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Abstract

Degradation of hydrological conditions can adversely impact water resource quality and quantity. This degradation can
generate social and economic losses, including losses for users outside the basin area. Therefore, studies focusing on surface
runoff and accelerated erosion processes are needed to enable interventions that address degradation-induced challenges.
In the present study, the surface runoff and accelerated erosion potential of the Feijao River basin were presented in charts
at a 1:50,000 scale. The Feijio River basin has an area of 243.16 km? and is used as the main water source for the city of
Sao Carlos, Brazil. Geoenvironmental attributes, such as substrate, climate, relief, soil, water bodies and land cover and
use, were integrated and assessed in a GIS environment, using a multicriteria analysis and weighted sum tool. The results
show that a large part of the area (86.12% of the basin) exhibits a low surface runoff potential and a moderate accelerated
erosion potential. Accelerated erosive processes are triggered by changes in soil cover and have a direct relationship with the
removal of existing vegetation and implementation of anthropogenic activities. In this case, as well as for most of the areas
in southeastern Brazil, extensive grazing followed by sugar cane cultivation was the main driving force of erosion, acting as
trigger for accelerated erosive processes at the water source area.
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Introduction

Reinaldo Lorandi

lorandir @gmail.com There is no terrestrial ecosystem free of human influence.

Approximately one-third to one-half of the surface of the
globe has been transformed by anthropic actions (Vitousek
et al. 1997). Notably, in both developed and developing
countries, production of goods and services has centered
on the exploitation of natural resources without considering
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their regenerative capabilities (Ravenga 2005). This develop-
ment model has led to a decline in natural ecosystem condi-
tions (Rapport and Maffi 2010).

Anthropogenic activities such as cattle grazing, urbani-
zation and industrialization without proper planning and

consideration of technical criteria are activities that most
Paulista “Jilio de Mesquita Filho”, Campus Ilha Solteira, compromise ecosystem services (Millennium Ecosystem
Avenida Brasil, 56, Centro, Tlha Solteira, SP CEP 15385-000, Assessment 2005; Eigenbrod et al. 2009), especially water
Brazil supplies (Montes and Ruiz 2008; WWAP 2015) in wellhead
areas (Costa et al. 2015; Machado et al. 2016).
In terms of soil resources, surface runoff and acceler-
ated erosion processes are probably the main agents of
degradation that result in the greatest economic, social and
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environmental losses (Bayon et al. 2012; Vente et al. 2013;
Vrieling et al. 2014; Reusser et al. 2015).

Globally, it is estimated that 70% of soils are degraded
by physical, chemical and biological factors (FAO 2011). In
the USA, soil erosion represents an estimated annual cost
between US$ 30 billion (Uri and Lewis 1998) and US$ 44
billion (Pimentel et al. 1995). In the UK, this cost is esti-
mated to be £ 90 million (GREAT BRITAIN—Environment
Agency 2002).

Globally, hydric erosion compromises soils, and the
greatest risk factors are found in tropical regions (Morgan
2005). In Brazil, where soil is intensively used for agricul-
tural and livestock activities, it is estimated that approxi-
mately 500 million tons of soil are lost annually (Bertoni
and Lombardi Neto 2012).

Triggering mechanisms for erosive processes are specific
to each location, varying according to existing conditions
that are minor compared to the set of natural conditions
(Lollo and Sena 2013), such as precipitation; rocky sub-
strates; chemical, physical and morphological properties of
soil particles; the density of drainage; features favorable to
artificial storage; vegetation cover; and soil use (Lal 1990;
Valentin et al. 2005; Guerra et al. 2014; Zhou et al. 2016).

According to Bertoni and Lombardi Neto (2012), surface
runoff is generally the most significant agent of transport
when erosion is caused by rain, which is the main trigger
for accelerated erosive processes.

In the headwaters of catchments areas, runoff induces
soil erosion, carrying soil nutrients and agrochemicals, and
accelerates the eutrophication of water bodies (Tundisi and
Matsumura-Tundisi 2010; Galharte et al. 2014). Suspended
soil particles increase turbidity and the cost of water treat-
ment due to the need for filter installations. These sediments
also cause siltation, reducing the flow capacity of the canal
and the useful life of reservoirs (Uri and Lewis 1998).

Internationally, quantitative models for soil erosion are
applied in an indirect manner and are normally utilized as
a diagnostic tool for studying the natural environment and
making land management decisions. Among these methods,
it is worth highlighting parametric models such as USLE
(Wischmeier and Smith 1978) and RUSLE (Renard et al.
1997), conceptual models such as SWAT (Neitsch et al.
2010) and models with a physical base such as PESERA
(Kirkby et al. 2004) and EUROSEN (Morgan et al. 1998).

However, these models have significant limitations in
assessing erosion consequences (Morgan 2005; Boardman
2006; Coulthard et al. 2012; Vente et al. 2013). Most of the
models are limited to laminar erosion studies and do not
represent efficient tools for areas that have a large poten-
tial for accelerated erosive processes to develop. In addi-
tion, most of the models do not take into account slope
morphology variations but adopt rectilinear profiles as the
standard condition. The authors of these studies have also
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highlighted that it is necessary to calibrate these models to
tropical environments, given that most of the models were
projected to simulate erosion that occurs in regions with
temperate climates.

Considering this need for calibration, the present study
assessed surface runoff and accelerated erosion processes in
the Feijao River basin, the main surface water source for the
city of Sao Carlos, SP, by extending the Pejon (1992) meth-
odology proposal that seeks to contribute to territorial plan-
ning for the basin, which would undoubtedly have a positive
impact on water resources upstream of the catchment.

Once natural basin conditions are similar to those of
the large areas of the Parana Basin, most of the informa-
tion obtained in this study will be able to be used in other
peri-urban wellhead areas with equivalent environmental
conditions.

Geoenvironmental characterization
of the study area

The Feijao River basin is located in the peri-urban zone of
Sdo Carlos (225,681 inhabitants) (SEADE 2016) in the cen-
tral region of the state of Sdo Paulo, approximately 230 km
from the city of Sdo Paulo. The basin accounts for approxi-
mately 27% of the water supply to the city of Sdo Carlos
(Costa et al. 2013). The area also provides subterranean
sources of water from 72 wells distributed across the basin
(BRASIL—CPRM 2016).

Residual soils and sediment units result from sandstone,
basalt and diabase weathering, with differentiated geotechni-
cal characteristics such as thickness, texture, mineral com-
position and permeability. Units were defined and mapped
by Nishiyama (1991) (Fig. 1).

In South America, the basin is located in the sub-Andean
Province, laid out on the geotectonic compartmentalization
of Craton Paran4, in the Parana Province (Hasui 2012). The
sedimentary basin of Parana constitutes an upright syncli-
nal complex of intracratonic fossa, with an accumulation of
sedimentary and volcanic rocks (Milani et al. 1998). The
geological characterization (Zuquette 1981; Nishiyama
1991; Perrota et al. 2005) and the geotechnical character-
istics available for soil units (Nishiyama 1991) in the basin
are shown in Table 1.

The drainage network has a sinuous character, and its
extension is approximately 248 km. The watercourses range
from the first order to the fifth order (Strahler 1952), with
137 km of the watercourse being first order, 50.2 km being
second order, 23.3 km being third order, 30.9 km being
fourth order and 6.6 km being fifth order. The drainage pat-
tern is dendritic (Christofoletti 1974).

According to the Koppen climatic classification, the
area is midway between the classification Cwa and Aw,
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Fig. 1 Location and soil types in the Feijao River basin

characterized by a tropical climate with a humid summer
and dry winter and an average temperature above 22 °C
for the hottest month (Tolentino 2007). The climate of the
region is also described as tropical without drought, with a
strong influence from the two tropical and polar atmospheric
oceanic systems, which explain the high rainfall levels and
thermal variations (Mendonga and Danni-Oliveira 2007).
The current vegetation in the basin is highly diverse
due to the climatic and soil conditions and human inter-
ference. The vegetation consists of Cerrado (sparsely
vegetated savanna, small shrubs and wet field), as well as

[ ] sandy I (46.58km%19.16%)

[ ]sandy Il (11.39km%4.68%)

[ ]sandy IV (12.87km%5.29%)

[ ] Mixed (16.22km%6.67%)

[ Lateritic concretions (5.14km%2.13%)
l:l Alluvial sediment (16.16km%6.64%) .

Residuals

[ ]ttaqueri Formation (Sandy)
(19.89km?/8.18%)

[ Serra Geral Formation and
Basic Intrusive (15.06km%6.19%)

[ ] Botucatu Formation

(99.85km?%41.06%)

Sample points <1 Thickness (meters)

semi-deciduous forests, riparian areas and regeneration areas
(Soares et al. 2003).

In the regional geomorphological context, the basin is
located in the provincial basalt cuestas, where degradation
reliefs predominate, in dissected plateaus. The area is made
up of hilly reliefs (declivities of up to 15% and amplitudes
of less than 100 m) and mountainous reliefs (moderate to tall
declivities, above 15%, and local amplitudes of 100-300 m)
(Sdo Paulo, IPT 1981).

In the hilly relief areas, wide hills are the most promi-
nent; there is a dominance of interfluvial areas with an
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Table 1 Lithostratigraphic units and soil types identified in the study area

Units Period Characteristics

Geology

Quaternary Quaternary Represented by broad plains that occur along the valley floor of Feijao River and its tributaries. They
are constituted by alluvial and colluvial sediments of sandy texture due to the contribution of adja-
cent lithologies. The presence of organic matter on superficial layers is common

Itaqueri Formation — Tertiary Composed of non-cemented sandstones, with fine to coarse grain sizes, with clayey and/or silty
matrix, conglomeratic sandstones, argillites and conglomerates. It is represented by post-basaltic
sedimentary coverage settled over the lithologies of Serra Geral and Botucatu Formations. It occu-
pies the summit surfaces on the back of the cuestas, reaching about 60 m in thickness

Serra Geral forma-  Cretaceous It consists of sequences of basaltic lavas spills and diabase dikes and sills, intensely fractured, of

tion and basic
intrusives rocks
Silicified sand-
stones of Botu-
catu Formation

Botucatu Formation

Cretaceous Jurassic

dense appearance and aphanitic texture. It is settled onto the sandstones of Botucatu Formation,
with a maximum thickness of 80 m

They underlie the basalt of Serra Geral Formation. They support vertical escarpments in the form of
Cuestas with topographical differences between 60 and 120 m. According to Paraguassu (1972),
silicification of Botucatu sandstones is a process resulting from precipitation of silica from ground-
water

Mainly constituted by eolian sandstones attributed to deposits in desert environments, with fine to

medium grain size, well-rounded particles and essentially quartz composition (80%), thickness
varies between 20 and 280 m. It presents a large amount of interconnected pores and high capacity
to store and supply water. According to Iritani and Ezaki (2012), it is the main former of Guarani

Aquifer
Soils Thickness Average granulometry (%)* k (cm/s)
(meters) -
Cl Si Fs Ms Cs G

Residuals
Botucatu Formation 2-20 7 5 77 10 1 - 1073-1072
Serra Geral Formation and basic 2-10 36 35 24 4 1 - 1076-1073

ntrusive
Itaqueri Formation (Sandy) 10-20 35 20 38 6 1 - 107-1072
Sediments
Sandy I 10-20 13 4 66 16 1 - 1073-1072
Sandy III 10 38 14 41 7 - -
Sandy IV 10-20 10 4 76 6 3 1
Mixed 10-20 25 2 42 6 25 - 10741072
*#*[ateritic concretions 10 60 10 10 - 20 - -
Alluvial sediment 0-10 Sandy 107421073

*Cl clay; Si silt; Fs fine sand; Ms medium sand; Cs coarse sand; G gravel; K permeability coefficients. Source: Nishiyama (1991)

** According to pedological units (Oliveira and Prado 1985)

area greater than 4 km?2, extensive and flat peaks and
slopes with rectilinear to convex profiles. There are also
low-density drainage and open valleys with narrow interior
alluvial plains. In the moderately hilly area, interfluvial
areas predominate with areas of 1-4 km?, with flattened
tops and slopes with convex to rectilinear profiles. These
areas have low-intensity drainage with open to closed val-
leys with narrow interior alluvial plains.

In the mountainous relief areas, the subclass of rounded
hills, which possess rounded tops that are locally flattened
and gullied slopes with convex to rectilinear profiles, are
dominant. There is local exposure of the rocks as well as
the presence of short local spikes. Drainage is moderately
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dense, with a dendritic and sub-dendritic pattern and
closed valleys.

Materials and method

To organize the digital data bank, primary and secondary
data were utilized (Table 2).

The analytic process involving map algebra in a GIS
environment required the preparation of information stored
in geo-referenced, matrix structures with the same cell
size (10 X 10 m). Cartographic data treatment was car-
ried out using ArcGIS® 10.2.2 software (ESRI 2013). The
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Table 2 Materials utilized

Geoenvironmental attributes Description Source Scale
Geology Geological maps Zuquette (1981), Nishiyama (1991), Geological Institute of 1:50,000
Sao Paulo State (1984)

Soils Cover materials Nishiyama (1991) 1:50,000

Relief Steepness Topography charts (IBGE 1971a, b): 1:50,000
Séo Carlos - SF-23-Y-A-I-1 1:50,000
Corumbatai - SF-23-Y-A-1-2 1:50,000

Slope shape Topodata (INPE 2016)
Hydrography Rivers and artificial reservoir Topography charts (IBGE 1971a, b)

Land cover and land use Vegetation and land use

Climate Average annual rainfall 1986-2015

GeoEye image of 2011 — Resolution 0.5 m (ESRI 2011)
GeoEye satellite images of 2011 -
Resolution 0.5 m (ESRI 2011)

Hidro Web -
(ANA 2016)

Universal Transverse Mercator (UTM) Projection and
the Brazilian geodesic referencing system SIRGAS2000
(IBGE 2005) were used to georeference the information
plans in the 23S Zone (Fig. 2).

Pejon’s methodology (1992) was adopted to map the
potential of surface runoff and accelerated erosion pro-
cesses in the basins. This methodology effectively mirrors
the characteristics, functions and dynamics of regional
physical processes in southeastern Brazil because it
includes a wide range of geosystem components and cali-
bration for different natural conditions.

In this study, to methodologically advance the original
proposal, hydrological parameters of precipitation, slope,
shape and land cover and use were collected and analyzed
to understand the surface runoff and accelerated erosion
processes.

The approach consisted of several steps: (1) surface
runoff chart construction, (2) erodibility index calculation,
(3) inventory of geodynamic processes (rill and gully), (4)
accelerated erosion potential chart production and (5) geo-
dynamic processes representation on surface runoff and
accelerated erosion charts (Fig. 3).

The methodology was developed based on a multicri-
teria analysis using map algebra in a GIS environment.
According to Mclnnes et al. (2016), an analysis of mul-
ticriteria decisions provides a structured, auditable and
transparent process that helps to inform and add rigor to
multiple decisions.

Each geoenvironmental attribute, such as steepness,
slope shape, geology, soils (genesis, texture, thickness,
permeability and erodibility), rainfall, drainage density,
features favorable to superficial storage and land use and
cover, was mapped as a layer in raster format in the data
bank. A weighting was attributed to each attribute, indicat-
ing the degree of influence of the attribute in the processes
of surface runoff and accelerated erosion. The weights were

determined based on the experience and knowledge of a
team of interdisciplinary specialists.

Once the values were attributed to all the classes of the
layers, the thematic maps were integrated using the weighted
sum tool in GIS. Therefore, surface runoff and accelerated
erosion potentials were classified as very low, low, medium,
high and very high based on their occurrence.

Tables 3 and 4 synthesize weighting attribution.

Steepness has a direct influence on the speed of potential
energy transformation to kinetic energy and therefore also on
the speed of the water mass in movement leading to surface
runoff (Florenzano 2008). Therefore, greater weighting was
given to classes with more elevated steepness, given that
the greater the steepness, the greater the speed and conse-
quently, the greater the volume of sediment.

Surface runoff increases from concave to convex forms,
passing through linearity, which presents greater stability
(Guerra and Cunha 2003). In this case, a lower weighting
was attributed to the convergent/concave segments of the
slope, since they were inefficient at removing the sediment,
mainly at the base of the slopes where depositing and infil-
tration of water are favored. On the other hand, the convex
segments of the slope received the greatest weighting, since
they show a greater divergence from the hydrological flow,
contributing to surface runoff and denudation.

The contribution of geological units to surface runoff is
related to the degree of cohesion of the rocks or, more spe-
cifically, the intensity of the connection between the miner-
als that constitute the rocks (Pejon 1992). In this case, a
lower weighting was attributed to sandstone sedimentary
rocks since they are the most porous, and given their essen-
tially quartz composition, they possess less cohesion. On the
other hand, cohesive rocks, such as silicified sandstone of
the Botucatu Formation and basalt, received lower weight-
ings, since they favor the surface runoff of water over the
surface of the earth to the detriment of infiltration.

@ Springer
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Table 3 Schematic model and analytic treatment of the controlling geoenvironmental attributes for surface runoff processes

SURFACE RUNOFF POTENTIAL

VERY LOW | Low ‘ MEDIUM ‘ HIGH VERY HIGH
GEOENVIRONMENTAL
ATTRIBUTES 1 2 3 4 5 6 7 8 9 10
60-84 85-109 110-134 135-159 160-184 185-209 210-234 235-259 260-284 285-312
<2% 2.1t0 5% 5.1to 10% 10.1to 15% 15.1to0 20% 20.1to 30% >30.1%
STEEPNESS “(6) (10) (14) (18) (24) (30) (36)
**H- Convergent Convergent Convergent Planar Planar Planar Divergent Divergent Divergent
SLOPE SHAPE V- Concave Rectilinear Convex Concave Rectilinear Convex Concave Rectilinear Convex
3) (6) (12) (16) (20) (28) (36) (42) (54)
Botl.Jca.tu (pure sangstones attrlbyteq to Itaguen lnon—cemer'\tec.l sands.tones, with silicified Sandstones Serra Geral and
Quaternary deposits in desert environments, with fine to fine to coarse grain sizes, with clayey . .
: . . N : ! of Botucatu Associated Intrusives
GEOLOGY (Sandy texture) medium grain size, well-rounded particles and and/or silty matrix, conglomeratic . " . .
N . - Formation (dikes and sill of the diabase)
(4) essentially Quartz composition) sandstones, argillites and conglomerates)
(20) (30)
(10) (16)
Alluvial Botucatu . Itaqueri Lateritic Serra Geral Formation
GENESIS sediment Formation Sandy IV Sandy | Mixed Formation Sandy Il concretions and Associated Intrusives
and Sandy, clay + Sandy, clay + Medium, clay + Medium, clay + Medium, clay + Medium, Clayey,
" sand silt <15%, silt <15%, silt 215%, silt 215%, silt 215%, clay +silt clay (35 to Clayey, clay (35 to 60%),
= TEXTURE (Z)V fine sand fine sand clay <35%, fine clay <35%, fine clay <35%, fine 215%, 60%), silt (3 silt (20 to 50%)
2 >70% >60% sand >60% sand >40% sand 12to 61% clay <38%, to 6%) (30)
(5) (8) (10 (14) (18) (20) (28)
THICKNESS 20 10 5 2 <1
(meters) (10) (15) (20) (25) (30)
107010 107t0 10 10 to 10 107t010° 10”0 10°
PERMEABILITY
(5) (6) @) (8) (12)
1,414.1t0 1,458.7 1,458.8t0 1,503.3 1,503.4 to 1,547.9
RAINFALL (10) (20) (30)
DRAINAGE DENSITY Less than 2 2to5 More than 5
(watercourse/km) (10) (20) (30)
FEATURES FAVORABLE Lagoon, small depressions Lagoon, small depressions Not present
to SUPERFICIAL (large quantity) (small quantity) p(30)
STORAGE (10) (20)
Arboreal savanna, Past Exposed soil, urbanized area,
Fish farming Semideciduous and Trans;?s:iroen line Country house Citrus Mining Industrial plants, Gas station, roads,
LAND USE and COVER Artificial riparian forest Small rural properties Forestry Sugar cane (15) Railroad Motels, Intermodal terminal,
reservoir Wet field (;; P (10) (13) (20) Horticulture, Pig and poultry farming
(1) (2) (30)
*() weight; ** H horizontal, V vertical
Table 4 Process utilized in the elaboration of the chart for accelerated erosion potential
ACCELERATED EROSION POTENTIAL
- > +
VERY LOW | Low | MEDIUM ‘ HIGH VERY HIGH
GEOENVIRONMENTAL
1 2 3 4 5 6 7 8 9 10
ATTRIBUTES
15-25 26-36 37-47 48-58 59-69 70-80 81-91 92-102 103-113 114-124
SURFACE RUNOFF 1 2 3 4 5 6 7 8 9 10
POTENTIAL *(5) (8) (10) (13) (15) (20) (25) (30) (35) (40)
Non-erodible Erodible
ERODIBILITY
(5) (20)
CIaCI(a3y:\t/osgg"/) cla (?Sarsyﬁo‘y) cla x(iel(tjl::{g‘y cla sandy sandy
" silty(ZOto 50;).’ Si\;t(3 to 67)‘0 ! v <35_5‘y.°' v Clay and silt <30%: Clay and silt <20%:
= TEXTURE Alluvial sediment (1) o . o R Mixed Botucatu Formation
o Serra Geral Formation and Lateritic concretions Itaqueri Formation
« . . . (20) Sandy I, IV
associated basic Intrusives (10) Sandy I (30)
(5) (15)
DEPTH <1 1.1to2 2.1to5 >5
(meters) (5) (10) (20) (30)
*() weight

Physical properties, principally structure, texture and per-
meability, typify the behavior of each soil equally in terms of
relief, rainfall and soil cover and use (Bertoni and Lombardi
Neto 2012). In this case, surface runoff of fine particle soils
with lower permeability coefficients was considered more
favorable.

Due to the slight variation in precipitation across the
area and the fact that there is no totally dry season dur-
ing the year (Mendong¢a and Danni-Oliveira 2007), rainfall
data were divided into three classes with equal intervals.
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Regions showing greater precipitation volumes received
greater weightings.

The number of canals per kilometer is important in
evaluating the runoff process, given that the faster the water
reaches the canals, the greater the surface runoff poten-
tial will be (Pejon 1992). In this study, the basin area was
divided into 58 sub-basins, with the greatest weighting being
attributed to sub-basins that presented 5 or more perennial
canals per linear kilometer, since each slope would be, on
average, 100 m in length. Sub-basins with 2 or fewer canals
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per kilometer received a lower weighting, since the length
of the slope can reach 500 m. Each sub-basin was analyzed
using two transects in perpendicular directions, adopting the
one which presented the highest value.

Vegetation cover plays a role in slowing the impact of
pluvial waters on the soil in terms of increasing infiltration
capacity (Florenzano 2008). In areas with a high density of
vegetation cover, surface runoff and erosion can occur at
lower levels (Guerra and Cunha 2003).

Therefore, anthropogenic activities, which increase
surface runoff and result in areas of exposed soils such as
urbanized areas, highways and agricultural areas that include
citriculture and sugar cane, received greater weighting val-
ues. On the other hand, Cerrado, semi-deciduous forests and
riparian zones received lower weightings, followed by pas-
tures and forestry plantations.

For the calculation of the erodibility index (E,,), which
integrated the potential for accelerated erosion assessment
model, laboratory tests to determine the water absorption
index (S) as well as index of the loss of mass by immer-
sion (P) were carried out, according to the methodology
proposed by Nogami and Villibor (1979), and these indexes
were adapted to regional conditions by Pejon (1992).

A graph of water absorption during time (¢) by unit of
area of the base of the test body (g) was used to calculate
the absorption index (S). The square root of the time of the
test is (\/t). The index S is the coefficient of the right angle,
according to Eq. 1:

q
S=—
Vr )
After the carrying out the water absorption test (S), the
test for the loss of mass by immersion (P) was performed. In
this case, the percentage of dislodged soil (%P) is the ratio
between the dislodged mass and the initial soil mass (Eq. 2):

(m; — my)

i

%P = * 100 2)

where m; is the initial soil mass and mfis the final soil mass.
For the calculation of the erodibility index (Ey,), Eq. 3
was used:

(40 5)

(Ex) = —5 3)

where S means water absorption index and P is the index for
mass lost by immersion.

If E,y < 1, it was considered that the material possessed
high erodibility. If (E40) > 1, the material was classified as
having low erodibility.

The quaternary geodynamic processes were mapped
based on the interpretation of high resolution spatial satellite

images (GeoEye satellite images of 2011, resolution 0.5 m)
and of validation and supervision in loco. Geodynamic pro-
cesses up to 50 cm width and depth were rills. Geodynamic
processes above 50 cm in width and depth were gullies
(SAO PAULO—IPT 1989).

The map with the quaternary geodynamic processes was
superimposed on the surface runoff and accelerated erosion
potential charts to assess the spatial correlation between the
geographic data.

Results and discussion
Erodibility index

Table 5 presents the erodibility index values (E,) of the
soils from the laboratory test.

A total of 22 samples were verified, with 21 samples con-
sidered non-erodible (E,, > 1) and only one sample consid-
ered as erodible (£, < 1). Therefore, the units of soils were
classified as being of low erodibility. It is important to note
that the soils are principally porous, sandy materials, which
come apart easily when in contact with water, explaining
some cases of high indexes of mass loss by immersion (P).

Surface runoff potential

Based on the methodology adopted, the nine hierarchical
levels obtained as results for potential surface runoff are pre-
sented in Fig. 4, combined with 400 localized geodynamic
processes (rills and gullies) mapped in the study area.

The basin did not present a large proportion of areas with
a high potential for surface runoff. Together, classes 2, 3, 4
and 5 made up 89.79% of the area. This significant percent-
age of low to medium surface runoff potential is intrinsically
related to the morpho-structural and lithological character-
istics of the Parana Basin, which is primarily made up of
sandstone rocks covered by soils with a sandy texture in
areas with low steepness.

Additionally, it was verified that the classes of potential
surface runoff varied in the area with outcrops of the same
lithology due to the differences in terms of other geoenvi-
ronmental attributes.

In the area with the Botucatu Formation cover (essen-
tially quartz sandstones that have well-rounded grains and
high porosity and that are very friable) in the form of exten-
sive sedimentary surfaces (Fig. 2), lower indexes of surface
runoff were found (classes 1-4). In these areas, sandy (fine
sand > 60%) and deep (from 10 to 20 m) soils predominated
that also had high permeability coefficients (107°~1072 cm/s)
(Table 1). There was homogeneity in the relief, which is flat
(steepness < 2%) or lightly undulating (steepness < 10%),
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Table 5 Results of the
erodibility test

Erodibility test

Soils Sample Thickness (m) S§* S P(%) P(HE Egy  Eyp®
Residuals
Botucatu Formation 5A 0.4 2.51 3.03 7.2 26.65 13.92 851
5B 0.8 3.56 46.1 3.09
Serra Geral Formation and 11A 1.4 259 248 574 639 1.8 1.58
basic intrusive
11B 1.8 2.37 70.4 1.35
Itaqueri Formation (Sandy) 10A 0.7 2.63 245 49 119 21.66 13.23
10B 1.1 2.26 18.9 4.79
Sediments
Sandy I 1A 2.2 0.24 1.77 10.8 6.08 0.87 32.7
1B 3 1.93 8.7 8.84
4A 0.5 247 3.8 26.29
4B 1 2.45 1 94.79
Sandy III 8A 0.2 194 142 09 1.15 86.32  56.07
8B 0.6 0.9 1.4 25.81
Sandy IV 6A 1.1 3.07 3.07 569 6585 2.16 1.9
6B 2.1 3.06 74.8 1.64
Mixed 2A 0.5 1.78 2.78 5.8 55.55 1234 451
2B 1 342 47.7 2.87
3A 1 3.03 83.6 1.45
3B 1.5 2.9 85.1 1.36
Lateritic concretions 9A 1.4 1.13  1.04 4.4 7.05 10.37  7.16
9B 1.5 0.95 9.7 3.94
Alluvial 7A 0.4 045 043 0.5 0.4 33.32 412
7B 0.4 0.4 0.3 49.07

disposed in elongated interfluvial areas and diverging slopes
(rectilinear and convex).

In terms of geological formation units, land use and land
cover are mainly related to profitable agricultural activities,
such as cattle grazing, forestry plantations, sugar cane and
citrus, as well as areas made up of semi-deciduous and ripar-
ian forests, Cerrado and wet fields. These land uses and land
covers favor infiltration, given that vegetation reduces the
speed of hydraulic flow, thus increasing retention and reduc-
ing flash flooding peaks.

Such a combination of geoecological attributes, observed
in many basins, means that surface runoff in the direction
of the canals is reduced. Therefore, the capacity of capture
and infiltration originating from precipitation is intensified.
In loco, it is found that the lower density of drainage canals
that run through the Botucatu Formation sustain an elevated
capacity for infiltration.

On the other hand, the worst scenario that can occur
due to these residual sandy soils from the Botucatu For-
mation is the total removal of vegetation, leaving the earth
uncovered. Considering the total annual rainfall of the area
(= 1500 mm), the exposed sandy soil (16.57 km?), mainly
in the preparation phase for the cultivation of sugar cane,
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intensifies surface runoff and, consequently, results in accel-
erated erosion. Additionally, exposed sandy soil increases
the risk of water quality deterioration due to surface runoff
and pollutants washing into the drainage network.

Over Botucatu Formation, Quaternary alluvial depos-
its occur in an elongated and at times spread out manner
over the regions at the bottom of the valleys of the main
water courses, constituting the inundation plains of the riv-
ers. These plains (steepness < 2%) are mainly surrounded
by convergent slopes (concave and rectilinear) and were,
throughout the years, covered by sandy sediments due to
the contribution of adjacent geology. Due to such physical
characteristics, these alluvial areas present low surface run-
off potential (classes 1-4), favoring the accumulation and
dispersal of water.

It is necessary to note that, in situ, on these alluvial
plains, a humid zone forms, in which the water presents
itself almost superficially, including during the driest part of
the year. Given this, though the phreatic surface can undergo
variations throughout drought periods, these areas remain
green, being fed under the surface by the slow release of
infiltrated rainwater in topographically more elevated areas.
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Fig.4 Surface runoff potential chart and active accelerated erosive processes representation in the Feijao River basin

In the areas where the Itaqueri Formation (non-
cemented arenite of fine to coarse particles, sandstone con-
glomerates), which occupies the more elevated portions
of the basin on the back of the arenitic-basaltic cuestas

(N-NE), occurs, a predominance of very low to medium
(2-5) surface runoff classes was found. Such an area shows
conditions favorable for infiltration, given that median-tex-
tured, well-developed soils predominate, with a thickness
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on the order of 10 m, steepness less than 15% and perme-
ability coefficients that vary from 107° to 1072 cm/s.

In these summit zones, the presence of numerous springs
can be observed. These springs occur due to rainwater infil-
tration into the soil. The inclined surface of the summit
meets resistance from the rocky bulk, from this point, part
of the water infiltrates the soil, and the other part moves
laterally to the contact area of soil/rock, emerging at lower
altitudes in the emerging forms. Subsequently, first-order
canals are formed, which run along the elevated levels on
the slopes.

In contrast to this scenario, the areas of Itaqueri Forma-
tion located in the extreme NE of the study area, in more
accentuated classes of steepness (> 15%), favored surface
runoff and presented more elevated indexes (classes 5-8).

For the areas where low-permeability rocks (such as the
Serra Geral Formation) and associated basic intrusive rocks
(basalt and diabase dikes and sills) were encountered, higher
values for potential surface runoff were identified, varying
from medium to high (classes 5-9).

In the areas classified as high to very high and therefore
presenting limited conditions for infiltration, it was found
that the soils possessed the lowest permeability coefficients,
reaching 107® cm/s, were thinner (from 2 to 5 m) and had
finer textures (clay between 35 and 60% and silt between 20
and 50%). In these areas, steepness classes greater than 15%
and divergent slope shapes (rectilinear and convex), which
do not favor infiltration, predominate. In terms of land cover
and use, a dominance of sugar cane cultivation followed by
pasture was observed. Such a scenario impacts numerous
accelerated erosive processes such as rills and gullies, con-
centrated in the center north region of the basin.

Surface runoff potential was low to medium (classes 4
and 5) in areas where the silicified sandstone associated
with the Botucatu Formation (flanking escarpments of the
sandstone Cuestas) emerged. Despite being observed in
areas with a steepness above 30%, which also explains the
decrease in thickness of the laid soils (< 2 m), this result was
conditioned mainly by the presence of semi-deciduous for-
ests, which lined the margins of the slopes in topographical
spaces where it is practically impossible for human activity
to occur.

In these areas, the forest played the role of slowing the
impact of the pluvial water mass, resulting in a reduction
in the speed of the flow and in an increase in infiltration
capacity, mainly when the water mass reached the lower
concave continuation of the slopes, occupied by sandy soils
and arranged in the form of colluvial ramps.

A strong spatial correlation was found between the
mapped erosive processes (124 rills and 3 gullies) (Fig. 4)
and the higher classes of potential for surface runoff (classes
from 5 to 8, from medium to high) for the accelerated ero-
sive processes located mainly in the more elevated areas (in
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the NE portion of the studied area). The main factor for this
concentration of accelerated erosive processes in this region
is the degree of steepness (> 15%) and the use of soils for
pastures overlaid on the Itaqueri Formation.

On the other hand, a large quantity of accelerated erosive
processes (251 rills and 15 gullies) were located in areas
with very low to low surface runoff potential (2, 3 and 4) and
interspersed throughout an extensive section in the NE-SW
direction of the basin. In this case, the influence of surface
runoff on erosive potential was not decisive, being more
associated with physical characteristics, such as the weak
degree of cohesion of the Botucatu Formation, as well as
soil use in terms of pastureland and sugar cane.

Accelerated erosion potential

The study area mainly showed a moderate potential for
development of accelerated erosion, based on the extensive
areas with classes 5 and 6 that occupied 86.12% of the basin.
Additionally, the comparison of the accelerated erosion
potential chart with the mapped geodynamic processes (rills
and gullies) showed satisfactory results, with good spatial
correlation, once a significant part of the erosive processes
was concentered in high-potential areas (Fig. 5).

Lower accelerated erosion potential (classes 1 and 2 in
Fig. 5) occurred in areas occupied by the Quaternary allu-
vial deposits, which presented low water absorption (S) and
a low value for loss of mass by immersion, only 0.4% (P).
It is worth noting that the quantity of organic material was
visibly elevated.

In situ, in these areas of wet fields, corridors of herba-
ceous species provide conditions for extensive livestock
activities. According to Trimble and Mendel (1995), such
anthropogenic activities function as a trigger for accelerated
erosive processes, even in situations with a low potential for
surface runoff, due to trampling and the resulting compac-
tion of the soil by the livestock. In these areas, 14 rills were
mapped.

Classes 3 and 4 represent a low potential to develop accel-
erated erosive processes, being associated with areas covered
by native vegetation and clay soils (clay between 35 and
60% and silt between 20 and 50%), derived from lithology
as matrix composed by fine material, as is the case with the
Serra Geral Formation, and correlated as basic intrusive.

In this case, despite the unity of the present non-consoli-
dated materials and the elevated loss of mass by immersion
(PXx = 63.9%), the presence of arboreal vegetation and soils
with fine soil particles hampered the disaggregation and
surface runoff of the soil particles, naturally controlling the
incision of the soils. Given this result, 55 rills and 5 gullies
were mapped in non-forested locations.

The erosion accelerated potential of class 5 is on the
surfaces of summits in the back of the cuestas, where
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Fig.5 Chart of potential for accelerated erosion and Quaternary geodynamic processes spatialized in the Feijao River basin

soils with an average texture are found (clay + silt > 15%,
clay < 35.5%), which are residues from the Itaqueri For-
mation. In the SW part of the region from the basin, there
is an area where clayey/silty soils are found (clay between

35 and 60%, silt between 20 and 50%) from the Serra Geral
Formation and are basic intrusive. In this class, 124 rills
and 7 gullies were mapped, which were mainly associated
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with pastureland, sugar cane and areas of exposed soil
during the preparation phase for sugar cane cultivation.

The regions with greatest potential for accelerated ero-
sion (classes 6 and 7) were mapped along a NW/SE and
NE/SW direction from the study area, where 188 rills and 7
gullies were found. This result is explained by the presence
of sandy textured (< 20% of fine) and thick (> 5 m) soils,
originating from the in situ alteration of the Botucatu For-
mation (primarily quartz sandstone that has well-rounded
grainsand high porosity and that is highly friable). As an
aggravating factor, the overlaid land use and soil covering
are predominately pastureland followed by sugar cane, forest
plantations and exposed soil (preparation for the cultivation
of sugar cane).

Driving forces

Table 6 clarifies the more specific relationships between the
processes of accelerated erosion and the geoenvironmen-
tal attributes. This comparative analysis is important in the
assessment of the current state of the geodynamic processes
in the study area.

Extensive livestock was a direct driving force, acting as
a trigger for accelerated erosive processes in the wellhead
areas and representing 81.2% of the rill processes and 94.7%
of the gully processes.

Despite these forms of incision normally occurring in the
sections of greatest steepness and in minimally altered pro-
files (Bertoni and Lombardi Neto 2012), in the study area,
these forms predominated in steepness from O to 10% in
well-developed soils (between 10 and 20 m thickness) of
elevated permeability (10731072 cm/s).

Many accelerated erosive processes were verified (47.3%
of the rills and 42.1% of the gullies) in the portion of the area
with the highest potential for accelerated erosion, where the
Botucatu Formation emerges. In this case, the geodynamic
processes developed because the silts had a sandy texture
and were extensively used for livestock.

Evidence of more intense concentrated action from ero-
sive processes (32.8% rills and 36.8% gullies) was found
together with the Itaqueri Formation, the region in which
there is a moderate potential for accelerated erosion in NE of
the basin. These processes are conditioned by the sandy tex-
ture of the soil, greater steepness of the land and the greater
potential for surface runoff. It is worth noting that, in this
area, the greatest number of springs and first-order canals
in the basin were observed. In this case, the eroded soils in
the form of particulate material tend to enter these water
bodies, which are very vital to the maintenance of water
quantity and quality of the headwaters of the catchment,
thereby degrading them.

In these cases, both in the outcropping of the Botucatu
Formation and in that of the Itaqueri Formation, it was
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Table 6 Geoenvironmental attributes related to accelerated erosive
process development

Geoenvironmental attributes Geodynamics processes

Gully %

Rill %

Land use and cover

Pasture 309 81.2 18 94.7
Deactivated dump—currently pasture 23 6 1 5.3
Sugar cane 26 6.8
Citrus (Orange) 6 1.6
Forestry 7 1.8
Exposed soil 3 0.8
Urbanized area 5 1.3
Cerrado (arboreal savanna) 2 0.5
Total 381 100% 19 100%
Geological units
Botucatu 180 473 8 42.1
Silicified sandstone of Botucatu Forma- 11 2.9 1 53
tion
Itaqueri 125 328 7 36.8
Serra Geral and basic intrusive 52 13,6 3 15.8
Quaternary 13 34
Total 381 100% 19 100%
Soils
Botucatu Formation 133 349 9 47.3
Serra Geral Formation and basic intru- 24 6.3
sive
Itaqueri Formation (Sandy) 83 218 6 31.6
Sandy I 30 79
Sandy III 3 08
Sandy IV 48 126 3 15.8
Mixed 10 2.6
Lateritic concretions 37 9.7 1 53
Alluvial sediment 13 34
Total 381 100% 19 100%
Thickness
<Ilm 13 34
2m 38 10 5 26.3
5m 17 45
10 m 220 57.7 12 63.2
20 m 93 244 2 10.5
TOTAL 381 100% 19 100%
Steepness
0-2% 98 257 5 26.4
2-5% 52 136 2 10.5
5-10% 74 194 2 10.5
10-15% 54 142 2 10.5
15-20% 51 134 4 21.1
20-30% 30 79 2 10.5
>30% 22 5.8 2 10.5
Total 381 100% 19 100%
Slope shape
Convergent concave 88 231 8 42.1
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Table 6 (continued)

Geoenvironmental attributes Geodynamics processes

Rill % Gully %
Convergent rectilinear 76 19.9
Convergent convex 14 37 1 5.3
Planar concave 34 89 5 26.2
Planar rectilinear 38 10 1 53
Planar convex 11 29 1 53
Divergent concave 31 8.1 1 53
Divergent rectilinear 51 134 2 10.5
Divergent convex 38 10

Total 381 100% 19 100%

verified that accelerated erosive processes are intensified
when pastureland for extensive livestock grazing occupies
the convergent/concave hill segments (23.1% of the rills
and 42.1% of the gullies) and the convergent/rectilinear
(19.9% of the rills) slopes.

The most harmful effects of livestock grazing on the
landscape are well defined by Trimble and Mendel (1995).
According to these authors, livestock is an important agent
for geomorphological change. In the steepest areas of the
land, livestock move upward, exerting significant force
(= 2500 kPa) on the soil, resulting in compaction and
reducing infiltration, further increasing surface runoff and
accelerating erosive processes.

Due to the nature of livestock, they can be present on a
range of lands, even in the areas of wet fields of the basin
in low steepness. In this case, the marginal alluvial depos-
its of the water courses (Quaternary) are susceptible to
developing rills, since they provide access to water sources
for watering the livestock.

Soils with temporary cultivation crops such as sugar
cane are more vulnerable to erosion than soils with peren-
nial or semi-perennial plants (Bertoni and Lombardi Neto
2012). In the cultivation of sugar cane, the intensive use of
heavy agricultural machinery and piping on a large scale
for irrigation leads to compaction and clogging of the soil
pores reducing infiltration, which consequently increases
surface runoff and accelerates erosion, as highlighted by
Dorici et al. (2016).

In the study area, 26 rills (6.8%) were mapped in areas
intended for the cultivation of sugar cane. The predominance
of these processes in areas that did not have soil conserva-
tion management practices, such as contour lines and ter-
racing, was observed. The simple adoption of conservation
practices could reduce surface runoff, which would lead to
a clear reduction in the supply of sediments and effluent into

the Feijdo River. This situation was clearly observed when
comparing sugar cane cultivation in leasing systems and
areas of cultivation on agroindustry properties. We observed
fewer conservation practices being applied in leased sugar
cane cultivation areas than on agroindustry land properties.

Only at the deactivated landfill (Fig. 5) was the occur-
rence of 23 rills recorded (6%), and a gully of large dimen-
sions was reported. In situ, these processes are explained by
land destruction for trash compaction in the past and by the
current land cover and uses being intended for breeding of
buffalo. When moving around, these heavy animals exert
great vertical force on the soil, increasing the development
of accelerated erosive processes.

Territorial planning strategies to positively impact
the hydric resources

In this study, significant recent geodynamic processes were
identified in an area of peri-urban headwaters of a catchment
located in the southeast region of Brazil. It is important for
us to suggest some basic guidelines to reconcile economic
development and the preservation of ecosystem services
provided by the basin, especially in terms of the surface and
subterranean provision of good quality water.

e In the summit areas, where the Itaqueri Formation
occurs, livestock should be prevented from accessing
all sources of the water courses in that area, which are
arranged in the form of an amphitheater, mainly in the
convergent/concave segments, with the aim of avoiding
trampling and compaction and consequently the trigger-
ing of erosive processes.

e [t is necessary to restore the natural vegetation areas in
the interfluves, mainly on the surface of the summit in
the areas where higher surface runoff was found. Thus,
vertical water flow can be intensified, feeding the springs
and aquifers downstream.

e Advocates for the obligatory protection of wet field areas
of up to 10 m in width want these areas to serve as natu-
ral filters that can contain the sedimentation originat-
ing from the more elevated zones, mainly where there is
sugar cane cultivation. It is expected that such measures
will also mitigate the diffuse pollution carried with the
surface runoff.

e There is a need for the creation of priority zoning for the
restoration of degraded areas.

Not following the proposed guidelines may intensify the

development of accelerated erosive processes and lead to
negative consequences for water storage.

@ Springer



160 Page 160f18

Environmental Earth Sciences (2018) 77:160

Conclusions

A large part of the studied area presented a low potential
for surface runoff. In terms of the potential of accelerated
erosion, 86.12% of the basin surface showed a moderate
potential due to the extensive amount of class 5 and 6 areas.

These results were unsurprising and showed that acceler-
ated erosive processes are triggered by changes in the natu-
ral condition of soil cover; that is, there is a direct relation
between the removal of primitive vegetation cover and the
implementation of anthropogenic activities. In this case,
extensive livestock grazing was found to be the main driv-
ing force for accelerated erosive processes, since 81.2% of
the rills and 94.7% of the gullies occurred within livestock
areas. The predominance of the “non-erodible” classification
for the majority of soil samples suggests that soil properties
play a secondary effect, unlike the classical analysis of ero-
sion potential considers.

Sugar cane cultivation is the other important trigger for
the development of erosion processes mainly when sugar
cane cultivation occurs on leasing areas, as agroindustry
does not apply conservationist techniques in these areas
because they are rural properties.

The application of a low-cost, simplified method in this
study showed the possibility of distinguishing areas where
water flow tends to favor erosive processes and areas where
water flow tends to infiltrate, feeding the surface water bod-
ies and providing the replenishment of the hydro-ecological
units in the basin.

The approach used in the present study is capable of
being extended to other wellheads with equivalent natural
conditions in the vast areas of the Brazilian southeast.
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