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ABSTRACT

Accelerated soil erosion is, at present, one of the most widespread environmental problemsin the world. Geographic
Information Systems (GIS) have become an essential tool in soil erosion studies and consequently in the development
of appropriatesoil conservation strategies. Theobjective of thispaper wasto assessthe degree of soil erosion associated
with land cover dynamicsthrough GI S analysis and to validate the modeling with indicators of soil erosion. Universal
Soil Loss Equation (USLE) model, GIS technology and ground-truth dataset (erosion indicators) were employed to
elaborate the soil loss maps for four dates at Sorocaba Municipality (SP, Brazil). It was verified that, although the
predicted soil lossrateisnormally small along the study area, such rateis significantly greater than the soil formation
rate. This shows a non-sustainable situation of soil and land cover management. Unplanned urban expansion seems
be the main driving force that acts in increasing the erosion risk/occurrence along the study area.

Key words. Environmental change, water erosion, USLE, GIS.

MODELAGEM EM ESCALA REGIONAL DAEROSAORELACIONADA COM AEVOLUCAODA
COBERTURA DO SOLO: UM ESTUDO DE CASO NO SUDESTE DO BRASIL

RESUMO

A erosdo acelerada € um dos maiores problemas ambientais ocorrentes em larga escala na atualidade. Por sua vez, Sistemas
de Informagado Geogréfica (SIG) tornou-se umaferramenta essencial em estudos de erosdo e consequientemente no desenvol-
vimento de estratégias apropriadas para a conservagao do solo. O objetivo deste trabalho foi avaliar o grau de erosao do solo
associada com adinamicada coberturado solo através de umaandlise geoespacial e validar amodelagem com indicadores de
erosdo. Utilizou-se a Equagdo Universal de Perdade Solo (EUPS), recursos de SIG e dados de campo (indicadores de eroséo)
parael aborar os mapas de perdade sol o paraquatro datas parao municipio de Sorocaba (SP, Brasil). Verificou-se que, embora
ataxa de perda de solo ao longo da area de estudo é normalmente baixa, esta taxa é expressivamente maior que as taxas de
formagao do solo. I sto mostraumasituacéo ndo sustentével deuso daterra. Expansao urbananao planejadapareceser o principal
agente que proporciona o crescimento da ocorréncialrisco de erosdo ao longo da érea de estudo.

Palavras chave. Alteragao ambiental, erosdo hidrica, EUPS, SIG.

INTRODUCTION

Soil erosion is a geomorphic process that occurs
under many circumstances worldwide. It can be caused
by wind, snowmelt and/or raindrop/runoff actions. It is
anatural phenomenonthat isresponsibleforthemodeling
of the Earth’ s topography through soil loss, sediment
transport and deposition. Conversely, theanthropogenic
erosion is an accelerated form of the natural erosion
process and the soil loss rates are much higher than the
natural rates (Kirkby, 2001).

Land-use and land-cover change are the result of
many interacting processes (Verburg et al., 2002). Land
cover change through timeis closely driven by human
population increase and distribution (L.R.R.B., 2003),
rendering the soil more susceptible to erosion.

The erosion process can be observed and quantified
under variousmethods (Boix-Fayoset al ., 2006). Oneof
the most common is the mathematical approach, where
many mathematical models have been developed. In
general, theaimisto understand and predict the soil loss
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according to environmental conditions, some of them
integrated with GIS technology (Mati et al., 2000).

Inorder tocomplement theGl Swork andvalidatethe
results obtained from the modeling, ground-truth data
iscommonly used, both quantitative and/or qualitative.
Quantitative datais usually obtained from experimental
plots (Jimoh, 2001). On the other hand, qualitative data
are obtained from erosion indicators (Okoba & Sterk,
2006) and can also be used to complement the GI Swork
and modeling.

In Brazil, the erosion processes occur in different
formsandintensitiesduetothebigterritorial dimensions
of thecountry. Rainfall isthemainfactor that initiatesthe
soil erosionprocess(Silva, 2004). Conversely, theanthro-
pogenic influence varies along the country and results
in different forms of soil and land cover management.

TheStateof S&o Pauloisthemost devel opedBrazilian
State and encompasses a great part of the Brazilian
populationand of theGrossNational Product. Inaddition,
Sorocabaisanimportant Brazilian municipality (Seade,
2006). Duetothehighimportancethat theerosionprocess
exerts, at equilibrium, of theecol ogical dynamicsof are-
gion, for SorocabaMunicipality itisconsidered apoorly
investigated phenomenon both in urbanized andinrural
areas.

Hence, the obj ective of this paper wasto investigate
therate of soil lossthat isassociated with land usedyna-
micsin SorocabaMunicipality andtovalidatethe mode-
ling with indicators of erosion.

PROCEDURES

Study Area

Our case study is Sorocaba, located in the Southeas-
tern Brazilian region (S&o Paul o State) (Figure 1). It has
anareaof 456 km?and approximately 532,000inhabitants,
98% of themlivinginurban settlements. Itisanimportant
soci0-economic center, encompassing 1,078 industries
(Seade, 2006) and showing anadvanced urban expansion
(Figurel).

The annual average temperatureis 21.4 °C and the
annua averagerainfall is1,285 mm. Theelevationranges
from500t01,033mabovesea-level. Topography ishighly
variable: inthewestern area, wherethelandisintensively
used for agriculture, therelief isflat or smoothly rolling.
Intheeasternarea, topographyisrallingtohilly. Inthelatter
areathenatural remnant vegetationoccursmorefrequently.
Therearetwo main soil classes: Y ellow-red Alfisolsand
Red Oxisols, both dystrophic (Oliveiraet al., 1999).

[ Area with other uses
[ Urbanization
. Sorocaba River

Meters
5,000

Figure 1. Localization of the study area (not scaled, left) and land use map for Sorocaba Municipality (2003).
Figural. Localizacdo da areade estudo (sem escala, esquerda) e mapa de uso daterrapara o municipio de Sorocaba (2003).
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Land cover maps

Four land cover mapsof thestudy areawerecompiled
by Silva(submitted) using threeL andsat satelliteimages
(1988, 1995 and 2003). Thefourthland cover map wasof
2011 and was compiled through Markov chain model
(Aaviksoo, 1995; Eastman, 2004). Theland cover classes
andthepercentageof occurrenceof eachland cover class
accordingtotheyear arepresentedin Table 1. Theseland
cover maps were used for determination of the C and P
factors layers of the Universal Soil Loss Equation.

The Universal Soil Loss Equation (USLE) was the
mathematical model used for predicting soil loss along
thestudy site(Wischmeier & Smith, 1978). TheUSLEis:

A=RK.L.SCP )

Where: A - rate of soil loss (Mg ha'y?), R - annual
rainfall erosivity (Megaloule mm ha? hr*y?), K - soil
erodibility (Mg hr MegaJoule® mm™), L - slope length,
S- dopesteepness, C- cover management, and P- suppor-
ting practices. The last four factors are dimensionless.

All six parametersof theUSL Ewereseparately inves-
tigated and subsequently integrated through Gl Stechni-
ques(Idrisi - Kilimanjaro version (Eastman, 2004)):

R factor layer —thislayer was elaborated using the
database and digital map of therainfall erosivity for the
Brazilianterritory, extracted fromthedatabaseel aborated
and cited in Silva(2004).

K factor layer —it was generated by using the Sao
Paulo state pedological map (Oliveiraet al., 1999) and
erodibility values according to soil unity. The detailed

erodibility database for soil unities occurring along Séo
Paulo Stateis presented in Silva& Alvares (2005). The
classesOxisol and Ultisol showedK valuesof 0.0162and
0.0425 Mg h MJ* mm, respectively (Silva& Alvares,
2005).

The pedological map used in this study includesthe
class “urbanization”. According to De Kimpe & Morel
(2000), within urban and suburban areas, soils are the
support for diversified anthropocentric activities and
needs: as infrastructure at the soil surface and under-
ground, sourceandsink of raw materials; food production;
recreationd activities (e.g., parks); and memory and cul-
tural heritage (e.g., cemeteries). Asitiscurrently impossi-
bleto check thesail classesoccurring alongtheurbanarea
of Sorocaba, the average vauefor erodibility for thissoil
category was adopted (0.0293 Mg h MJtmm).

L Sfactor layer —a30-mresolution Digital Elevation
Model (DEM) of the study areawas used. The L Sfactor
layer was generated using the DEM and the USLE-2D
software (Van Oost & Govers, 2005). Thevalue of each
cell of thislayer corresponds to the LS factor.

Cfactor layer —digital land cover maps(1988, 1995,
2003 and 2011) were used for checking the land cover
classes(theland cover classeswerethesame). A specific
“C” valuewas attributed to each land cover class, (Mit-
chell & Bubenzer, 1980). Theland cover classesPasture
and Urbanreceived C values=0.01. Thevauefor Rem-
nant Natural V egetation was0.001; 0.1 for Cultures; 1.0
for Bare Soil; 0 for Water Bodies and 0.005 for Other.

Pfactor layer —similarly astheCfactor, thesamefour
land cover maps were used to elaborate the“P” factor
layer and a dataset was a so extracted from Mitchell &
Bubenzer (1980) and Cerri et al. (2001). Thevalue*0.5”
was given to Pasture and Cultural classes since contour

Table 1. Percentage of occurrence of each land cover classfor each analyzed year.
Tabelal. Porcentagem de ocorrénciada cada classe de coberturado solo para cadaano analisado.

Classes 1988 1995 2003 2011
Pasture 54.6 56.1 36.2 28.7
Remnant Natural Vegetation 19.5 18.4 22.1 24.9
Cultures 2.7 2.8 11.3 12.7
Urban 10.7 14.6 18.7 22.1
Bare Soail 11.8 7.5 10.9 10.5
Water Bodies 0.6 0.4 0.8 0.9
Other 0.1 0.1 0.0 0.0

USLE dataset and modelling
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farmingisacommon practice. Fortheremainingland cover
classessupport practicesarenot used. Hence, thePvalue
was1. Suchinformationwasobtainedthroughmanyfield
surveys.

The same C and P values were assumed for each land
coverdassforallandcover maps(1983, 1995,2003and2011).

Oncetheinformationfor each USL Efactor wasdeter-
mined, the respective layers were gathered in order to
generatethe Soil LossExpectativemap (SLE). TheSLE
map was reclassified into five interpretation classes.

Validation of the USLE modelling

Thevalidation of theUSLE applicationand SLE map
for the study area was carried out with soil erosion
indicators, following descriptionsmadein Okoba& Sterk

(2006). These authors presented eleven erosion indi-
catorsthat wereidentified according to their causes, and
which were closely concordant with scientific kno-
wledge. Theoccurrenceof indicators(features) isbriefly
explainedin Table 2, and was surveyed throughfieldin-
cursions. In 100 georreferenced observation points(ran-
domly chosen, where each observation point had appro-
ximately 100 to 200 m?) the presence or nonappearance
of erosion indicators was investigated along the study
areaand compared withthesoil expectationmapthrough
GI S techniques.

RESULTS AND DISCUSSION
Figure2 showsthe Soil L ossExpectationmaps(SLE)
for Sorocaba, expressedin six broad classesand ranging

Table 2. Description of the erosion indicators frequently found along the study area.
Tabela 2. Descri¢ao dosindicadores de eroséo encontrados com freqliénciaao longo da érea de estudo.

Number | Erosion indicator | Brief description

1 Splash pedestals

Describes the created craters by raindrop and protected soil column by stone, root or crop
residues. Commonly found under and outside tree canopies.

2 Sheetwash

Marked by runoff flow path leaving smoothened surface that shows direction of the flow.

3 Rills Continuous or discontinuous channels. Developed after intensive rainfall events, beginning from
a short distance from the ridge-crest or base of a plant; due to the leaf structure that
concentrates canopy-intercepted rainfall.

4 Root exposure Exposure of aerial roots after topsoil is stripped off by runoff and splash effect of raindrop.

Indicates that topsoil has been removed thus weakening crop stability.

5 Sedimentation

Identified by the burying of crops/grass or deposition of “new soil”. Marked by a fertile or
infertile area in a field. Soil material could be dark nutrient-rich or coarse sandy/stony deposit.

6 Broken SWC

Marked by gaps in formally continuous strips/bands of conservation structure. Reveals excessive
runoff that could not be contained by the existing structures.

7 Stoniness Small loose stones lying on the soil surface. Overlaying topsoil and subsoil layers have been
removed by water erosion.

8 Rock outcrops Partly exposed rocks. Indicates that soils are shallow and have been washed off by runoff flow,
exposing tips of underlying parent rock.

9 Gullies Larger than rills and locally distinguished from rills when a 7 year-old child cannot jump across.

10 Red soils

Top-dark soils have been removed by runoff. Strong indicator of severely eroded and unproduc-
tive soils.

11 Loose soils

Soils prone to wind erosion and easily scoured by runoff water. They are neither dark nor red but
have poor water-holding capacity. They do not occupy large areas since they are interspersed
between red and darker soils.

Source: Okoba & Sterk (2006).
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from“null -verylow” riskareas(<10Mg hat yY)to“very  low” for the four erosion maps. This class occurred in
high” risk areas (> 200 Mg ha'y?). AsFigure 2, Table  79.9%o0f the1988 SL Emap,in82.3%of the1995SL Emap,
3asoindicatesthat thepredominant classis“null —very  in76.8% of the 2003 map andin 76.8% of the2011 map.
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Figure2. Soil | ossexpectation mapsfor Sorocaba(vauesinMghay?). Inthelegend, class*“ <10” meansnull/very low soil loss
expectation, “10—15" meanslow, “15—-50" meansmedium, “ 50— 120" meansmedium/ high, “120—200" meanshighand“>
200" meansvery high.

Figura2. Mapas de expectativa de perda de solo para Sorocaba (valoresem Mg ha' a'). Nalegenda, aclasse “<10” significa
expectativenula/ muitobaixa, “10—15" baixa, “ 15—50" média, “50—120" média/ dta, “120—200" altae" > 200" muito alta.
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Table 3. Percentages of occurrence of each SLE class according to the studied

years.

Tabela3. Porcentagens de ocorrénciade cada classe de expectativade perdade

solo conforme 0s anos estudados.

Range of values 1988 1995 2003 2011
<10 79.0 82.3 76.8 76.8

10 to 15 5.3 5.1 4.5 4.2
15 to 50 7.0 6.6 7.5 7.7
50 to 120 1.6 1.2 2.7 2.9
120 to 200 0.8 0.6 1.4 1.4
> 200 6.3 4.2 7.1 7.0

Table4indicatesthat small alterationsinthe percen-
tage of occurrence of each class have occurred in the
investigated period. In general, thetwo classesthat indi-
cate smaller soil loss rates decreased between 1988 and
2011 andthefour classesthat indicatemajor soil lossrates
increased. Thissituationisclosely linked to areaswhere
bare soils/suburban settlements occurred. These areas
were slowly substituted by the “ urban settlement” class
through theyears, causing adecreaseintheerosionrisk.

Similarly asobserved by Sparovek & Schnug (2001)
in PiracicabaCity (Brazil —100 km from the study area)
and Mati et al. (2000), large and uninterrupted areas of
low soil loss values were observed for the land cover
classes* pasture” and“ forest”. Ontheother hand, highest
erosion risk areas were scattered throughout the study
area, with some concentrations occurring in the central

part of the municipality, as also reported by Cerri et al.
(2001) for the PiracicabaRiver Basin.

Sparovek & Schnug (2001) also mentiontheaverage
rateof soil formation (-0.0002m y1) andtheconstant value
adopted for soil density (1,200 kg m®). Taking into
account these values and comparing with soil lossrates
observed in this study, we could suppose that the soil
loss rate in Sorocaba is higher that the average rate of
soil formationin94.2% of theareafor the 1988 SL E map,
93.9%of theareafor 1995, 92.7% of theareafor 2003, and
will be91.8% of theareafor 2011. Considering these set
of valuesasanindicator of environmental sustainability
(Van der Werf & Petit, 2002), we may conclude that,
although the soil loss is predominantly low along the
study area, theland cover and use of Sorocabaisfar from
being sustainable.

Table4. Percentageincreaseor decreasefor each SLE classaccordingtotheconsideredtime

interval.
Tabela4. Percentual deaumento ou diminui¢&o decadaclassedeEPSconformeointervalo
de tempo considerado.
Range of values 1988 - 1995 1995 - 2003 2003 - 2011 1988 - 2011
<10 3.3 -5.5 0.0 -2.2
10 to 15 -0.2 -0.6 -0.3 -1.1
15 to 50 -0.4 0.9 0.2 0.7
50 to 120 -0.4 1.5 0.2 1.3
120 to 200 -0.2 0.8 0.0 0.6
> 200 -2.1 2.9 -0.1 0.7
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Table5 presentsthe occurrenceof erosionindicators
in relation to each SLE map class. Almost all observed
erosionindicator categoriesappear predominantly inthe
SLEclass"<10". Thisshowstheinevitableuncertainties
that exist in the erosion mapping, asalso reported by Lu
etal. (2003) and Oliveiraetal. (2007). Inthestudy carried
outby Oliveiraetal. (2007), theauthorsdid not find high
soil lossexpectativeval uesinthemapping (al so executed
using USLE and GIS). However, in many places they
registered, photographically, the occurrence of erosion
features. They registeredtheoccurrenceof rillsand sedi-
mentation, two of the most common erosion indicators
found in the present study. Here, the occurrence of ero-
sionindicator number 5 (sedimentation) mainly in class
“< 10" was not considered a surprise because in areas
withplanerelief, USLE frequently outputslow val uesof
soil loss, mainly dueto LS factor (most markedly the S
factor — slope) (Desmet & Govers, 1996).

Gullies occurred in three occasions and two of them
are directly associated with the mismanagement of the
runoff generated in the adjacent highway.

Such apparent inconsistency between erosion
mapping and occurrence of erosion indicatorsaong the
study areais probably dueto theresolution of thedigital
material used in this study (30 meters) and, on the other
hand, the mgjority of the erosion indicators occured in
arelatively small area.

Two erosion indicators that successfully showed a
relationshipwith erosionmappingweresediment delivery
ratio in therivers (Silva, 1999; Lu et al., 2003) and

159

evaluation of lossof soil fertility, thelatter especially for
sheet erosion that is normally present in rural areas.

AsdetailedinLRRB (2003), thebasi c stepsto control
erosion and sediment lossarethefollowing: 1. Minimize
boththeareaandtimethat soil isexposed. 2. Managestorm
water moving across a site by reducing its speed and
volume. 3. Install erosionand sediment control measures
earlyinconstruction (keepthemwell maintained). 4. Keep
sediment on site. 5. The seeding activity can reduce
erosion by 90% in areas under human interventions (ur-
banor agricultural). 6. M aximizevegetation establishment
by knowledgeably selecting the appropriate seed, pre-
paring the seedbed, and planting at theright time. Hence,
these the first procedures that should be considered to
avoid problemsof sediment accumulationin streamsand
also avoid flooding and other related hydrological
problems.

CONCLUSIONS

Taking into account the wide spatial diversity and
some limitation in the data (especially for erodibility) it
wasfound that in general the USL E successfully predic-
tedthesoil lossexpectationinthestudy area. Un-planned
urban intensification was considered the most important
driving force that accelerated soil loss. The GIS-USLE
simulations for 1988, 1995 and 2003 revealed similar
general trends - that the erosion risk in most of the city
islow and that areas at high erosion risk are localized.

Table 5. Number of observed erosion indicators in relation to SLE map classes.
Tabela 5. Nimero de indicadores de erosfo observados em relagdo as classes do mapa de expectativa de perda de solo.

E. I <10 10-15 15 - 50 50 - 120 120 - 200 > 200 Totals
1 6 - 1 4 12
2 17 1 - - 5
31 3 33 3 4 - -
6 46 4 3 - -
- - 3 5 10 3
1 - 2 20 6 - -
- - 0 7 21 3
6 1 8 39 8 1
- - - 1 9
- 1 - 1 1 3
10 1 - 1 3
11 3 1 1 6

No E. I. 14 5 2 2 23
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Although these latter areas are scarce compared to the
study area, they have a significant negative impact on
the soil and water quality of the area, and programsto
reduce the erosion risk need to be implemented.
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