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Abstract

Soil erosion is a serious environmental problem that has adversely affected the
world’s food production through the reduction of land productivity and water
availability. The present study estimated annual soil loss rate and its spatial
distribution in the most important Brazil’s agricultural region, the Brazilian
Cerrado, using Revised Soil Loss Equation (RUSLE) model into Geographic
Information System (GIS) framework. For this purpose, the soil erosion an-
nual rate was determined in function of RUSLE model factors: rainfall erosiv-
ity (R), soil erodibility (K), topography (LS), crop management (C) and sup-
porting conservation practice (P). All factors were obtained from literature.
They were processed and integrated into a GIS, resulting in a map of annual
soil loss rate. The methodology applied showed acceptable precision and it
was possible to identify the most susceptible areas to water erosion. The aver-
age estimated rate of soil loss for the entire Cerrado was 12.8 t-ha™'-yr™". Large
part of the Cerrado is under low soil loss zone corresponding to 79.91% of to-
tal surface area, while 15.70%, 3.74%, and 0.66% are under moderate, high,
and very high, respectively. The average estimated rate of soil loss in areas
used for silviculture was 52.1 tha-yr'. In semi-perennial, perennial, and
annual crops cultivation were 29.3, 23.9, and 9.8 t-ha™"-yr™', respectively, while
in the pasture was 13.3 t-ha™.yr™". Except for annual crops, all farm and silvi-
culture areas showed average soil loss ranging from moderate to high rate.
These results suggest that the implementation of more effective management
techniques and conservation practices are necessary for the Cerrado to main-
tain and to improve land productivity by ensuring national and international
food demands.
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1. Introduction

Soil erosion is a serious environmental problem that has adversely affected the
world food production through the reduction of land productivity and water
availability [1]. Erosion is a natural geomorphic process resulting from removal
topsoil by wind and water [2], and it can be influenced by several factors such as
climate variables, slope steepness, soil physical parameters, vegetation and land
use patterns [3]. Moreover, erosion process can be intensified by human inter-
vention through inappropriate land use and land cover changes. In this context,
severe soil erosion has occurred in the world’s major agricultural regions and the
problem has increased as agricultural activities intensified grown in the forest
fringe areas [1].

Agricultural extensification and intensification without taking into account
the bearing capacity of soils have accelerated the erosion processes in some
tropical regions [4]. These areas are particularly important in the global agricul-
tural scenario because world food projections have pointed out tropical regions
as a potential source of farmland expansion to ensure food security to an addi-
tional 2.3 billion people by 2050 [5] [6] [7]. However, many of these regions
have been classified as a hotspot of land degradation due to water erosion
process [8].

Brazil has become the second-largest exporter of agricultural products in the
world, especially due to production expansion into soils of tropical savanna also
known as Cerrado [5]. In 2009-2010, the Cerrado accounted for 70% of Brazil’s
food production [9] including about 95% of cotton, 54% of soybeans, 55% of
meat and 43% of sugarcane produced in Brazil [10] [11]. It is the most impor-
tant country’s agricultural region and has been considered as one of the world’s
great breadbaskets [12]. However, the Cerrado is highly susceptible to water ero-
sion due to the fragility of its landscape and its climatic characteristics [13].
Agricultural expansion may be leading severe arable land erosion causing dif-
ferent environmental problems and loss of biodiversity [8]. Therefore, the evalu-
ation of soil erosion in the Cerrado needs to receive major attention since Brazil
is expected contribute 40% of global food demand by 2050 [14].

However, for a successful erosion assessment inside a fragile landscape it is
essential to have quantitative soil erosion data and its spatial distribution. From
these data, it is possible to design and implement appropriate erosion control
where conservation measures will have a great impact on reduction of soil loss
and water conservation [15]. There are different methods to assess quantitative
soil erosion [16]. Universal Soil Loss Equation (USLE) [17] and Revised Univer-
sal Soil Loss Equation (RUSLE) [18] are the most frequently used. Advantages of
these methods are simplicity, effectiveness of the equations, and success in pre-
dicting long term average annual soil loss with acceptable accuracy [19].

These models were originally used for local conservation planning and their
factors were usually estimated or calculated from field measurements [17].
Quantifying soil loss based on erosion plots cannot provide the spatial distribu-

tion of soil erosion in large and difficult access areas, as in several regions of
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Brazil, due to limitations in terms of cost, representativeness, and reliability of
the results data [20] [21]. However, when assessment of soil erosion is integrated
with a Geographical Information System (GIS) environment is possible to esti-
mate soil erosion and its spatial distribution with a reasonable time, cost, and
labor reduction and to improve accuracy in large areas [20]. This integration has
been widely used, especially in developing countries, such as Brazil, India, and
Turkey [20] [21] [22] [23] [24]. Thus, the main objective of the study is to esti-
mate the spatial distribution of annual soil loss rate using RUSLE model inte-
grated into a GIS, and investigate the relationship between farmland and forestry
uses with soil loss for Brazilian Cerrado, the most important agriculture region
in Brazil. In general, studies estimate annual soil loss rate in small regions [22]
[25] [26]. Here, we present a spatial distribution of annual soil loss rate for the

entire Brazilian Cerrado.

2. Materials and Methods
2.1. Study Area

Brazilian Cerrado (Figure 1) is one of the richest and most diverse tropical sa-
vanna in the world [27] covering approximately 2 million km® of the Brazilian
Central Plateau (24% of the whole area of the country). The region has a mar-
kedly tropical wet and dry seasons with annual precipitation varying from 800 to
1800 mm [28]. The average annual temperature varies from 20°C to 26°C [29].
Predominant soil types in the Cerrado area are Ferralsols (~41%), Arenosols
(~15%), Acrisols (~12%), and Plinthosols (~10%) [30] based on the FAO classi-
fication [31]. The region is relatively flat with low relief and flat to gentle slopes.

[32]. The four main vegetation types are grassland (campo limpo), grassland
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Figure 1. Location of the study area. Brazilian Cerrado encompasses totally or partially
the states of Bahia (BA), Goids (GO), Maranhido (MA), Minas Gerais (MG), Mato Grosso
do Sul (MS), Mato Grosso (MT), Piaui (PI), Parana (PR), Sdo Paulo (SP) and Tocantins
(TO).
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with scattered trees (campo sujo), savannah (cerrado in the strict sense), and
woodland (cerradio) [28] [33]. The Cerrado region is considered as one of the
most important and threatened ecosystems in the world [34] due to agricultural
extensification and corresponds to a land degradation hotspot where large areas
are being affected by erosion process [8]. In addition, the Cerrado region is
home of the Brazil’s new agriculture frontier, commonly called “MATOPIBA”
which is an acronym created from the first two letters of the four Brazilian states:
Maranhdo (MA), Tocantins (TO), Piaui (PI) and Bahia (BA). This region has
been characterized by rapid changes in land cover and land use for pasture and

cropland [35].

2.2. Data Acquisition and Processing

In this study, all input data for the RUSLE model were stored, analyzed, and vi-
sualized within the ArcGIS environment (version 10.3). The GIS database were
georeferenced using World Polyconic projection and SAD 69 (South American
Datum 1969). The full database (vector and raster formats) includes the follow-
ing:

1) Erosivity Map (approximated scale of 1:5,000,000) obtained from [36];

2) Soil Map from EMBRAPA (Brazilian Agriculture Research Corporation) at
the scale 1:5,000,000 [30];

3) Digital Elevation Model (DEM) generated from TOPODATA database
provided by INPE (Brazilian Institute for Space Research) with spatial resolution
of 30 m from SRTM data produced by NASA originally [32];

4) 2010 Land Use and Cover Map produced by IBGE (Brazilian Institute for
Geography and Statistics) at the scale 1:5,000,000 [37]. This map has fourteen
different land use and land cover units, which were reclassified in order to
represent the classes of interest as follows:

a) Agriculture class—agriculture areas, mosaic of agricultural areas with re-
maining forest, mosaic of forest vegetation with agricultural areas, and mosaic of
grassland with agricultural areas;

b) Pasture—planted and managed pastureland (e.g. cattle-ranching);

¢) Silviculture—planted and managed forests with exotic species (e.g. euca-
lyptus, pines);

d) Natural vegetation—includes natural vegetation in different stages of eco-
logical succession (e.g. forest vegetation, grassland, wetland);

e) Others—artificial areas (e.g. urbanized zones, road systems, non-agricul-
tural systems), continental water bodies, coastal water bodies, and uncovered
lands (e.g. rocks outcrops and sand dunes).

The Agriculture unit was split over into three classes aiming to separate agri-
cultural areas from forest vegetation and grassland: annual (grains), semi-pe-
rennial (sugarcane), and perennial (coffee and citrus). For that, Agriculture unit
was multiplied by spatially explicit data of grains [38], sugarcane [39], coffee
[40] and citrus [40]. As a result, it was obtained Annual, Semi-perennial and Pe-

rennial agricultural units while residues were reclassified as Natural vegetation.
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Therefore, the resulting map comprises seven land-use units: Pasture, Natural
vegetation, Forestry, Annual crops, Semi-perennial crops, Perennial crops and
Others.

3. Methods
3.1. RUSLE Model

Estimation of soil loss and its spatial distribution were obtained using RUSLE
model integrated into a GIS. RUSLE is an empirical mathematical model devel-
oped to estimate soil erosion water [18]. The evolution and the improvement
over the USLE lead to the RUSLE computer program. In the same way as its
predecessor, the model does not estimate sediment deposition on the slope [41],
but only establishes an estimate of the average annual soil loss caused by rill and
interril erosion [42]. As a result, the RUSLE model estimates the potential soil
loss rates, which indicate the intensity of the erosion processes. The model is a
product of five factors, according to Equation (1):

A=RxKxLSxCxP (1)
where A is the annual average soil loss per unit of area (t-ha™'-yr™"), Ris the rain-
fall-runoff erosivity factor (MJ-mm-ha™-h~".yr™"), K is the soil erodibility factor
(th-MJ“mm™), LS is the slope length and slope steepness factor (dimension-
less), C is the crop management factor (dimensionless), and P is the erosion
control practice factor (dimensionless). Integrated into a GIS, soil erosion loss
was calculated on a cell-by-cell basis in order to recognize the spatial patterns of
soil loss. Thus, each factor was calculated taking grid cells of 2822 m x 2822 m as
reference and an uniform spatial analysis environment for GIS modeling was es-
tablished [22]. In general, grid cells should be as small as possible to allow ero-
sion to be characterized with a better resolution [22]. However, in this study, we
had to use a 2822 m spatial resolution for all factors considered because no ref-
erences about R-factor was found with better resolution than 2822 m for the
study area. Spatial distribution of soil erosion loss was produced multiplying all
factor layers to produce a final map. The methodological approach followed in
RUSLE has been detailed in the simplified flowchart depicted in Figure 2.

1) Erosivity Map —1{ R Factor |—‘
K Factor I"
L-| P Factor |—’

Semi-perennial Crops RXxKxLS xC xP

] I
4) Land Use Perennial Crops

Annual Soil Loss

Figure 2. Flowchart of the methodology to estimate averaged rate of soil loss and its spa-
tial distribution for Brazilian Cerrado using RUSLE model integrated into a GIS.
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3.2. Rainfall-Runoff Erosivity Factor (R)

Erosivity factor (R) represents the erosive power of precipitation in a given soil,
regolith or other weathered material. Precipitation is the driving force of erosion
and has a direct effect on different phases of the erosional processes including
the detachment of soils particles, the breakdown of aggregates and the transport
of eroded material by runoff. The R-factor is the kinetic energy of raindrops that
fall onto the ground and is affected by rainfall intensity and raindrop size [17].
Figure 3 shows rainfall-runoff erosivity factor map.

3.3. Erodibility Factor (K)

The soil erodibility factor (K) is a property that depends upon two factors; the
first one is the infiltration capacity to resist the detachment and transportation
by rainfall and the second one is the runoff process [43]. Therefore, K values re-
flect the rate of soil loss per rainfall-runnoff erosivity (R) index for a specific soil
[18]. The K-factor varies from zero to one, in which zero refers to soils with less
susceptibility to water erosion while one refers to soils higher susceptible [44].
The K-factor map was produced based on soil map and erodibility values pub-
lished from several studies conducted in different areas of Brazil for the same
soil types. The K values for each soil type of Brazilian Cerrado can be observed
in Table 1.

60°0'0'W
1

R-Factor
. High : 12836.7

-Low : 6604.55

Brazilian Cerrado States
. £\

~

0 250 500
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Figure 3. Rainfall-runoff erosivity factor (R) map of the study area [36]. Brazilian
Cerrado states are: Bahia (BA), Goias (GO), Maranhdo (MA), Minas Gerais (MG), Mato
Grosso do Sul (MS), Mato Grosso (MT), Piaui (PI), Paran4 (PR), Sdio Paulo (SP) and
Tocantins (TO).
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Table 1. Soil classification on the Brazilian Cerrado and soil erodibility (K) values and
their respectives sources.

No. Brazilian Classification ~FAO Classification Area (%) K (th.MJ".mm™)  Source

1 Latosol Ferralsols 40.61 0.010 - 0.028 [25] 1451
[46] [47]

2 Quartzarenic Neosols Arenosols 14.38 0.046 - 0.056 [25] [48]

3 Argisols Acrisols 11.90 0.031 - 0.055 [25[11515]

4 Plinthosols Plintosols 10.21 0.012 - 0.055 [25] [47]

5 Cambisols Cambisols 9.37 0.036 - 0.043 [25[319[;16]

6 Litholic Neosols Leptosols 8.03 0.036 - 0.050 [25] [47]

7 Gleysols Gleysols 1.63 0.001 [47]

8 Planosols Haplics 0.80 0.057 [25]

9 Regolithic Neosols Regosols 0.61 0.050 [47]
10 Chernosols Chernozems 0.58 0.030 [50]
11 FluvicNeosols Fluvisols 0.56 0.046 [47]
12 Luvisols Luvisols 0.40 0.150 [46]
13 Nitosols Nitisols 0.27 0.011 [25]
14 Vertisols Vertisols 0.08 0.040 [51]
15 Organosols Histosols 0.01 0.061 [50]
16 Others® Others 0.56 - -

*Water, rocks, and dunes.

3.4. Topographic Factor (LS)

The topographic factor represents the influence of the relief on the erosion
process [18]. The LS-factor depends on the slope steepness (S) and slope length
(L) factors considering slopes as uniform profiles. In general, soil erosion in-
creases as the slope steepness increases due to increased runoff flow velocity. As
well as, soil erosion increases as slope length increases because of rising accu-
mulation of runoff in down slope [17] [44]. Maximum slope length are seldom
longer than 600 ft or shorter than 15 - 20 ft [52]. Both are obtained from Digital
Elevation Model (DEM) considering different approaches and methods [22]
[53]. This study was based on [53] that calculated L-factor using as reference the

upslope contributing area of each cell according to Equation (2):

(A7) (A)
[P x(22.139)" |

m+1]

= (2)

is the

contributing area at the inlet of grid cell with coordinates (;;) (m®); Dis the grid

where Z;; is the slope length factor for grid cell with coordinates (;;). A

Lj-in

cell size (m); m is a dimensionless exponent that depends on slope steepness ();

x;; is flow direction value for the grid cell with coordinate (;;). The exponent m
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was calculated according to [17] being S'< 1%, m = 0.2; 1% < §< 3%, m = 0.3;
3% < §< 5%, m=0.4; and $> 5%, m = 0.5.
The S factor was calculated based on [54], according to Equations (3) and (4):
S =10.8xsin 8+ 0.03 for slopes < 9% 3)

S =16.8xsin @ —0.50 for slopes > 9% (4)

where 6 is the slope angle (°). Slope steepness was divided into six categories
based on [55] as depicted in Table 2.

3.5. Cover and Management Factor (C)

The cover and management factor (C) represents an integration of several fac-
tors that affect erosion, including vegetative cover, plant litter, soil surface and
land management [17] [18] [52]. This is the second most important factor in
RUSLE, only after topography, since it represents the conditions that can be eas-
ily changed to reduce overland flow and soil erosion [22] [44]. Although treated
as an independent variable in the equation, this factor depends upon other fac-
tors. The C-factor varies from near zero (for a good erosion protection) to one
(for a poor erosion protection) [56]. As mentioned before, in this work was con-
sidered seven land use classes for Brazilian Cerrado: Pasture, Natural vegetation,
Silviculture, Annual crops, Semi-perennial crops, Perennial crops and Others.
The C-factor values extracted from literature and percentage of the area to each

land use are presented in Table 3.

Table 2. Slope steepness categories for Brazilian Cerrado by [55].

Categories (%) Relief Classification Area (%)
0-3 Flat Reliefs 89.98
3-8 Gentle Hillslope 8.88
8-13 Moderate to Gentle Hillslope 0.99
13-20 Strongly Undulating Relief 0.14
20 -45 Mountain with Steep Hillslope 0.01
45 - 100 Ridge Escarpments 0.00

Table 3. Values of the cover management factor (C) for each land use cover class of the
Brazilian Cerrado.

No. Land use Area (%) C Source

1 Pasture 41.20 0.05 [57] [58]
2 Natural Vegetation 47.84 0.01 [59]
3 Silviculture 0.92 0.30 [60]
4 Annual crops 6.73 0.08 [61]
5 Semi-perennial crops 1.72 0.31 [62]
6 Perennial crops 0.43 0.11 [63]
7 Others 1.16 0.00 -

%%
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3.6. Supporting Practice Factor (P)

The effect of erosion control practice (P) represents the relationship between soil
loss with a specific support practice and the corresponding loss with up-down
slope cultivation [64]. P-factor varies according to soil conservation practices
and, thus, it has a strong influence on soil loss [22]. Practices characterized by P
include strip-cropping and terraces and are not applicable to most forested re-
gion. Since the soil conservation practices for each system cannot be known for
entire Brazilian Cerrado, where about 880,000 km* are occupied by farmlands,
the values for P-factor were determined according to [65] that calculated this
factor based on slope angle (a). Thus, the P was 0.6 for 0 < a < 5%, 0.69947 —
0.08991 a + 0.01184 & — 0.00035 a’ for 5% < a < 20% and 1.0 for a > 20%.

4. Results and Discussion

The spatial distribution of all RUSLE’s factor (K, C, LS and P) can be observed in
the Figures 4-7, respectively. The variety of soil types produced a large spatial
variability (Figure 4) where 56.35% of total area has K-factor higher than 0.03
th-MJ.mm™ (Table 1). These results indicates that more than half of the soils
in the Cerrado show high susceptibility to water erosion [22]. Arenosols, Acri-
sols, Plintosols, Cambisols and Leptosols represent soils with higher potential for
erosion with large amount of particles (sand and silt) that are easily detached

and carried away. One the other hand, soils with low susceptibility comprises
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Figure 4. Soil erodibility factor (K) map of the study area. Brazilian Cerrado states are:
Bahia (BA), Goids (GO), Maranhido (MA), Minas Gerais (MG), Mato Grosso do Sul (MS),
Mato Grosso (MT), Piaui (PI), Parana (PR), Sdo Paulo (SP) and Tocantins (TO).
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Figure 5. Soil topographic factor (LS) map of the study area. Brazilian Cerrado states are:
Bahia (BA), Goids (GO), Maranhido (MA), Minas Gerais (MG), Mato Grosso do Sul (MS),
Mato Grosso (MT), Piaui (PI), Parand (PR), Sdo Paulo (SP) and Tocantins (TO).
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Figure 7. Soil supporting practice factor (P) map of the study area. Brazilian Cerrado
states are: Bahia (BA), Goids (GO), Maranhdo (MA), Minas Gerais (MG), Mato Grosso
do Sul (MS), Mato Grosso (MT), Piaui (PI), Parana (PR), Sdo Paulo (SP) and Tocantins
(TO).

43.09% of total area. These soils are represented by Ferralsols, Gleysols, Cher-
nosols and Nitisols which have lower erodibility due to higher relative content of
clay and organic matter. Despite of large spatial variability of K-factor, it is
possible to observe where the more susceptible areas to very rate erosion are
concentrated. They comprise the Maranhdo (MA), Piaui (PI), Bahia (BA) and
part of Tocantins (TO) states (Figure 3). The soil erosion fragility in these parts
of Cerrado shows how important are the effective land management practices.
This is a very important point because the Brazilian’s largest changes in land-use
and land-cover have been occurring exactly in this region (MATOPIBA) where
soils prone to higher erosion rates are predominant.

LS-factor is very important in RUSLE since the topography affects the runoff
characteristics and sediment transport [64]. The Table 4 presents the area dis-
tribution of each LS-factor intervals. About 93% of total area of Cerrado has a LS
values above 5, which refers to moderate vulnerability to water erosion [22],
while only 2.69% of its total area has LS-factor greater than 10, indicating high
vulnerability to water erosion [22]. Figure 5 shows spatial distribution of
LS-factor; the highest values are concentrated in regions with undulating and
strongly undulating topography where runoff flow velocity are higher, especially
in the Goids (GO), Minas Gerais (MG), and Mato Grosso (MT) states.

The C-factor corresponding to Crop/Vegetation and Management Factor
ranged from 0.001 to 0.3066 (Figure 6). As mentioned before, values closer to
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Table 4. Categories of topographic factor (LS) for the Brazilian Cerrado.

No. Categories Area (%)
1 0-1 69.73
2 1-2 13.14
3 2-5 10.49
4 5-10 3.95
5 10 - 15 1.21
6 >15 1.48

zero are indicates of very good protected soils; in contrast, values closer to one
indicate very poor protection [53]. The highest C-factor values (~0.30) for Bra-
zilian Cerrado were associated to semi-perennial crops and silviculture. These
systems are located especially in the states of Sdo Paulo (SP), Minas Gerais
(MG), Mato Grosso do Sul (MS) and Goias (GO) (Figure 6). Areas with C-fac-
tor of 0.10 are also found in Minas Gerais and Sdo Paulo occupied by perennial
crops. In general, conventional tillage, with plowing and disking, is adopted in
most of agricultural systems in Brazil, which favors the erosion processes [66]. In
many silviculture systems, conventional tillage also is employed [60]. In addi-
tion, depending on the silviculture development phase, soil cover varies from
zero to ninety percent. C-factor values of 0.90 are attributed to planting phase
(0% of cover soil), 0.28 to intermediate phase (60% of cover soil), and 0.05 to fi-
nal phase (90% of cover soil) [67]. Taking into account that silviculture devel-
opment phase cannot be known for the entire Brazilian Cerrado area, we
adopted C-factor of 0.30. Annual crops have a lower C-factor value (0.08) be-
cause more than 50% of its area is managed using conservation tillage practices,
which significantly decreases soil losses [68]. With regard to pasture, it was es-
timated, from experimental data, C-factor values of 0.061 and 0.007 for highly
degraded and not degraded pastures respectively for Cerrado [57]. Considering
that approximately 80% of pasture in Cerrado has already some degree of de-
gradation [58], we adopted a C-factor value of 0.05 for all pasture area. Vast
areas with C-factor between 0.08 and 0.05 are located in practically all states
covered by the Cerrado (Figure 6). Natural vegetation has the lowest C-factor
values indicating very good soil protection; most of these lands are in the
MATOPIBA region which is situated in North of Cerrado biome.

The P-factor varies according to soil conservation practices. In this study
P-factor was based on slope values to define conservation practices and the val-
ues varied from 0.6 to 1 (Figure 7). Values closer to 0.6 indicates most efficient
conservation practices, while values closer to 1 indicates less appropriate con-
servation practices. In general, P-factor was closer to 1 in most steep areas (un-
dulating and strongly undulating relief).

Revised Universal Soil Loss Equation was originally used for estimating aver-
age annual soil loss based on sample plot data [17] [20]. However, RUSLE and

GIS integration allowed quantifying soil loss rates in a spatially explicit approach
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producing interpretative maps and a final map of average annual soil loss for
Brazilian Cerrado, based on 2010 land-use map. The use of GIS allowed manag-
ing and analyzing data from different formats, qualities, projections and spatial
resolutions. However, uncertainties about data sources can be introduced in soil
erosion estimates, and combined with low resolution dataset, can make difficult
to get better erosion estimates. A 2822 m-resolution was used to calculate all
RUSLE factors, which may underestimate the values of these parameters. There-
fore, data with better resolutions would be preferable if were available. Unfortu-
nately in Brazil, high resolution R-factor for large areas are scarce; this type of
resolution is only available in smaller areas.

In summary, this study provides a potential estimate of soil loss in the Brazil-
ian Cerrado based on the combination of RUSLE and GIS, and these results can
provide support to establish environmental conservation plan where crop farms
and silviculture operations may become active agents of soil erosion.

In general, the average estimated rate of soil loss for the Cerrado was 12.8
t-ha™'.yr™!, which may be considered as moderate soil loss [69]. The values esti-
mated in our analyses are consistent with those observed by [26], who estimated
average rate of soil loss rate of 12.5 t-ha™.yr™' for a watershed with different land
uses (crops, pasture, and natural vegetation) within the Cerrado region. Figure 8
shows the Map of Average Soil Loss, considering 2010 as reference year, which
identifies the most vulnerable areas to high rates of soil erosion. These areas oc-
cur mainly in Sdo Paulo (SP), Minas Gerais (MG), Goias (GO), Mato Grosso do
Sul (MS) and Mato Grosso (MT) states. As expected, the areas with very high
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Figure 8. Map of average soil loss in 2010 of the study area. Brazilian Cerrado states are:
Bahia (BA), Goids (GO), Maranhio (MA), Minas Gerais (MG), Mato Grosso do Sul (MS),
Mato Grosso (MT), Piaui (PI), Parana (PR), Sdo Paulo (SP) and Tocantins (TO).
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annual soil loss (> 50 t-ha™-yr™'") are concentrated in regions with steep slopes
and some regions with predominance of pasture, crops, and forestry.

Table 5 shows the spatial distribution of different erosion classes. The major
part of the Cerradois formed by soils with reduced erosion loss zone covering
large areas (47.84%). It is especially associated with natural vegetation, which
provides good soil protection, and low LS-factor (69.73%) related to flat and
gently undulating relief. Respectively, 15.7% and 3.74% of Cerrado area can be
considered as under moderate soil loss zone and high soil loss zone. The latter
one are in areas where steeper slopes occur. In addition, it can be observed a sig-
nificant soil loss associated with farm and silviculture land. The most critical
land use and land covers units are silviculture and semi-perennial and perennial
crops, that combined with the practice of conventional tillage allowed soils with
very high losses. In quantitative terms, the average soil loss rate was 52.1, 29.3,
23.9 tha™'.yr' for forestry, semi-perennial, and perennial crops, respectively.
The lowest values were obtained for annual crops with 9.8 t-ha™"-yr™' mainly due
to no tillage practice, followed by pasture with 13.3 t-ha™'.yr™". The Table 6
shows comparative soil loss values obtained from this study and other studies
performed in the different regions in Brazilian Cerrado. Soil loss values variation
can be attributed to methodological differences with regard to how the models
factor were obtained and the difference between C-factor adopted for each cate-

gory of land use.

Table 5. Interval of the soil losses estimated for Brazilian Cerrado in 2010, according to
[69].

Soil loss zone Soil loss interval (t-ha™'-yr™) Area (%)

0-25 52.74
Low 25-5 14.93
5-10 12.24
10-15 5.48
Moderate 15-20 3.25
20 - 50 6.97
50 - 100 2.60

High
100 - 200 1.14
Very high 200 0.66

Table 6. Comparative soil loss values from this study and other studies performed in the
Brazilian Cerrado regions.

Land use Soil loss from this Soil loss from other
study (tha™yr™) studies (t-ha-yr™")
Forestry 52.1 30.7 [70]
Semi-perennial crops 29.3 30.0 [71]
Perennial crops 23.9 9.3 [70]
Pasture 13.3 11.2 [70]
Annual crops 9.8 2.5[72]
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These results can guide regional planning for soil conservation and environ-
mental management, as well as, in the selection of control practices that are the
best suit to each land use systems. With the exception of annual crops areas, all
farm areas and silviculture land showed average soil loss ranging from moderate
to high values. Moreover, agricultural expansion at expenses of natural vegeta-
tion and agricultural intensification towards soils more fragile can lead to the
increase of soil erosion loss in the Brazilian Cerrado significantly over time,
since large part of the soils are highly susceptive to erosion. This is most promi-
nent in the North region corresponding to MATOPIBA where deforestation
rates have been very high and soil are highly sandy and with high erosion poten-
tial [73].

5. Conclusions

The methodology applied for estimating annual soil loss and its spatial distribu-
tion (RUSLE integrated into GIS framework) in the Brazilian Cerrado, showed a
good precision and it was possible to identify the most susceptible areas to water
erosion. It provides support to define recovery and conservation plans where
agriculture and silviculture may become agents of soil erosion. Despite the good
results obtained, a spatial resolution of 2822 meters used in this study can unde-
restimates soil loss particularly in areas where gully erosions is dominant. Un-
fortunately input data with better resolutions are not available for large areas in
the Brazilian territory particularly related to the soil erosivity.

The average estimated rate of soil loss was moderate with 12.8 t-ha™.yr™' con-
sidering the total Cerrado area. Areas most vulnerable to erosion are especially
in steeper slope areas combined with pasture, crops, and silviculture land uses.
Large part of the total Cerrado area is under low soil loss zone which corres-
ponds to 79.91%, while 15.70%, 3.74%, and 0.66% are under moderate, high, and
very high soil loss zones, respectively.

The average estimated rate of soil loss in areas with silviculture operation was
52.1 tha-yr". In areas with predominance of semi-perennial, perennial, and
annual crops cultivation the values obtained were 29.3, 23.9, and 9.8 t-ha™'.yr/,
respectively, while in the pasture was 13.3 tha™'-yr™". Except for annual crops, all
farm and silviculture areas showed average soil loss ranging from moderate to
high rate. Therefore, good crop management practices in regions with fragile
soils, such as no-tillage, terrace, green fertilizers, and avoid removing the litter
layer of the soil cover, are important factors to reduce soil loss process in the
Brazilian Cerrado and to maintain and to improve land productivity by ensuring

national and international food demands.
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