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Abstract The present study aimed to estimate soil erosion
in Machados County, Brazil. Rainfall erosivity was calcu-
lated using monthly and annual precipitation averages over
a 30-year interval, soil erodibility was obtained with a
granularity-based equation, and topography and land cover
were obtained from DEM data and Sentinel — 2B imagery,
respectively. A GIS interface was used to spatialize param-
eter results and for topography and land cover analysis.
The achieved results allowed surmising that the soil loss
for the study region risk is low, but significant, with a mean
value of 8.11 t/ha year. About a quarter of the total area
presented high soil loss, above 20 t/ha year. The biggest
influential factors were soil erodibility, with a mean value
of 0.028, and land cover, averaging 0.1409. The topo-
graphic factor averaged 3.414 and rain erosivity, found to
be 2747.22 mm/year, is considered low for the region.
Given a lack of conservative practices observed during
field work, the soil stewarship P factor was considered 1
for the assessment. The use of orbital images to obtain C
factor and the expression applied to calculate soil erodibil-
ity provided adequate results. In addition, there is a need
for research to monitor and quantify erosion processes in
Brazilian semiarid, as well as their erosion tolerance.
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Introduction

Soil erosion is the detachment and carriage of its super-
ficial layers by wind, rainfall, or waterways. Frequently
worsened by anthropic actions on soil surface that make
it more vulnerable to natural weathering agents, erosion
is a land degrading process that results from agriculture
and livestock industry since their conceptions. Rainfall
erosion is among the main causes for land degradation
in Brazil and other developing countries (Grepperud
1945, Vieira et al. 2015), averaging 30-40 t/ha year
(Barrow 1991). Removing the first and most fertile soil
layer, water erosion promotes massive economical loss
due to fertilizers costs and degradation of arable lands
results in even bigger environmental and monetary
losses (Bertoni and Lombardi Neto 2012).

Caused by water runoff, sheet erosion is character-
ized by a uniform and diffuse water layer on the soil
surface that causes a progressive and homogenous deg-
radation. Hard to identify and quantify, as it evenly
affects a large area, it is also the most hazardous among
water erosion types. Sheet erosion rate is influenced by
weathering agents, land topography, vegetation cover,
and the soil itself (Blanco and Lal 2010).

Aiming for sustainable land use and exploration,
several models based on land use, geomorphology, veg-
etation, and climate data were developed aiming to
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predict and quantify soil loss and sedimentation trough
sheet erosion, allowing better land management. One
such model is the Universal Soil Loss Equation (USLE),
an empirical model built by Wischmeier and Smith
(1978) from experimental data. The USLE is a widely
used equation prioritizing watershed management but
also applied to larger areas (Griffin et al. 1988; Jain and
Kothyari 2000 and Dickinson and Collins 1998).

Remote sensing data and GIS software may be used
to greatly enhance erosion assessment, providing spe-
cialized results and greater ease for topographic analysis
(Durigon et al. 2014). These tools have been combined
with increasing occurrence (Peng et al. 2011; Durigon
et al. 2014; Moore and Wilson 1992 and Zhang et al.
2009) and most models for topographic parameters or
sheet erosion estimation already apply GIS tools and
utilities.

As land management in Brazil is still largely based on
administrative divisions, a county-based approach was
considered adequate to encourage local efforts.
Machados County is localized in a semiarid region of
Pernambuco state, Brazil, and its main income sources
are banana and sugarcane crops, followed by livestock
industry. With a wavy to mountainous relief and irreg-
ular rainfall patterns, employing soil preservation prac-
tices, which were not observed in field evaluations, is
recommended at least. As soil erosion becomes an in-
creasingly severe problem, it becomes necessary to as-
sess and locate high-risk areas and erosion modelling
shows itself as a way of achieving this. Given the
unavailability of detailed data for several regions al-
ready presenting soil degradation, the use of remote
sensing data was deemed necessary. Given the presented
context, and considering the increasing occurrences of
soil erosion in northeastern Brazil, the present study
aimed to estimate soil erosion in Machados County,
Brazil.

Methodology
Description of study area

Machados is a county located in the semiarid region
from Pernambuco state, in Brazil. Part of the Goiana
River basin, it is within the coordinates 7° 45’ 00.05"/7°
3929.26" south and 35° 32" 52.02"/35° 27" 08.74" west
(Fig. 1). The city has a total area of 54.738 km? and is
77 km afar from the state capital, Recife. Its economy
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revolves mostly around agriculture and cattle farming,
often present on highly steep terrains with little to no
sustainable practices.

The county’s terrain is mostly composed of hills and
valleys with more than half its area above 20% declivity
and heights ranging from 152 to 462 m, and its predom-
inant soils are lixisols. Lixisols and other soils with
medium or fine texture tend to have poor infiltration
rates, increasing water runoff and superficial erosion
(Pimentel et al. 1995; Guerra et al. 2014). Gleysols,
characteristic from water-saturated areas, are also pres-
ent around a major drainage course and represent 5.92%
of the studied area. The soils were classified in accor-
dance with the WRB system (IUSS Working Group
WRB 2015). Soil class distribution can be observed in
Fig. 2.

Situated 72.5 km from the coast, the county is within
the transition from the Atlantic rainforest to Brazilian
semiarid and the local vegetation presents characteristics
from both biomes, although the territory is predominant-
ly used for agriculture and pasture. Precipitations aver-
age on an annual value of 3044 mm per year and are
concentrated between April and August. Despite being
on the transition to a semiarid region, the county does
not suffer from long droughts.

USLE analysis

The potential sheet erosion (P) was determined with the
USLE method, as shown in Eq. 1. To that end, the
factors K, LS, CP, and R were determined as descripted
below, converted to raster format and then used o esti-
mate the potential erosion. All geoprocessing analysis
was done through using QGIS software.

P=R-K-LS-CP (1)

where: E is the laminar soil erosion, in Kg/ha/year, K is
the soil erodibility factor, R is the precipitation erosivity
factor, LS is the declivity and slope lenght factor, and
CP is the land cover and preservation practices factor.

Rain erosivity (R)

Rain erosivity was calculated through Eq. 2 (Bertoni
and Lombardi Neto 2012), using monthly and yearly
mean rainfall values as variables. Given the studied area
size, only one meteorological station was needed for the
data used. The monthly precipitation data was by the
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Fig. 1 Study area localization

APAC 2018, on a 30-year span. The data for the years
2006-2013 was not found; thus, rainfall statistic used
ranges from 1982 to 2006 and from 2013 to 2018.

o\ 12
EI = 67.355 <?> % 0.85 2)

where EI is the monthly average rainfall erosivity, R is
the monthly average precipitation in millimeter, and P is
the annual average precipitation in millimeter.

Soil erodibility (K)

The erodibility factor was estimated using Eq. 3,
by Bouyoucos (1935), which calculates the factor
from soil granulometry. Soil profiles were obtained
from EMBRAPA (Acessed in october 2017). The
five identified profiles were collected, and 3 com-
posite samples extracted from each. Only the su-
perficial layer was analyzed, since it is the most
affected by sheet erosion.

K= ((a+b)/c)/100 (3)

where K is the erodibility factor; a is the sand
content, in %; b is the silt content, in %; and ¢
is the clay content, in %.

Grain size analysis was done on the Soil Physics
laboratory from Universidade Federal Rural de Pernam-
buco, following the method proposed by De Almeida
(2008). Sand fraction was determined through sifting
with 53-nm sieves, after the seized fractions were dried
on a kiln and weighted. The dry sand mass was then
compared with the sample mass. To determine clay
content, the samples were mixed on a solution with
25 mL of CaCOj; and water totaling 250 mL. The
solutions were centrifuged for 16 h at 180 rpm and then
decanted for 24 h, then transferred to a beaker, which
was filled with water up to 940 mL. The clay content
was finally measured with a densimeter. Silt content was
obtained by subtracting the previous values, allowing
calculation of the soil erodibility factor.
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Fig. 2 Soil classes

Topographic factor (LS)

The declivity and slope length factors present on the
original USLE are often combined on a single topo-
graphic factor. In the present study, DEM data was used
to calculate both parameters and integrate them on a
single topographic variable, using the expression de-
signed by Mitasova and Mitas (1999), as follows:

cS \*  /sinSL x 0.01745\ '
LS = (FA . 22.13) 8 ( 0.0896 )

x 1.4 4)
where LS is the topographic factor, FA is the flow
accumulation, and SL is the slope of DEM.

The Digital Elevation Model of the area was provid-
ed by Banco de Dados Geomorfométricos do Brasil
(2018)., with a resolution of 30 m. For the declivity
maps the classification suggested by EMBRAPA
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(1979) was used. The flow accumulation was calculated
using the Multiple Flow Direction approach from Free-
man (1991).

Land cover and conservative practices factor (CP)

During field study on the local, a severe and possibly
absolute lack of soil conservation practices was per-
ceived; thus, the soil preservation factor (P) was consid-
ered one during this estimation, and incorporated in the
C factor. Durigon et al. (2014) employed a number of
TM Landsat 5 images to obtain an association between
Normalized Difference Vegetation Index (NDVI) and C
factor for Atlantic Rainforest regions, resulting in Eq. 5
here used to calculate the land cover factor, as follows:

1-NDVI
C=—F (5)

Sentinel 2B data was used to obtain the Normalized
Difference index, after atmospheric correction using the
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6S (Second Simulation of the Satellite GISnal in the
Solar Spectrum) model (Vermote et al. 1997).

Results and discussion
Rainfall erosivity (R)

Annual precipitations ranged between 20.5 and
1533.2 mm per year, reached respectively in 2006 and
2000, with a mean value of 1046.97 mm/year. Monthly
precipitations varied from 17.45 mm in November to
175.95 mm in June. The mean value for the period was
87.21 mm. The rainfall erosivity value for the study
totalized 2747.22 MJ mm/ha h year. Considered on the
expected range for the Brazilian semiarid, the R factor is
low according to the classification from Oliveira et al.
(2012). Cantalice et al. (2009), after finding R values

from 1500 and 3500 MJ mm/ha h year on a character-
ization in the whole state, classified the erosivity here
determined as average. da Silva (2004) on an assess-
ment of erosivity in Brazilian territory found values
ranging from 200 to 400 MJ mm/ha year in Brazil
Northeastern region.

Availability of rainfall data was considered one of the
main difficulties in the assessment of local erosivity.
Since individual precipitation records were not avail-
able, the relationship between monthly rainfall data and
erosivity described on Eq. 2 was used. As the county
only has a single meteorological station on its proximity,
the erosivity factor was considered a constant in the
USLE. Given the reduced size of the assessed region,
precipitation occurrences may be considered mostly
uniform.

It is worth mentioning that the erosivity is only a
mean value on a given period and, as any other climatic
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Table 1 Declivity classes

Declivity (%) Declivity class Area (km?)  Area (%)

0-3 Plane 0.7688 1.404
3-8 Slightly wavy 4.6288 8.456
8-20 Wavy 19.4337 35.502
2045 Strongly wavy 28.879 52.757
45-75 Mountainous 1.026 1.874
>75 Strongly mountainous  0.0029 0.005

agent, rainfall intensity, and its impact on soil erosion
variates along time. In Machados County, the annual R
values range from 7.92 to 4670.17 MJ mm/ha h year
and, given the nature of the USLE, estimated erosion
changes accordingly. It becomes necessary on any area
risking soil degradation due to rain erosion to adequate
preservation practices to varying precipitation intensi-
ties, rather than an average number.

Soil erodibility (K)

Sand, clay, and silt contents obtained from grain size
analysis on the sampled soils are described in Table 2.
The values found are within the expected for the super-
ficial layer of lixisols and gleysols. The K factors met
range between 0.0209375 and 0.0520625. The average
erodibility for the study area is 0.028. The erosivity map
is shown In Fig. 3.

A limitation of the applied methodology for erod-
ibility assessment is that only the superficial layer is
evaluated. Some soil types, such as lixisols, have
higher clay concentrations on their subsuperficial
layers increasing their water runoff and, consequent-
ly, erosion susceptibility. Soil erodibility was one of
the main responsible for the spatial variation in the
estimated laminar erosion, mainly due to the evalu-
ated rate for the southwestern region almost doubles
the average erodibility.
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Fig. 5 Topographic factor
Topographic factor (LS)

The DEM data analysis on the study area indicates a
strongly wavy relief, with declivities reaching
82.5%. Still, Table 1 allows noticing that the most
relevant declivity classes, wavy and strongly wavy,
make up for more than 85% of the total area.
Examining the table, one can conclude the class
strongly mountainous is almost inexpressive within the
county and, for practical purposes, one can consider

Table 2 Topographic factor

T factor Area (km) Area (%)
0-0.1 0.443112 0.810
0.1-0.5 5.556405 10.151
0.5-1 7.123782 13.014
1-2 8.655451 15.813
2-4 12.66054 23.129
4-8.7 20.29871 37.083

75% as the highest declivity in the region. The slope
map can be observed in Fig. 4.

The topographic factor, obtained through Eq. 4, pre-
sented minimum and maximum values of 0 and 8.668,
respectively. The average value found was 3.414. Given
the higher exponent the expression used gives to slope
steepness, it can be theorized that declivity had the
strongest influence on the topographic factor spatial
variation, reinforced by the correlation between LS
and slope maps. The topographic factor map is shown
in Fig. 5.

Among the limitations of employing DEM data
on slope length and steepness evaluation is the
resolution of the elevation data, 30 m on the
present paper. Despite the accentuated declivity of
the area, the topographic factors found were rather
low, probably caused by lower flow accumulation
values for the region, given its proximity to the
Goiana River Basin limits.

Observing Table 2 allows noticing the LS factor
tends to higher values, with more than 60% of the
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total area belonging to the two highest classes, rela-
tively matching with the declivity classification,
where more than half the county has strongly wavy
or mountainous slopes.

Land cover and conservation practices factor (CP)

The land cover factor, representative of the effects of
vegetation cover on erosion, is visible in Fig. 6. The
lowest results come from hill tops and other highly
steep reliefs still covered by native vegetation, as
well as water-saturated areas with occurrence of
gleysols. Higher soil use factors appear in pasture
grasslands and main drainage canals. Banana farms,
also widely present in the county, showed average C
values in comparison. The maximum and minimum
results found were 0.4114 and 0.000478, respective-
ly; the mean land cover parameter for the area
equaled 0.1409.

Laminar erosion (E)

Once obtained all variables, those were integrated using
Eq. 1. The map resuming the estimated results is in
Fig. 7. With an average value of 8.81 t ha/year,
Machados County can be considered an area with aver-
age risk of soil degradation due to laminar erosion. Both
land use and the topographic factor had the highest
influences on the spatial variation of the results, as one
can conclude from observing Fig. 7. The erosion con-
centrates itself on the south part of the area, where a
combination of highly erodible soil, steep relief, and
perennial agriculture pushed the soil loss to 40 t ha/
year and above. The other two “spots” that concentrate
erosion are also on areas of heavy soil exploration and
undulating landscape. On the other end of the spectrum,
the less erodible regions are also within preserved native
vegetation, which subsides the effects of wavy terrain.
As it may be seen in Table 3, more than half of the
assessed territory has below moderated annual erosion,
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Fig. 7 Sheet erosion

and only 21.55% are considered moderated. The rainfall
erosivity factor, of 2747.22 MJ mm/ha h year, is the
main reason for the small soil losses, compensating for
the elevated topographic and land use indexes. Al-
though the mean results indicate low soil degradation
risks, the areas with higher than average estimated sheet
erosion, surpassing 20% of the total, must be still taken
into consideration, and demand further examinations
and the application of conservationist practices.

Table 3 Sheet erosion classes

Erosion class Erosion (t/ha year)  Area (%)  Area (km)
Extremely low  0-0.5 7.616 4.169
Very low 0.5-1 7.971 4.363
Low 1-5 40.420 22.125
Moderated 5-10 22.441 12.284
High 10-20 14.265 7.808
Very high 20-40 6.043 3.308
Extremely high  >40 1.243 0.681

This study faced several limitations, such as the
lack of specified land use and soil erodibility data,
the low resolution of DEM data, and the landscape
of the analyzed area, which hampered fieldwork.
Laboratorial resources also limited the chosen meth-
odology to soil erodibility determination. No less
important are the limitations of the USLE model
itself, using a mean precipitation erosivity index for
example. Even with its limitations, USLE, GIS, and
remote Sensing are valuable tools on research and
management of land use and its environmental haz-
ards, with growing use on several countries, both on
small and large scales.

Conclusions

The present paper solidifies the use of GIS on erosion
processes modelling, which allows the application of
diverse methodologies on both small and large areas
producing georeferenced and easily comparable results.
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The orbital images and methodology used to estimate
land cover factor proved themselves satisfactory and can
be considered an alternative for regions with insuffi-
ciently accurate or actualized data.

The obtained erosion, averaging 8.81 t/ha year, areas
covered by extremely low, very low, low, moderate,
high, very high, and extremely high erosion potential
zones are 7.616%, 7.971%, 40.420%, 22.441%,
14.265%, 6.043%, and 1.243 %, respectively. Machados
County may be considered as averagely susceptible to
sheet erosion, despite its highly wavy relief. Temporal
variations are not considered by the applied expression,
however, and additional conservative measures are
needed on periods of higher precipitation and on high-
risk classes.

Soil erosion is a rarely considered factor in territorial
management in Brazil. Soil preservation is essential to
any sustainable development goals, and sheet erosion is
one of its biggest threats, making important stimulus and
subsidy for their quantification on both small and large
scales. Posterior evaluations are still needed for erosion
tolerance to obtain a complete portrait of hydric erosion
processes within the region, as well as surveys of con-
servationist practices to adequate cattle farming and
agriculture to Machados environmental needs. The re-
sults here obtained show that soil degradation is a real
risk in northeastern Brazil, corroborating the multiple
erosion cases spread throughout the region and raising
an alert for the urgency of sheet erosion in Brazilian
semiarid.
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