Soil roughness indexes and their relationship with water erosion
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Abstract — The objective of this work was to express soil roughness through statistical, geostatistical, and fractal
indexes, comparing and relating them to soil and water losses in different experimental conditions. The study
was conducted from 2012 to 2015, in the municipality of Lages, in the state of Santa Catarina, Brazil, in
a completely randomized design with two replicates. Three treatments were evaluated: T1, scarified soil
at the end of the ryegrass (Lolium multiflorum) crop cycle after removal of the shoot residue; T2, scarified
soil at the end of the vetch (Vicia sativa) crop cycle after removal of the shoot residue; and T3, scarified soil
without cultivation and without cover. The heights of the microrelief were read with a surface roughness tester
with rods. Soil roughness was analyzed through the statistical, geostatistical, and fractal indexes. The fractal
dimension and intersection distance showed a clear difference between the treatments with cultivation. All
indexes, except R1, are associated with soil losses in the treatments with cultivation. As for water losses, there
is only an association with the fractal dimension index and only in the treatment without cultivation.

Index terms: fractal dimension, limiting difference, microrelief, random roughness.

indices de rugosidade do solo e sua relagdo com a erosio hidrica

Resumo — O objetivo deste trabalho foi expressar a rugosidade do solo por meio de indices estatisticos,
geoestatisticos e fractais, para compara-los e relaciona-los as perdas de solo ¢ de 4gua em diferentes condigdes
experimentais. O estudo foi conduzido de 2012 a 2015, em Lages, SC, em delincamento inteiramente
casualizado, com duas repeti¢cdes. Foram analisados trés tratamentos: T1, solo escarificado ao final do ciclo
da cultura do azevém (Lolium multiflorum) apds eliminacdo do residuo cultural da parte aérea; T2, solo
escarificado ao final do ciclo da cultura da ervilhaca (Vicia sativa) apds eliminagdo do residuo cultural da
parte aérea; e T3, solo escarificado sem cultivo e sem cobertura. As leituras das alturas do microrrelevo foram
obtidas com rugosimetro de varetas. A rugosidade do solo foi analisada por meio de indices estatisticos,
geoestatisticos e fractais. A dimensdo fractal e a distdncia de intersec¢do mostraram uma clara discriminagdo
entre os tratamentos com cultivo. Ha associagdo entre todos os indices, com excegdo de R1, e as perdas de solo
nos tratamentos com cultivo. Quanto as perdas de agua, ha associacdo apenas com o indice dimensao fractal

e somente no tratamento sem cultivo.

Termos para indexacdo: dimensao fractal, diferenga limite, microrrelevo, rugosidade aleatoria.

Introduction

Soil surface roughness is constituted by the
microrelief or microtopography of the ground and is
characterized by the sequence of microelevations and
microdepressions, spatially distributed on soil surface
(Zoldan Junior et al., 2008; Vidal Vazquez et al., 2010a).

Different elements of the soil, as well as preparation
marks and even patterns of relief, contribute, in varying
scales, to soil roughness (Garcia Moreno, 2008), which
is related to soil intrinsic factors, such as intensity and
type of preparation, humidity prior to preparation,
amount and type of plant residue, type of soil, and
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terrain declivity (Siqueira et al., 2012). The two main
forms of surface roughness are: roughness at random
and soil surface roughness. The first is characterized
by the completely random spatial distribution of
micromodulations on the surface of the terrain (Linden
& Van Doren Jr., 1986; Bertol et al., 2008; Zoldan
Junior et al., 2008). The second may include the joint
effect of terrain declivity and soil preparation marks or
only the effects of the latter, in which case it is called
orientated roughness (Vidal Vazquez et al., 2007; Paz-
Ferreiro et al., 2008). Given the importance of soil
roughness in the soil erosion process and in water
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storage on soil surface, it is paramount to quantify it
accurately in different conditions of cultivation.

Several indexes have been used to describe the
numerical variations of soil surface roughness.
Initially, indexes based only on descriptive statistical
measurements, such as the random roughness index,
were proposed (Kamphorst et al., 2000; Correa,
2012). However, the main drawback is that two soil
surfaces with the same values of random roughness
may present different topographies. In addition, the
values of these indexes increase with the extension of
the area in which the microelevations are measured.
Therefore, when measuring roughness, spatial and
scale dependence should also be considered, which
does not occur when only a statistical index is used
(Paz-Ferreiro et al., 2008). In this context, several other
approaches have been presented, such as geostatistical
indexes that consider the spatial distribution of
microelevations on the terrain (Linden & Van Doren
Jr, 1986; Paz-Ferreiro et al., 2008) and indexes based
on the fractal theory, considering both the effects of
space and of the measurement scale on soil surface
roughness (Vidal Vazquez et al., 2007, 2010b; Paz-
Ferreiro et al., 2008). However, it should be noted
that most of the runoff and erosion processes do not
show an expressive correlation at small distances,
indicating that the roughness indexes based on fractal
parameters may not necessarily be more important
than other indicators based on descriptive statistics or
geostatistics (Paz-Ferreiro et al., 2008).

Most of the works found in the literature have
focused on measuring the roughness indexes under
different soil preparation systems. In the present
work, another approach is taken, since these indexes
are analyzed under the same soil preparation, in this
case, scarification, but under different cultivation
conditions. It is important to study the behavior of
these indexes in varying soil cultivation conditions
in order to better understand the relationship between
them and also with soil and water losses.

The objective of this work was to express soil
roughness through statistical, geostatistical, and
fractal indexes, comparing and relating them to soil
and water losses in different experimental conditions.

Materials and Methods

The primary data of surface roughness and soil and
water losses used in the present study were originated

from a study conducted by Julio César Ramos in the
municipality of Lages, in the state of Santa Catarina,
Brazil (27°47'S, 50°18'W, at 908 m of altitude) (Ramos,
2015; Ramos et al., 2016). The climate of the region,
according to Koppen’s classification, is of the Cfb
type, and the annual average rainfall, according to
Schick et al. (2014), is of 1,533 mm. The relief of the
experimental area is smooth-wavy, and the soil is a
classified as a Cambissolo Himico aluminico 1éptico
(Inceptisol), with 196 g kg' sand, 412 g kg silt, and
392 g kg! clay, belonging to the silty clay loam textural
class, as described by Ramos (2015).

In the last crop cycle prior to the research carried
out by Ramos (2015), the area was managed under no-
tillage, except where the uncovered plots were installed,
and soybean [Glycine max (L.) Merr.] and corn (Zea
mays L.) crops were cultivated in the direction of the
slope and in the surroundings. At the end of that cycle,
the crop residues were removed, and the ryegrass
(Lolium multiflorum Lam.) and vetch (Vicia sativa L.)
crops were sown manually by broadcast, with the seeds
being incorporated into the soil with a mild harrowing,
transverse to the slope. The experimental design was
completely randomized, with two replicates and the
following three treatments: T1, scarified soil at the end
of the ryegrass crop cycle after removal of the shoot
residues; T2, scarified soil at the end of the vetch crop
cycle after removal of the shoot residues; and T3, soil
without cultivation and without cover, maintained
since 2009 and prepared with a scarification identical
to that in Tl and T2. Scarification was carried out
transversely to the slope, using a Massey Ferguson
mechanical scarifier (AGCO, Duluth, GA, USA),
which contained two rows of mismatched rods, one
in the front with seven rods and the other in the back
with six rods, with a distance of 0.5 m between them.
Therefore, scarification generated furrows spaced
0.25 m apart, with a depth of 0.15 m, causing great
roughness in the three treatments.

In each treatment, eight simulated rainfalls of 90
min each and with a constant intensity, planned for
65 mm per hour, were applied. Soil surface roughness
was measured immediately before and right after the
scarification of the plots, immediately before each
simulated rainfall, and at the end of the last simulated
rainfall. A mechanical surface roughness tester, built
at Universidade do Estado de Santa Catarina, in the
municipality of Lages, in the state of Santa Catarina,
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Brazil (Correaetal., 2012), was used, with 20 aluminum
rods, spaced 30 mm from one another and delimited
by a support line; the rods were visualized through a
photographic camera coupled to the instrument. The
readings were taken at an intermediate point of the plot,
with the surface roughness tester positioned near the
side of the plot, on wood supports stuck into the soil,
allowing the readings to be carried out leveled, at the
same height in relation to the ground, and in the same
place. Twenty soil profiles, distanced 30 mm from each
other, were taken, totaling 400 points, corresponding
to a sampling area of 0.36 m? (0.6x0.6 m). Soil profile
readings were recorded photographically and later
digitalized (Vidal Vazquez, 2002).

To evaluate soil roughness, different statistical,
geostatistical, and fractal indexes were calculated.

The first three — R1, R2, and R3 — are statistical
indexes that express random roughness without
considering the effects of spatial correlation and scale.
The R1 index was calculated according to Allmaras et
al. (1966) by determining the standard deviation of the
residual values of the natural logarithm obtained in the
elevation readings after removing the average effects
of rows and columns; in this case, 10% of the extreme
values were eliminated. The other two indexes were
calculated as described in Kamphorst et al. (2000),
that is, without applying logarithmic transformation
and without eliminating 10% of the extreme values.
The R2 index was specifically obtained using the
standard deviation of the corrected readings, removing
the slope effect through multiple regression, with
the best adjustment plan considering the row and
column positions as independent variables and height
readings as the dependent variable. The R3 index was
determined by the standard deviation of the residual
values after the simultaneous removal of the effects of
the slope and of soil preparation marks, correcting the
data in the row and in the column (Currence & Lovely,
1970).

Two geostatistical indexes, i.e., limiting difference
(LD) and limiting slope (LS), were obtained as
described in Linden &Van Doren Jr. (1986) and Paz-
Ferreiro et al. (2008). The LD and LS indexes were
calculated using the mean difference, in absolute
values, of the height data (AZh) as a function of distance
(h), which is equivalent to a first-order semivariogram,
in geostatistical terms.

The mean differences in height were calculated as:
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where Z; is the height measured at each point (mm);
Z; .y are the heights at adjacent points separated by h
(mm); and n is the number of pairs of data that are
compared with each other.

To obtain LD and LS, a hyperbolic function was
adjusted to the first-order semivariogram, according
to the following expression:

1 b
—=a+
AZ, AX,

where AZ, is the mean difference, in an absolute value,
of accurate height data (mm); AX, is the horizontal
space between points (mm); and a and b are the
adjustment parameters.

The parameters a and b, calculated by the least
squares regression, allow defining the LD and LS
indexes as: LD = 1/aand LS = 1/b.

Two fractal indexes — fractal dimension (D) and
intersection distance (I) — were obtained according
to Paz-Ferreiro et al. (2008) and Vidal Vazquez et al.
(2010b). The fractal analysis was carried out using a
variational method, assuming autosimilar surfaces
to describe the microrelief. This method is based on
a fractional Brownian motion model (fBM) from
which the fractal parameters D and 1 are determined
using the semivariance function expressed by
the semivariogram estimated from the data. The
semivariogram or variogram was obtained by:

1 n(h)

0= 7))

where h is the measured distance or scale, calculated
over the interval; [h - Ah, h + Ah], with 2Ah being
the separation distance between the scales in the
semivariogram; [Z(X;, yi) - Zs] is the difference in
height between points separated by the mean distance
h; and n(h) is number of points considered in each
interval.

For the fBM, the variogram, considering autosimilar
fractal surfaces, presents the following relationship:
v(h) o h* where H is the Hurst exponent, related to the
fractal dimension of the surface by D =3 - H.

This variogram can also be described as a function
of the intersection distance and the Hurst exponent,
using the following expression: y(h) = 12-2#hH
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By adjusting the variogram to the previous
equation, it is possible to obtain information about
the organization (H) and magnitude (1) of surface
roughness. In order to carry out this adjustment,
a logarithmic transformation was applied to
both terms of the equation, which resulted in:
Iny = (2 - 2H) In(1) + 2H In(h)

This above equation represents a line with
slope a = 2H and intercept b = (2 - 2H) In ().
Therefore, when this straight line is adjusted
by the method of minimum squares, D and
1 are obtained by the following expressions:

D=3-2 and I =exp b j;
2 2-2H

where a is the declivity of the adjusted straight line and
b is the intercept.

The obtained results were subjected to the descriptive
statistical ~ analysis. Pearson’s  product-moment
correlation coefficient was also used to evaluate the
existence of linear relationships between the different
calculated indexes and of these with the soil and water
losses determined in the same treatments. For the
purpose of analysis, the variables soil and water losses
were taken on a logarithmic scale (natural logarithm).
All analyzes were performed using the R software (R
Core Team, 2016), at 5% probability.

Results and Discussion

The RI, R2, R3, LD, and D indexes presented
a symmetric unimodal frequency distribution
(asymmetry = 0; p>0.05) and mesokurtic distribution

(kurtosis = 3; p>0.05), a behavior that is indicative of
compliance with the normality hypothesis (Ferreira,
2009) (Table 1). The Rl index, with an average
value of 0.149, showed the lowest values among
the statistical indexes. This is due to the application
of log transformation to the vertical data of the
microdepressions and microelevations, the removal
of the effects of slope and soil preparation marks, and
the exclusion of 10% of the lower and higher values
(Allmaras et al., 1966; Kamphorst et al., 2000).

The analysis of the behavior of the three treatments
over time (Figures 1 A, B, and C) showed a significant
increase in the three statistical roughness indexes after
soil preparation, in all three treatments, with a faster
decrease in the uncovered and scarified soil treatment
(T3). In T1 and T2, the decrease was more discrete,
due to the greater roughness stability because of the
presence of ryegrass and vetch roots in the soil.

According to Ramos (2015) and Ramos et al. (2016),
the impact of droplets on the surface of the soil,
especially when uncovered, decreases its roughness
over time. The decrease in the roughness of uncovered
and uncultivated soil may also be explained by the
decrease in organic matter content and in the resistance
of aggregates to water action (Bertol et al., 20006).

The mean value of the R2 index was 14.810 mm
(Table 1). In T1 and T2, the values found for this index
behaved similarly (Figure 1 B), increasing right after
soil preparation and decreasing until the last applied
rainfall. Zoldan Junior et al. (2008) and Zhao et al.
(2014) observed an exponential decrease in soil surface
roughness, particularly in the initial rainfall tests.
According to Ramos et al. (2016), the fast reduction

Table 1. Statistical summary of the roughness statistics (R1, R2, and R3), limiting difference (LD), limiting slope (LS),
fractal dimension (D), and intersection distance (l) indexes, considering all treatments and the application of simulated

rainfall®,

Descriptive Statistical index (mm) Geostatistical index (mm) Fractal index (mm)

statistic RI1 R2 R3 LD LS D 1

Mean 0.149 14.810 10.607 13.329 0.047 2.699 3.653
CV (%) 59.732 42.890 37.249 37.272 59.574 3.186 75.855
Median 0.152 13.904 9.997 12.529 0.040 2.720 2.970
1% quartile 0.100 11.581 8.458 10.656 0.027 2.645 1.591
31 quartile 0.202 17.707 13.069 16.264 0.061 2.757 4918
Minimum 0.003 3.906 2.921 3.174 0.013 2.470 0.468
Maximum 0.348 31.487 20.916 27.152 0.136 2.838 12.464
Skewness 0.037 0.683 0.467 0.402 1.186 -0.658 1.111
Kurtosis 2311 3.428 3.319 3.294 3.982 2.833 3.479

MCV, coefficient of variation.
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Figure 1. Variation in the R1 (A), R2 (B), and R3 (C)
roughness indexes, in the three evaluated treatments, for
different times of rainfall application. T1, scarified soil
with ryegrass (Lolium multiflorum) roots; T2, scarified soil
with vetch (Vicia sativa) roots; T3, scarified soil without
cultivation; AP, after preparation; BP, before preparation;
Cl, first simulated rainfall; C2, second simulated rainfall;
C3, third simulated rainfall; C4, fourth simulated rainfall;
C5, fifth simulated rainfall; C6, sixth simulated rainfall;
C7, seventh simulated rainfall; and C8, eighth simulated
rainfall.

Pesq. agropec. bras., Brasilia, v.53, n.6, p.756-764, June 2018
DOI: 10.1590/S0100-204X2018000600012

in roughness after the first rainfall is due to the
reduction in porosity by surface sealing, attributed to
the breaking and disintegration of clods after wetting
and, to a lesser extent, to the deposition of sediments in
microdepressions and to soil settling. However, in T3,
there was a decrease until the fifth rainfall, followed
by an increase in roughness in the sixth rainfall. This
behavior can probably be explained by the formation
of surface grooves and/or by the transport of finer
particles in the runoff as visually verified in the plots
and in the line, which was also reported by Bertol et al.
(2006) and Ramos et al. (2016).

The mean value of the R3 index was 10.607 mm
(Table 1). Although this index presented lower values
than R2, it is analogous to it (Figure 1 C). As the soil
preparation was the same in all three treatments,
this was expected — the difference is that, in order to
calculate R3, besides slope correction, the effect of soil
tillage marks was also removed.

The values obtained for LD and R3 present statistical
similarities and important correlations (Linden & Van
Doren Jr., 1986; Vidal Vazquez, 2002), although they
are not identical. LD estimates the average trend of the
absolute differences of height between neighboring
points, whereas R3 estimates the average trend of
height differences of points in relation to the mean. It
should be noted that LS, contrary to LD, is not related
to the R3 index (Linden & Van Doren Jr., 1986).

Despite the divergence between LD and LS, the
linear correlation coefficient values found were 0.96
(p<0.05) and 0.68 (p<0.05) between LD and R3 and
between LS and R3, respectively, in the average of
the studied treatments (Table 1). The mean values of
the LD and LS indexes were 13.329 and 0.047 mm,
respectively. Bertol et al. (2006) reported LD values
of 8.97 mm in plots cultivated with corn and of 6.34
mm in plots with oat (4Avena strigosa Schreb.), both
prepared with a scarifier followed by harrowing, in a
Cambissolo Humico, i.e., a equivalente do nome do
solo em inglés.

The LD values (Figure 2 B), although slightly
higher, showed a similar behavior to that of R3 (Figure
1 C), in agreement with the results of Paz-Ferreiro
et al. (2008). There was an increase in the LS index
(Figure 2 A) after soil preparation, followed by
a decrease in treatments T2 and T3. It should be
highlighted that this behavior is similar to that
observed in the other indexes, in almost all treatments,


http://dx.doi.org/10.1590/S0100-204X2018000600012

Soil roughness indexes and their relationship with water erosion 761

except for the R1 index in T2, which is in alignment
with the literature.

The fractal dimension indexes D and 1 presented
mean values of 2.699 and 3.653 mm, respectively
(Table 1). Vidal Vazquez (2002) found values of 2.782
and 4.56 mm for D and 1, respectively, in soil prepared
with a scarifier. The greater similarity between the
values of the D index indicates that it is less sensitive
to varying experimental conditions, considering the
different environments where the experiments were
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Figure 2. Variation in the limiting slope index (A) and in
the limiting difference index (B), in the three evaluated
treatments, for different times of rainfall application. T1,
scarified soil with ryegrass (Lolium multiflorum) roots; T2,
scarified soil with vetch (Vicia sativa) roots; T3, scarified
soil without cultivation; AP, after preparation; BP, before
preparation; Cl, first simulated rainfall, C2, second
simulated rainfall; C3, third simulated rainfall; C4, fourth
simulated rainfall; C5, fifth simulated rainfall; C6, sixth
simulated rainfall; C7, seventh simulated rainfall; and CS,
eighth simulated rainfall.

carried out here and in the work of Vidal Vazquez
(2002).

The behavior of the D index (Figure 3 A) differed
from that of the | index (Figure 3 B), which presented
a faster decrease in the early stages, similarly to the
R3 index (Figure 3 C). This same behavior was also
verified by Vidal Vazquez et al. (2007), indicating that
1, similarly to R3, has a greater discrimination power in
the vertical scale of soil roughness, while D represents
a relative measure of the distribution of different-sized
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Figure 3. Variation in the fractal dimension index (A) and
the intersection distance index (B), in the three evaluated
treatments, for different times of rainfall application. T1,
scarified soil with ryegrass (Lolium multiflorum) roots;
T2, scarified soil with vetch (Vicia sativa) roots; T3,
scarified soil without cultivation; AP, after preparation; BP,
before preparation; Cl, first simulated rainfall; C2, second
simulated rainfall; C3, third simulated rainfall; C4, fourth
simulated rainfall; C5, fifth simulated rainfall; C6, sixth
simulated rainfall; C7, seventh simulated rainfall; and C8,
eighth simulated rainfall.
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structural elements on soil surface (Vidal Vazquez et
al., 2010b).

The D index was significantly correlated with almost
all indexes in T2, but had no significant correlation in
T3 (Table 2). This shows that D contains information
that is not present in the other indexes, but that this
characteristic is not constant in different experimental
conditions. Vivas Miranda (2000), for example,

Table 2. Coefficients of linear correlation between different
roughness indexes in the three evaluated treatments®.

Indexes D 1 LS LD R1 R2
Scarified soil with ryegrass (Lolium multiflorum) roots
1 0.53"
LS -0.04™  0.82%*
LD 0.63* 0.89%* 0.61%*
R1 -0.28™  0.72%* 0.84* 0.44n
R2 0.31m 0.91* 0.88%* 0.75% 0.73%*
R3 0.23" 0.86* 0.89* 0.65* 0.71%* 0.98*
Scarified soil with vetch (Vicia sativa) roots
1 0.82*
LS 0.74%* 0.94%*
LD 0.80%* 0.97* 0.91*
R1 0.30™ 0.11=  0.35~  0.10"™
R2 0.80* 0.93* 0.98%* 0.95% 0.33™
R3 0.75% 0.95* 0.99* 0.94%* 0.33m 0.98%
Scarified soil without cultivation
1 0.31m
LS -0.33=  0.77*
LD 0.04n 0.92%* 0.86*
R1 -0.26™  0.80%* 0.96* 0.88%*
R2 -0.23™=  0.79* 0.97* 0.92%* 0.94%*
R3 -0.36™  0.68* 0.95% 0.84* 0.90* 0.96*

], intersection distance; LS, limiting slope; LD, limiting difference; R1,
statistical index; R2, statistical index; R3, statistical index; and D, fractal
dimension. *Significant at 5% probability. “*Nonsignificant.

obtained significant correlations between the D and R1
indexes only on laboratory-constructed surfaces. Paz-
Ferreiro et al. (2008) found correlations between D and
| varying from 0.5 to 0.7 in areas cultivated with corn
and oat in a Cambissolo Himico. The high correlation
values observed between R2 and R3 (Table 2) indicate
that these two statistical indexes measure the same
characteristics of the microrelief. In the case of R1,
the transformation of the applied scale was probably
responsible for the low values of the linear correlation
coefficients obtained in the treatment with vetch roots.

With the exception of R1, the correlation coefficients
showed a negative sign regarding soil losses in the other
indexes (Table 3), indicating an exponential decrease
with the increase of soil surface roughness. In fact, this
relationship is indirect, since there is an exponential
decrease in surface roughness with the accumulation
of rainfall, according to Bertol et al. (2006), Zoldan
Junior et al. (2008), and Ramos (2015), due to surface
sealing. For this reason, there is a decrease in the rate
of infiltration and an increase in runoff velocity, which
culminates in greater soil losses.

D and I showed a correlation with soil losses in all
studied treatments. This indicates that they do not
represent the same microrelief characteristics as the
other indexes and that they have theoretical properties
that better describe the behavior of the microrelief. The
values obtained for D and I are also indicative that the
description of soil roughness characteristics by a single
parameter that represents only the vertical component
is inadequate, as suggested by Vidal Vazquez et al.
(2007) and Paz-Ferreiro et al. (2008).

In relation to water losses, only the fractal dimension
showed a significant correlation and only in the

Table 3. Coefficients of linear correlation (r) between roughness indexes and the natural logarithms of soil and water losses

in the three evaluated treatments®.

Treatment R1 R2 LS LD D 1
Soil losses
Scarified soil with ryegrass roots -0.39m -0.70* -0.73* -0.64* -0.89* -0.73* -0.86*
Scarified soil with vetch roots 0.47m -0.87* -0.91* -0.86* -0.94* -0.78* -0.95%
Scarified soil without cultivation -0.68 ™ -0.55m -0.41m -0.61m -0.62m -0.84* -0.81*
Water losses
Scarified soil with ryegrass roots 0.18™ 0.00™ -0.01m -0.01m -0.36™ 0.07" -0.18m
Scarified soil with vetch roots 0.11m -0.07™ -0.26™ -0.06™ -0.28™ -0.23™ -0.31™
Scarified soil without cultivation -0.45m -0.28m -0.10m -0.39m -0.38m -0.91* -0.70m

(DR1, statistical index; R2, statistical index; R3, statistical index; LS, limiting slope; LD, limiting difference; D, fractal dimension; and 1, intersection

distance. *Significant at 5% probability. “Nonsignificant.
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treatment without cultivation and with uncovered and
scarified soil. This result indirectly contradicts those
of Kamphorst et al. (2000) and Vidal Vazquez (2002),
who found significant linear associations between water
storage in soil microdepressions and the R3 index.

Conclusions

1. Virtually all indexes, with the exception of R1
and fractal dimension, present lower values in the
treatment without cultivation than in those where
ryegrass (Lolium multiflorum) and vetch (Vicia sativa)
roots were kept.

2. The values of the R3 and limiting difference
indexes decrease in a similar proportion, compared
with the initial values, in all evaluated treatments, as
rainfall increases.

3. The intersection distance index shows a faster
decrease from the beginning to the fifth rainfall event,
compared with the other indexes.

4. Both the fractal dimension and the intersection
distance show a clear difference between the treatment
with ryegrass roots and the one with vetch roots.

5. All evaluated indexes, except R1, are strongly
associated with soil losses in the treatments with
cultivation, whereas the fractal dimension index is
associated with water losses, but only in the treatment
without cultivation.
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