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Soil roughness evolution in different tillage systems under simulated rainfall
using a semivariogram-based index
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A B S T R A C T

Among the factors that contribute to greater changes in soil surface roughness are the tillage systems and

rainfall conditions. This study evaluated the changes of surface roughness under different tillage systems

and the application of artificial rain. The experiment was conducted in 2009 and 2010 for conventional

tillage (CT), reduced tillage (RT) and no tillage (NT), in micro plots with 1 m � 1 m size for each

treatment. Simulated rainfall with intensity of 80 mm h�1 was applied. Soil microrelief was measured

with a portable laser scanner with a 1-cm horizontal resolution. The height readings were submitted to

geostatistical analysis through the semivariogram method, and the index used to represent the

roughness of the soil (RI) was extracted from the semivariograms. The RT and NT systems presented

higher roughness in the first year, but in the second year, the greatest RI was observed in the NT system.

The RI values in the same treatment differed between applied rainfalls only in NT for the second year. In

CT, the RI did not differ between the applied rainfalls, but showed the same trend in the two years

studied: initially an increase of roughness occurred until a maximum rain amount, then it decreased.

Differences between the years studied occurred only in NT, which showed greater RI in the second year

in comparison to the first one, CT and RT were similar and did not differ between the two years evaluated.

� 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The microrelief of the soil refers to the surface configuration of
the soil. Roughness is defined as the height changes in reference to
the general shape of the microrelief (Darboux, 2011), and
roughness indices are specific metrics used for quantification of
its components (e.g. vertical amplitude, spatial correlation). The
knowledge of the dynamics of the microrelief is essential for a
better understanding of soil erosion. The main processes related to
water erosion, such as the water storage in depressions, soil
detachment by shear stress or by the effect of raindrops and
sediment transport, occur initially at the micro-scale level of the
soil surface and are greatly influenced by the microrelief dynamics.

Different elements, ranging from individual grains, aggregates,
clods, tillage, and landscape features, contribute to the microrelief
at their respective scales (Huang and Bradford, 1992). In
agricultural fields, soil tillage and rainfall conditions are the main
contributors to changes in microrelief (Allmaras et al., 1966;
Taconet and Ciarletti, 2007). Several studies have shown (1) that
tillage increases roughness when compared to the no-tillage
system and (2) that the rain was the main factor that caused its
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decrease (Bertol et al., 2006; Eltz and Norton, 1997; Lampurlanes
and Cantero-Martinez, 2006; Panachuki et al., 2010; Zobeck and
Onstad, 1987). In this context, soil conservation systems are
employed due to a number of benefits to the soil, especially the
potential to reduce soil erosion. Reduced tillage presented a great
expansion in Brazil in recent years. Its increased use is a
consequence of the promoted benefits compared to others tillage
systems. Reduced tillage increases soil roughness (Bertol et al.,
2006; Panachuki et al., 2010; Zobeck and Onstad, 1987), protects
the soil surface with crop residues (Schultz, 1978) and improves
machine operational yields and lowers fuel consumption (Hadlow
and Millard, 1978). The larger roughness observed in this tillage
system, associated with plant residues, acts as a strategy for soil
and water conservation, because it (1) increases the soil ability to
retain and infiltrate water, (2) reduces the speed and volume of
runoff and, consequently, (3) reduces sediment losses (Mwendera
and Feyen, 1994; Govers et al., 2000; Darboux and Huang, 2005;
Bertol et al., 2006; Castro et al., 2006).

The most common form of expressing the roughness of a
surface is through an index that represents by a single number the
conformation of the soil surface. Numerous indices have been used
in the literature. One of the first index that was defined is the
random roughness index (RR) (Allmaras et al., 1966), which
represents the random distribution of the microrelief. Used by
many authors (Allmaras et al., 1966; Bertol et al., 2006; Garcia
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Moreno et al., 2010; Hansen et al., 1999; Jester and Klik, 2005;
Kamphorst et al., 2000; Moreno et al., 2008; Onstad, 1984;
Panachuki et al., 2010), this index is usually calculated by the
standard deviation of heights after removal of the slope and tillage
marks (hence, deviating from the original definition of Allmaras
et al. (1966)). One of its major limitations is that it describes only
the vertical component of the roughness, i.e. it does not consider
the spatial organization of heights within the roughness (Huang
and Bradford, 1992). According to Huang and Bradford (1993), it is
important to select a roughness index that account for (1) the
spatial correlation of soil topography and (2) its scale-dependent
structure.

Another roughness index known as LD (limiting elevation
difference) represents the mean of the absolute differences in
height between two points of the soil surface (Linden and van
Doren, 1986). It takes into account the spatial component of the
roughness, and may represent the capacity of the soil surface to
store runoff (Bertol et al., 2006). A third index employs the concept
of tortuosity (Boiffin, 1984) and describes the relationship between
the length of a profile of a soil surface and the distance between the
initial and final points of this surface. It represents the capacity of
some roughness to delay runoff, however, it may vary depending of
the scale of measurements taken (Bertol et al., 2006).

Another way to express the roughness of the surface is using
geostatistical techniques, such as semivariograms. The use of this
method is common in soil roughness studies (Darboux et al., 2002;
Eltz and Norton, 1997; Huang and Bradford, 1992; Linden and van
Doren, 1986; Moreno et al., 2008; Vazquez et al., 2010). The
semivariogram informs the relationship between the elevation
differences and the length scales, given by the separation lag
(Huang and Bradford, 1992). Such feature cannot be assessed with
Fig. 1. Experimental design and details of the soil tillage systems. (a, c and e) Before rain
the RR index, because the RR index does not consider the spatial
relationship between height measurements.

The objective of this study was to compare the surface roughness
for different soil tillage systems and their evolution under simulated
rainfall through two consecutive years. Surface roughness was
quantified using an index based on semivariograms.

2. Material and methods

2.1. Experiment design and sample collection

The experiment was carried out in the municipality of
Piracicaba/SP, Brazil (228420S, 478360W) in Arenic Haplustults
(Survey, 2010) of loamy sand/clay texture, with the following
particle size distribution: 164, 20 and 816 g kg�1 of clay, silt and
sand, respectively, for the 0–5 cm layer. The climate of the study
area according to Köppen’s classification is Cwa. The relief is gently
undulating and the altitude of the study site is 542 m. According
with the weather station of ESALQ/USP, located close to the
experimental area (228420S, 478380W) the mean annual precipita-
tion for the last ten years was 1193 mm. The 3 maximum monthly
rainfalls observed during this period occurred in March 2002, May
2005 and January 2008 with 104, 139 and 87 mm respectively
(Base de dados meteorológicos, USP/ESALQ, 2011).

In November 2008, the initial soil preparation (plowing + har-
rowing three times) was carried out throughout the experimental
area, as a form to homogenize the soil surface layer and afterwards,
a cover crop was implanted (Brachiaria decumbens Stapf. – sown at
haul without incorporation; sowing density of 13 kg ha�1).

In April 2009, when the plants were in full stage of
development, the cutting of the coverage was made with
fall (0 mm); (b, d, and f) after the rainfall (80 mm) and before roughness readings.
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mechanical mowing and the regrowth was suppressed by
herbicide application (4.0 L ha�1 of glyphosate). Experimental
treatments were started in June 2009 and consisted in three soil
tillage systems: conventional tillage (CT), tilled with a disk plow
and a disk harrow (3 times); reduced tillage (RT), tilled with a
heavy disk harrow with partial incorporation of the cover residues;
and no tillage (NT), where the cover crop residues were left on the
soil surface and the plot was not plowed. Each treatment consisted
of a plot of 7 m � 30 m. Within each plot, 12 micro plots of
1 m � 1 m were installed, delineated and identified. A simulated
rainfall was applied (0, 27, 54 or 80 mm) once on each micro plot
making three replicates (Fig. 1). The cover crop of the RT and NT
was not removed before application of the simulated rainfall.
Micro plots had zero slope.

After performing the experiment in the first year, the
experimental area lay fallow. In April 2010, when cover was in
full stage of development, it was cut again, and the regrowth was
controlled with herbicide until the completion of the till operations
in June, in the same plots and following the same procedures used
in 2009.

In all cases, the intensity of the simulated rainfall was
80 mm h�1 (�5 mm h�1), performed with a rainfall simulator at
2.4 m above the ground. The simulator consisted of an oscillating
nozzle, type VeeJet Spray Nozzle (H/U-80100, Spraying Systems, Co.).

The soil microrelief was measured twenty-four hours after the
completion of the rainfall simulation, on the whole surface of each
micro plot (individual surface area: 1 m2). In the CT plots, readings
were made directly on the soil surface, in the RT the residues semi-
incorporated by tillage were not removed before the readings and
in the NT system, the soil cover was removed manually using
pruning scissors. Roughness measurements were obtained with a
portable laser scanner adapted from Arvidsson and Bölenius
(2006), in which each height reading (z) was made in a
10 mm � 10 mm (horizontal resolution) grid over the whole micro
plot surface, hence totalizing 10.000 sampling points.

2.2. Roughness analysis

2.2.1. Semivariograms

Semivariograms are commonly used to represent soil rough-
ness and allow to analyze the degree of spatial dependence
between samples (Darboux et al., 2002; Eltz and Norton, 1997;
Huang and Bradford, 1992; Linden and van Doren, 1986; Moreno
et al., 2008; Vazquez et al., 2010). The data were subjected to
geostatistical analysis by calculating the experimental semivario-
grams estimated up to 2/3 of the plot width (i.e. 69 cm). A
semivariogram can be defined by the following equation:

gðlÞ ¼ 1

2N

X
½zðxÞ � zðx þ lÞ�2 (1)

where g is the semivariance, l is the lag distance between points,
z(x) is the elevation in x and N is the number of pairs considered.

2.2.2. Roughness index

In this paper, the index used to represent the roughness of the
soil (RI) was determined from the semivariograms. The RI was
defined as the semivariance at the lag distance which separated the
domain of strong spatial dependence (at short lag distances) and
the domain of low spatial dependence (at greater lag distances).
This index was chosen because several studies have demonstrated
the importance of considering the spatial component and scale-
dependency of the soil surfaces in the study of soil roughness
(Darboux et al., 2002; Eltz and Norton, 1997; Huang and Bradford,
1992; Linden and van Doren, 1986; Moreno et al., 2008; Vazquez
et al., 2010). In this study, no procedure of trend removal was
carried out because (1) the micro plots had zero slope and (2) the
ridges and furrows created by some of the tillage systems were
considered as relevant features of the roughness.

2.3. Statistical analysis

With the semivariance data obtained from the semivariograms,
the standard error (SE) of the mean was calculated from each
distance through the following equation SE ¼ d p=

ffiffiffi
n
p

. For the RI,
the SNK test of means (p < 0.05) and regression equations were
applied.

3. Results

3.1. Differences among treatments and applied simulated rainfalls

3.1.1. Roughness behavior and roughness index (RI) in 2009

A major distinction is observed between the treatments where no
rain was applied (0 mm) (Fig. 2): the RT system showed the largest
semivariances, followed by NT, and CT with the lowest semivar-
iances. With the application of successive rainfalls, the CT system
kept the minor semivariance, except at 54 mm, in which NT was very
similar to CT. The greater semivariance in the RT is attributed to the
till operations performed, which promoted the formation of mounds
and depressions, and to the semi-incorporated residue cover,
protecting it from the effect of the rain. The NT system also showed
high semivariance, i.e. a high surface roughness.

The CT treatment was always the least rough and the RT and NT
treatments the roughest (Fig. 3a). Comparing the tillage systems, at
0 and 27 mm of rain, RT and NT did not statistically differ from each
other, but were higher than CT. As the rainfall increased to 54 mm,
CT and NT did not differ and, RT was higher. At 80 mm of rainfall, all
treatments were different from each other with the highest RI for
RT (2131 cm2), followed by NT (1399 cm2) and then CT (773 cm2).
By comparison, the greater random roughness index (RR) in
minimum tillage has also been reported by Panachuki et al. (2010)
and Zobeck and Onstad (1987).

Observing each treatment independently there was no signifi-
cant statistical difference in RI depending on the amount of applied
rainfall (Fig. 3a). RI for RT and NT showed similar behavior during
the application of rainfall. RI of CT had an initial increase in
roughness up to 54 mm of rain, decreasing at 80 mm of rain, but
these differences were not significant (Fig. 3a).

However, the regression analysis for the applied rainfall (Fig. 4),
showed significant quadratic fitting for the CT (Roug.
2009 = 438 + 15.75x � 0.15x2), with determination coefficient R2 of
0.83, where initially there was an increase of soil roughness with the
increase of rainfall amount, up to a maximum rainfall of 52 mm, from
which the RI decreases. On the other hand, other authors observed a
constant reduction in the random roughness index (RR) with
increased rainfall in conventional tillage (Bertol et al., 2006; Eltz and
Norton, 1997; Magunda et al., 1997; Mwendera and Feyen, 1994).

3.1.2. Roughness behavior and roughness index (RI) in 2010

For all applied simulated rainfalls, the difference among
treatments is very distinct (Fig. 5) except for rainfall of 27 mm
where RT and CT were very similar. The NT treatment had the
highest roughness, followed by the RT and CT, regardless of the
amount of rain applied, thus, the highest semivariance was found
in the NT system and the lowest in CT.

RI was similar between RT and CT, which had lower RI, while the
NT system had the highest RI (Fig. 3b). For the rainfall of 0, 27 and
54 mm, CT and RT showed no statistical differences between each
other, but they differed significantly from NT. For the rainfall of
80 mm, NT (RI = 2670 cm2) and RT (RI = 1682 cm2) did not differ,
but CT (RI = 842 cm2) was significantly lower. Observing each
treatment, with the increase in cumulated rainfall, no significant



Fig. 2. Experimental semivariograms for the year 2009 for different soil tillage systems and applied rainfall. Conventional tillage (CT), reduced tillage (RT) and no tillage (NT).

Bars are standard errors (n = 3).

Fig. 3. Roughness index (RI) for different treatments and rainfall for (a) 2009 and (b) 2010. Lowercase letters indicate statistical differences between different treatments

applied for the same rain and capital letters indicate differences between applied rainfall within each treatment. NS: not significant, by SNK test (p < 0.05). Conventional

tillage (CT), reduced tillage (RT) and no tillage (NT). Bars are standard errors (n = 3).
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differences of roughness were found for CT and RT, only NT showed
differences between applied rainfall amounts (Fig. 3b).

Even if no statistical differences were found between the
different amounts of applied rainfall taken independently, a
significant quadratic relationship was found (Roug. 2010
= 667.02 + 40.70x � 0.49x2) with determination coefficient R2 of
0.58 (Fig. 4), demonstrating that RI initially increased up to a
maximum at a cumulated rainfall of 41 mm and, then, decreased.
So, basically, CT showed the same trend as in year 2009.

3.2. Comparison of the two years of study

RI showed similar results in the two years of study, with some
specific differences. Overall, in 2009, conservation treatments



Fig. 4. Regression of the roughness index (RI) as a function of applied rainfall for

both years of study.
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(NT and RT) were similar, and showed higher RI than CT. In 2010,
the CT and RT were statistically more similar and differed only with
total rain amount of 80 mm (Fig. 3b), while the NT had higher RI.

The higher RI observed in the NT system, as occurred in 2010, is
contrary to what other authors have observed (Bertol et al., 2006;
Eltz and Norton, 1997; Linden and van Doren, 1986; Panachuki
et al., 2010; Zobeck and Onstad, 1987). In general, NT systems,
which do not undergo the influence of tillage, tend to show a
decrease in roughness over the years of cultivation. The greater RI
for NT may be explained by stems and residues of the cover plants
that remained on the soil surface after the cut.
Fig. 5. Experimental semivariograms for the year 2010 for different soil tillage systems an

Bars are standard errors (n = 3).
Comparing the effects of the two years (Fig. 6), RI of CT did not
differ between the 2 years (2009: RI = 715 cm2; 2010:
RI = 1070 cm2) and was the least rough system. RT also did not
differ in the two years of study (2009: RI = 1809 cm2; 2010:
RI = 1735 cm2) and presented higher RI than CT. Contrarily, RI of NT
system was different in the two years (2009: RI = 1408 cm2; 2010:
RI = 4343 cm2), with higher RI in the second year than in the first
one. For both years, the behavior of RI for CT was similar, with an
initial increase in RI (up to a maximum rainfall of 52 mm in 2009
and 41 mm in 2010), and subsequently a decrease with the
cumulated amount of rainfall (Fig. 4).

4. Discussion

4.1. Effect of tillage system on soil surface roughness

Tillage can either increase or decrease soil roughness depending
on the tillage operation and the roughness condition at the time of
the operation (Zobeck and Onstad, 1987). Minimum tillage or
reduced tillage, where the mobilization is performed using a chisel
plow or disk harrow, is generally the tillage system that creates
most roughness, followed by conventional tillage and no-tillage
systems. In this sense, Zobeck and Onstad (1987) observed that the
random roughness index varied from 5 cm for single tillage
operations (offset disk) to 0.7 cm for no-tillage systems.

In 2009, the greatest surface roughness due to the effect of
tillage (0 mm) occurred in the RT system (Fig. 2) and in NT in 2010
(Fig. 5). Similarly, RI in 2009 was higher in RT and NT, but in 2010
the highest RI occurred in NT. CT presented the lowest RI in the two
years of the study (Fig. 3). Studying the same tillage systems,
Panachuki et al. (2010) and Zobeck and Onstad (1987) found
greater random roughness index (RR) in the minimum tillage
d applied rainfall. Conventional tillage (CT), reduced tillage (RT) and no tillage (NT).



Fig. 6. Comparison of the roughness index (RI) of each treatment during the two

years of the study. Different letters indicate difference for the same treatment in

different year, and NS, no significant difference between the years, by SNK test

(p < 0.05). Conventional tillage (CT), reduced tillage (RT) and no tillage (NT). Bars

are standard errors (n = 12).
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system, but they noted the conventional tillage as the intermediate
and the lowest (RR) to no-tillage. However, Mwendera and Feyen
(1994) observed after different soil tillage operations greater
random roughness (RR) in systems that used ploughing and lower
in no-tillage systems. de Oro and Buschiazzo (2011) emphasize
also that the formation of clods, mainly in tillage systems that plow
deeper, mobilizing the moister subsoil, can reduce the degradation
rate of random roughness.

The occurrence of high values of roughness in the no-tillage
system can be explained by the effects of plant residues on the soil
surface and also by marks of tillage still present on the soil surface
inherited from the initial phase of implantation of this treatment.
Moreover, it is important to highlight that the roughness formed by
plant residues, although more persistent in time, has less capacity
to retain runoff water than the surface roughness caused by tillage
(Bertol et al., 2006). In terms of erosion control and soil and water
conservation, the association between the roughness caused by
tillage and roughness of plant residues is most desirable (so-called
semi-tillage). Plant residues on the soil surface act to dissipate the
kinetic energy of rain drops, preventing direct impact on the soil
surface; while the roughness caused by tillage is important in the
retention and infiltration of surface water, in the decrease in runoff
speed and volume, and retention of sediments produced by soil
erosion (Castro et al., 2006). The combined effects of plant residues
and roughness induced by tillage results in a greater conservation
of the soil and water.

4.2. Temporal evolution of the roughness

The roughness evolution in time is influenced by the volume
and intensity of rainfall, by runoff and soil type. The volume and
intensity of rainfall generally decrease roughness (Bertol et al.,
2006; Eltz and Norton, 1997; Magunda et al., 1997; Zobeck and
Onstad, 1987), while the development of erosional features
(microrills) that vary spatially can increase roughness (Huang
and Bradford, 1992, 1993).

The RI in relation to applied rainfall amount in CT had the same
behavior in the two studied years (Fig. 4). RI showed an increase up
to a maximum rainfall of 52 mm in 2009 and 41 mm in 2010,
decreasing after (Fig. 3). This initial increase could be attributed to
fragmentation of larger aggregates or clods present in the soil
surface, which in rainfalls up to 52 mm in 2009 and 41 mm in 2010
were broken but not completely destroyed, resulting in smaller
aggregates, which were responsible for an increase in RI. Later,
with increased rainfall, fragmentation increases leading to RI
reduction. Nevertheless, these changes in RI were not enough to
generate significant changes during the application of simulated
rainfall (Fig. 3).

As the duration of the rainfall increases, the aggregates fall
apart by the raindrop impact as well as by the loss of cohesive
forces between soil particles, causing a decrease in RI (Fig. 3).
Possibly, greater reductions in roughness would be observed with
larger rainfall amounts. Panachuki et al. (2010) also noted that
after the first simulated rainfall applied to CT, there was a small
increase in the random roughness index, which decreased with
subsequent rainfalls. The same trend was observed also by Eltz and
Norton (1997) and Govers et al. (2000).

The formation of microrills as shown by Huang and Bradford
(1993) may also increase the roughness, but no microrills were
observed during this study, which is justified by the lack of slope of
the area, and also by the high water infiltration of this soil.

Zobeck and Onstad (1987) emphasize that changes in the
roughness during rains depend upon the distribution, shape and
size of the aggregates which compose the soil surface, and the
greater surface roughness occurred in the presence of a higher
proportion of large aggregates (Rudolph et al., 1997). Among the
degradation mechanisms by the action of rain, the breaking down
by the raindrop impacts is a cumulative effect (Le Bissonnais,
1996), thus, additional rainfall application is needed for a greater
soil disruption to occur. Greater reduction in the random
roughness index (RR) in conventional tillage, minimum tillage
and no-tillage, respectively, was also observed by Bertol et al.
(2006) after the action of natural rainfalls. The authors emphasize
that reduction of the RR, in conventional tillage, occurred after
successive rain periods, after 229 mm of natural rainfall in a corn
crop, and 350 mm in oats crop. Mwendera and Feyen (1994) also
found reduced values of the random roughness index by the
cumulative rainfall.

The conservationist treatments (RT and NT) showed a variation
of increase and decrease of RI along the applied rainfalls, but both
showed no significant differences in 2009 (Fig. 3). Only in 2010, did
NT show significant differences between the rainfalls, reducing RI
after 80 mm of applied rainfall. Possibly these variations and few
changes in the conservation tillage systems are related to the
presence of cover in these treatments, once the cover protects the
soil surface avoiding large evolutions along the applied rainfalls.
Furthermore, the cover crops in the conservation systems act
positively in the soil and water conservation strategy.

5. Conclusions

The RT and NT systems presented higher roughness in the first
year, but in the second year, the greatest surface roughness was
observed in the NT system.

The RI values in the same treatment differed between applied
rainfalls only in NT and in the second year. In CT, the RI did not
differ between the applied rainfalls, but showed the same trend in
the two years studied, initially an increase of roughness occurred
until a maximum rain, then it decreased.

Differences between the years studied occurred only in NT,
which showed greater RI in the second year in comparison to the
first one, CT and RT were similar and did not differ between the two
years evaluated.

The index used in this work (RI) satisfactorily represented
changes in the roughness of the soil, due to the use of different
tillage systems and simulated rainfall.

Future studies should detail the mechanisms of soil detachment
in the rain and monitor the evolution of both aggregates and
surface roughness, especially in conventional tillage systems.
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