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ABSTRACT

This study was undertaken in a 1566 ha drainage basin situated in an area with cuesta relief in the state of Sdo
Paulo, Brazil. The objectives were: 1) to map the maximum potential soil water retention capacity, and 2) to si-
mulate the depth of surface runoff in each geographical position of the area based on a typical rainfall event. The
database required for the development of this research was generated in the environment of the geographical
information system ArcInfo v.10.1. Undeformed soil samples were collected at 69 points. The ordinary kriging
method was used in the interpolation of the values of soil density and maximum potential soil water retention
capacity. The spherical model allowed for better adjustment of the semivariograms corresponding to the two soil
attributes for the depth of 0 to 20 cm, while the Gaussian model enabled a better fit of the spatial behavior of the
two variables for the depth of 20 to 40 cm. The simulation of the spatial distribution revealed a gradual increase
in the depth of surface runoff for the rainfall event taken as example (25 mm) from the reverse to the peripheral
depression of the cuesta (from west to east). There is a positive aspect observed in the gradient, since the sites of
highest declivity, especially those at the front of the cuesta, are closer to the western boundary of the watershed
where the lowest depths of runoff occur. This behavior, in conjunction with certain values of erodibility and de-
pending on the land use and cover, can help mitigate the soil erosion processes in these areas.
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1. Introduction

Among the descriptive and interpretative aspects of an
environmental diagnosis, it is important to include an
understanding of how the land and natural resources are
used, considering degradations, threats, and an estimate
of the fragility or vulnerability for the development of
human activities [1].

Water erosion assessment, which is part of the diagno-
sis of environmental problems, is highly relevant since
inadequate land use can accelerate naturally occurring
erosion and deposition processes, leading to modifica-
tions in soil conservation, water production and quality,
and environmental changes in certain locations of a drai-
nage basin [2]. Various approaches and equations for risk
assessment or predictive evaluation of soil erosion by
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water are available in the literature. These approaches
include the Universal Soil Loss Equation—USLE [3,4]
and its derivatives Revised Universal Soil Loss Equa-
tion—RUSLE [5,6] and Modified Universal Soil Loss
Equation—MUSLE [7].

The environment associated with cuesta relief areas in
the state of S8o Paulo, Brazil, is extremely fragile and
subject to different forms of negative impacts, including
soil erosion [2]. Under these conditions, in studies de-
veloped in drainage basins, it is important to estimate
sediment yield from a rainfall event or set of events. This
estimation can be performed using the MUSLE model.

The curve number method of the USDA Natural Re-
sources Conservation Service is often used to calculate
surface runoff [8-13], which is one of the variables of the
MUSLE. By designing the MUSLE as a distributed
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model, and considering investigations of small water-
sheds located in cuesta regions in Brazil, surface runoff
can be quantified based on an approach that is closer to
local reality, rather than on tabulated values related to the
curve number method. The maximum potential soil water
retention capacity is then mapped based on undeformed
soil samples and geostatistical analyses. In this regard,
the objectives of this study were: 1) to map the maximum
potential soil water retention capacity of the soil in a
drainage basin, and 2) to simulate the depth of runoff at
each geographical position in the study area, based on a
typical rainfall event. The database required for the de-
velopment of this research was generated in the GIS en-
vironment of Arcinfo v.10.1.

2. Material and Methods
2.1. Study Area

The 1566 ha drainage basin (Figure 1) is located be-
tween the latitudes 22°47'49"S and 22°50'51"S and lon-
gitudes 48°22'51"W and 48°25'35"W, in the municipality
of Botucatu, state of S&o Paulo, Brazil. It comprises: 1) a
small area at the reverse of the cuesta (beginning of the
Eastern S8o Paulo Plateau), with altitudes of 710 to 810
m; 2) the front of the cuesta (a sandstone and basaltic
escarpment with its derived soils); and 3) a peripheral
depression segment with altitudes of 465 to 600 m, com-
prising an area of sandstone and alluvial sediments en-
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compassing the Capivara River wetlands. The soils of the
basin’s flat wetlands are Dystric Fluvisols, Mollic Gley-
sols and Dystric Gleysols. Toward the front of the cuesta
but still within the peripheral depression are numerous
gently undulating acclivities (2% to 20% slopes) with
Albic Arenosols, Acrylic Ferralsols, Rhodic Ferralsols,
Chromic Luvisols, Dystric Nitosols and Haplic Cher-
nozems. The front of the basaltic cuesta contains Litho-
sols on 20% to 40% slopes [2].

The climate has two distinct seasons, one hot and rainy
(September to March) and the other dry and cold (April
to August). The native vegetation, which loses its leaves
partially in the dry cold season, is classified as Seasonal
Semideciduous Forest, with fragments of altered forest
that have undergone various levels of anthropic distur-
bance. Fragments of natural vegetation, a transition of
forest to forested savanna and gallery forest are also pre-
sent. The land is used mainly as pasture. Small areas
comprise planted forests and cultivated farmland [2].

2.2. Collection of Undeformed Soil Samples

Undeformed soil samples were collected at 69 points in
the drainage basin (Figure 2). The soil sampling points
were chosen from a regular 500 x 500 m grid allocated in
the area. The volume of the rings used in the soil extrac-
tion corresponded to 100 cm®. The samples were col-
lected at two depths: 0 - 20 cm and 20 - 40 cm.
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Figure 1. Digital elevation model of the drainage basin under study.
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Figure 2. Collection points of undeformed soil samples located on an aerial photograph.

In the Soil Physics laboratory, the lower part of each
ring of the undeformed soil samples was wrapped in a
porous membrane. The samples were placed on trays
containing distilled water up to half the height of the cy-
lindrical ring. After the soil became saturated, the sam-
ples were weighed, placed in an oven at a temperature of
105°C for 48 hours, and then weighed again. The soil
density (kg/dm® and maximum potential soil water re-
tention capacity (mm) were then determined.

2.3. Geostatistical Analysis

The ordinary kriging method was used to interpolate the
values of soil density and maximum potential soil water
retention capacity, which had been determined for the
sampling points. In the geostatistical analysis, the linear,
exponential, spherical and Gaussian models were tested
in the GS + v.9.0 software environment. The following
parameters were obtained from the best fit of the semiva-
riogram for each assessed variable: the nugget effect (Cy),
the sill (Cy + C), and the range of spatial dependence
(Ap). The degree of spatial dependence (DSD) of the
variables was calculated considering the nugget and sill
effects.

A minor adaptation of a previously established classi-
fication of spatial dependence had to be made [14], con-
sidering that: the spatial dependence was weak when the
DSD was less than or equal to 25%, the spatial depend-
ence was moderate when the DSD was higher than 25%
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but less than or equal to 75%, and the spatial dependence
was strong when the DSD exceeded 75%.

In cross-validation [15-17], each measured point is ex-
cluded and its value is estimated with the remaining data,
i.e., the cross-validation estimates the values of the vari-
able under study at the same sampled points and com-
pares the new values with the measured data. In this
stage, the selected models, the values of the adjusted pa-
rameters and the quality of kriging were assessed.

The thematic plans were generated in the environment
of the Arcinfo v.10.1 geographic information system,
with the variables of soil density and maximum potential
soil water retention capacity represented continuously.
Raster plans were obtained with the pixels showing a
spatial resolution of 10 meters.

2.4. Calculation of Surface Runoff in a Rainfall
Event

The layers of surface runoff depth and volume were
produced from a typical rainfall event. In general, surface
runoff is calculated based on the widely used curve
number method of the USDA Natural Resources Con-
servation Service. The theory of the curve number me-
thod is based on the assumption that, for a rainfall event,
the ratio of the depth of runoff to rainfall is equal to the
ratio of the real retention (rain not converted into runoff)
after the onset of runoff to the maximum potential reten-
tion [11], according to Equation (1):
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where:

Qq = depth of runoff (mm);

R = rainfall event (mm);

F = real retention after the onset of runoff (mm);

S = parameter of potential retention of the soil and the
cover conditions.

When the initial abstraction (la) is considered, the
amount of rainfall available in surface runoff is (R — la).
The real retention is the difference between rainfall and
depth of surface runoff (F = R — Qg) [11]. The depth of
surface runoff was calculated from the rainfall and the
maximum potential retention, by means of Equations (2)
and (3):

_(R-028)°
Q, = (Rr085) (if R>0.25) @)
Q,=0 (if R<0.25) ©)

In this study, the maximum potential soil water reten-
tion capacity was determined based on the map produced
with the aid of the undeformed soil samples rather than
on tabulated data published by the USDA Natural Re-
sources Conservation Service. After quantifying and ge-
nerating the raster plan for depth of runoff (Qg), the vo-
lume of surface runoff, in m® (Q), was calculated for each
cell, in which the depth (transformed from millimeters
into meters) was multiplied by the area of the pixel (100
m?), and for the entire drainage basin.

3. Results

The two-parameter Weibull distribution (b and c, in-
volving scale and shape, respectively) was used to de-
scribe the frequency distributions (Table 1 and Figure 3)
of the variables subjected to geostatistical analysis (soil
density and maximum potential soil water retention ca-
pacity at depths of 0 - 20 and 20 - 40 cm). The parame-
ters were estimated by the percentile method. The ad-
justment was evaluated according to the adjustment in-

Table 1. Estimators and statistics of the Weibull distribu-
tion of the variables subjected to geostatistical analysis.

. Estimators Coefficient of
Variable Al

variation (%)
b [ (%) Mean

dex (Al). The values of the mean and variance of the
variables were calculated using the formulas related to
the Weibull function, which required the use of the
Gamma function [18]. It is important to point out, for the
two sampled soil depths: 1) the greater variability of the
attribute maximum potential soil water retention capacity
than that of the soil density (Table 1) and 2) the strongly
negative correlation between the two soil attributes
(Figure 4).

The spherical model allowed for a better fit of the se-
mivariograms corresponding to the variables of soil den-
sity and maximum potential soil water retention capacity
for the depth of 0 - 20 cm (Table 2, Figures 5(a) and (¢)),
while the Gaussian model was better suited to the spatial
behavior of the two variables for the depth of 20 - 40 cm
(Table 2, Figures 5(b) and (d)). The soil density and
maximum potential soil water retention capacity at 0 - 20
cm depth showed a moderate spatial dependence, while
at the depth of 20 - 40 cm they presented a strong spatial
dependence. Land use was found to influence the degree
of spatial dependence (DSD) (Table 2) of the variables
under study, reflecting the changes caused by human
action, which are more pronounced at the surface.

The cross-validation allowed for an analysis of the re-
lationship between the observed and estimated values
after adjustment of the semivariograms (Table 3 and

Table 2. Semivariogram models adjusted to the variables of
soil density and maximum potential soil water retention

capacity.

Parameters DSD

Variable
C Co+C A, (P

Model

Soil density at 0 - 20 cm
(kg/dm?)
Soil density at
20 - 40 cm (kg/dm?®)
Soil water retention
at0-20 cm (mm)
Soil water retention
at 20 - 40 cm (mm)

Co: nugget effect; Co + C: sill; Ag: range; DSD: degree of spatial dependence.

Spherical 0.01507 0.04364 3550 65.5
Gaussian  0.01200 0.07000 2810 82.4

Spherical  6.13 20.81 3340 70.5

Gaussian 6.06 34.79 2960 82.6

Table 3. Results of the cross-validation for the semiva- rio-
gram models adjusted to the variables of soil density and
maximum potential soil water retention capacity.

Coefficients
Variable ——— SE SE(%)
Intersection Slope

Soil density at 0 - 20
cm (kg/dm?)
Soil density
at 20 - 40 cm (kg/dm?)
Soil water retention
at0-20cm (mm)
Soil water retention
at 20 - 40 cm (mm)

0.5883 3.7409 98.27 1.53 10.34

0.5652 4.6324 95.39 1.62 7.85

10.0822 2.0938 99.49 22.93 19.54

9.4514 1.7829 98.82 21.41 22.78

Soil density at 0 - 20 cm (kg/dm?) 0.190
Soil density at 20 - 40 cm (kg/dm®)  0.020

Soil water retention at 0 - 20 cm
(mm)

0.8730.165 10.78
0.9880.133 8.21

2.300 0.8993.453 15.06

Soil water retention at 20 - 40 cm

(mm) 0.000  0.9962.833 13.23

b and c: parameters of the Weibull distribution function; Al%: adjustment
index in percentage.
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SE: standard error of the estimate; SE(%): standard error of the estimate, in
percent.
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Figure 5. Adjusted semivariograms: a) Soil density at 0 - 20 cm depth; b) Soil density at 20 - 40 cm depth; ¢) Maximum potential
soil water retention capacity at 0 - 20 cm depth; d) Maximum potential soil water retention capacity at 20 - 40 cm depth.

Figure 6). The regression coefficient or slope of the ideal
straight line should be close to one, while the intersection
coefficient should be located close to zero. This behavior
was observed in the variables in question (Table 3), con-
firming the appropriateness of the adjustments. The
standard error of estimate (SE) and standard error of es-
timate in percentage (SE %) (Table 3) indicated the ac-
curacy of the estimates, after adjustment of the semiva-
riograms. The accuracy of the variable of soil density at
both depths was appropriate. The accuracy of the vari-
able of maximum potential soil water retention capacity
can be considered acceptable in terms of: 1) the size of
the area (1566 ha); 2) the natural variability of the soils
and of this attribute in the drainage basin under study,
which is located at the cuesta front; and 3) the increase in
the attribute’s variability at the surface due to anthropic
activity.

The thematic plans corresponding to soil density
(Figure 7) showed that the lowest values occurred to the
west (reverse and front of the cuesta) and an increase
from west to east (for the peripheral depression of the
cuesta). Unlike the soil density, the plans corresponding
to the potential maximum soil water retention capacity
(Figure 8) presented the highest values in the western
portion of the area (reverse and front of the cuesta) and a
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decrease from west to east (for the peripheral depression).
The outlet of the drainage basin is to the east (Figure 1).

The historical rainfall data for two years (2011 and
2012) were analyzed, confirming that January is the wet-
test month of the year in the region, when the major
storms occur. However, the spatial distribution of the
depth of surface runoff (Figure 9) was simulated for a 25
mm rainfall event, which does not characterize a storm
but an intermediate amount of rainfall, which relates to
an event that may also occur in January. For this intensity
of rainfall, the runoff volume calculated for the entire
drainage basin was 152,574 m°.

4. Conclusions and Recommendation

The following conclusions were reached based on the
results of this study:

1) The maximum potential soil water retention capac-
ity showed a strong negative correlation with soil density,
which strengthens the argument that, due to their struc-
ture, less dense soils are more porous and hence show a
greater potential for water retention in macro- and mi-
cropores.

2) The relationship between the maximum potential
water retention and soil density was reflected in the spatial
distribution of these variables, revealing a greater poten-
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Figure 7. Spatial distribution of soil density in the drainage basin: a) at 0 - 20 cm depth; b) at 20 - 40 cm depth.

tial for water retention and a lower soil density in the watershed is located).

reverse and front areas of cuesta, and a decrease in po- The simulated spatial distribution revealed a gradual
tential water retention and an increase in soil density, in a increase in the depth of surface runoff for the rainfall
gradient, in the direction reverse to the peripheral de- event taken as an example, from the reverse to the pe-

pression, i.e., from west to east (where the outlet of the ripheral depression. The gradient observed here shows a
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Figure 9. Spatial distribution of the depth of surface runoff in the watershed for a 25 mm rainfall event.

positive aspect, since the sites of greatest declivity, espe-
cially those at the front of the cuesta, are closer to the
western boundary of the catchment basin, where the
lowest depths of surface runoff occur. This behavior, in
conjunction with certain values of erodibility and de-
pending on land use and cover, can help mitigate the
processes of soil erosion by water in these areas.

As a recommendation, based on the information gar-
nered in this study in addition to other data already con-
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tained in the database of the area in question, it is sug-
gested that a project be developed to raise funds for the
installation of a hydrological station at or close to the
outlet off this drainage basin. The data series on rainfall
and runoff that would thus be obtained would allow for
the development of several hydrology studies and also
for the adjustment of the Modified Universal Soil Loss
Equation—MUSLE to this site of reverse—front-peri-
pheral depression contact in the cuesta.
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