 6) was created using Equation (1) and this
calculation was done multiplying the USLE factors by
means of a GIS. The soil loss values calculated ranged
from 2 x 107 t0 983 Mg ha'! yr!, with a weighted average
value equal to 6.2 Mg ha'! yr'. The annual soil loss values
were summarized in Table 1 with adaptation ofthe classes
suggested by Beskow et al. (2009). The qualitative classes
for analysis of soil losses were created by authors of this
work. In Table 1 we can observe that 68.6% of the
watershed area had an erosion rate under “slight/
moderate” category, with annual soil loss less than 5 Mg
ha! yr'!. This can be explained due to the predominance of
low slope gradient (Figure 4) and the soil mineralogy in the
watershed, in which soils have a high kaolinite content
with very low gibbsite and iron-oxide (DUARTE et al., 2000),
favoring blocky structure and increasing cohesion and,
consequently, decreasing soil erosion. In addition, the
greatest part of the watershed (65%) has LS factor less
than 1.0 (Figure 5) and an adequate cover management
(MARTINS et al., 2010b). We can conclude that such factors
contributed to the very low erosion rate, although the
rainfall erosivity factor was considered high according to
Foster etal. (1981).

Theresults indicated that from “high” to “extremely
high” erosion risk occurs in 8.7% of the area (Table 1). The
greatest soil erosion values were found in sites occupied
by forest roads and with high LS values. This kind of
information is extremely valuable since it can be used to
plan the soil and water management in a watershed focusing
on sites with high potential for water erosion. Sediment
delivery control practices, such as sediment basins,
barriers, containment structures, and vegetable drainage
ditches, should be constructed in order to minimize the
movement of sediments, thus reducing the process of
sediment transport. The construction of forest roads
removes natural protection and makes soil movement easier,
thus making these roads more vulnerable to the effect of
rainfall erosivity.
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40°130"W 40°1230"W 40°120"W tolerable values for soil loss, in the order of 10, 11 and 5
- Ligsiors Mg ha! yr! for the PA1, FX and PA2, respectively
(MARTINS etal., 2010b). However, these soil losses were
greater than those for Atlantic Forest. Better management
practices should be considered for the eucalyptus area
such that erosion rate can be brought much closer to the
19°51'30"S1 (1973130 native forest with objective of making it more sustainable.
Table 2 — Soil loss for different uses for the studied
) watershed.
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Figure 6 — Map of soil loss for the studied area.

Table 1 — Classes of soil loss for the studied watershed,
adapted from Beskow et al. (2009), and soil loss class
qualitatively.

i(/)[; ::;SIS ;?t le Aor/f: a Qualitative soil loss class
0.0-25 49.0 Slight
25-5 19.6 Slight/Moderate
5-10 16.3 Moderate
10-15 6.4 Moderate/High
15-25 4.2 High
25-100 3.7 Very High
> 100 0.8 Extremely High

The FX soil (Figure 1), primarily that portion located
on the western of the watershed, presented the greatest
soil loss (Figure 6). During the field work, we observed
that lateral water flow occurred intensively in this soil,
having this fact a direct relation with a greater loss of silt
and clay in suspension, therefore, erosion control practices
should be concentrated for protecting these soils.

Comparing the soil loss estimates for different land
uses in the watershed (Table 2), it was possible to verify
that the natural system — Atlantic Forest, had lower values
of mean and median than the other land uses. Additionally,
a substantial difference for soil loss was found between
Atlantic Forest and forest roads. The eucalyptus land use
presented soil loss values for mean and median lesser than

Most of the area in the studied watershed (83%)
had a soil loss rate less than soil loss tolerance (Figure 7).
However, 48.6 hectares (17%) of the watershed area, where
erosion was greater than soil loss tolerance, needs special
attention for the implementation of soil erosion controls.
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Figure 7 — Spatial distribution map of'soil loss greater and
lesser than tolerable rate for the studied watershed.

CONCLUSIONS

In terms of soil loss classes, 49% of the area is
classified as slight soil loss, with values smaller than
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2.5 Mg ha'! yr'. However, about 8.7% of the watershed
area had soil erosion greater than 15 Mg ha'yr!, being
classified as high soil loss or upper, where conservation
practices need to be implemented to control soil
erosion.

The long-term average annual soil loss for the
studied watershed was 6.2 Mg ha! yr''. About 86% of the
watershed area presented soil erosion rate less than the
tolerable value, indicating generally adequate management
for such areas. Although the long-term average annual
soil loss for eucalyptus was less than the tolerable value,
conservation practices should be employed in order to
decrease erosion rate much closer to the Atlantic Forest to
reduce offsite effects and degradation. In addition, erosion
control practices should be concentrated on the FX soils
and roads.

The implementation of the USLE model in a GIS
environment was found to be a simple and useful tool for
predicting the spatial distribution of soil erosion risk and
identifying critical areas for the studied watershed in the
Coastal Plain of Espirito Santo state, Brazil.
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