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ABSTRACT: Surface roughness can be influenced by type and intensity of soil tillage among other
factors. In tilled soils microrelief may decay considerably as rain progresses. Geostatistics provides some
tools that may be useful to study the dynamics of soil surface variability. The objective of this study was
to show how it is possible to apply geostatistics to analyze soil microrelief variability. Data were taken at
an Oxisol over six tillage treatments, namely, disk harrow, disk plow, chisel plow, disk harrow + disk level,
disk plow + disk level and chisel plow + disk level. Measurements were made initially just after tillage and
subsequently after cumulative natural rainfall events. Duplicated measurements were taken in each one
of the treatments and dates of samplings, yielding a total of 48 experimental surfaces. A pin microrelief
meter was used for the surface roughness measurements. The plot area was 1.35 " 1.35 m and the sample
spacing was 25 mm, yielding a total of 3,025 data points per measurement. Before geostatistical analysis,
trend was removed from the experimental data by two methods for comparison. Models were fitted to the
semivariograms of each surface and the model parameters were analyzed. The trend removing method
affected the geostatistical results. The geostatistical parameter dependence ratio showed that spatial
dependence improved for most of the surfaces as the amount of cumulative rainfall increased.
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ANALISE GEOESTATISTICA DO MICRORRELEVO DE UM
LATOSSOLO EM FUNCAO DO PREPARO DO SOLOE
DA PRECIPITACAO ACUMULADA

RESUMO: A rugosidade da superficie pode ser influenciada pelo tipo e pela intensidade do preparo do
solo, entre outros fatores. Em solos preparados o microrrelevo ¢ aplanado consideravelmente com o
acumulo da chuva. A Geoestatistica promove algumas ferramentas que podem ser uteis no estudo da
dindmica da variabilidade da superficie do solo. O objetivo desse estudo foi verificar se € possivel aplicar
geoestatistica na analise da variagdo do microrrelevo do solo. Os resultados foram obtidos num Latossolo
sob seis tratamentos de preparo do solo: grade de discos, arado de discos, escarificador, grade de discos
+ grade niveladora, arado de discos + grade niveladora e escarificador + grade niveladora. As medidas
foram feitas logo apds o preparo do solo e subseqiientemente apds cumulativos eventos de chuva
natural. Medi¢des duplicadas foram feitas em cada tratamento para cada data, produzindo um total de 48
superficies. Um rugosimetro de agulhas foi utilizado para as medidas da rugosidade da superficie. A area
de cada parcela era 1,35 m por 1,35 m e as medidas espacadas de 25 mm, produzindo um total de 3025
pontos por parcela. Antes da analise geoestatistica, a tendéncia foi removida dos dados experimentais
por dois diferentes métodos. Foram ajustados modelos aos semivariogramas de cada superficie, e os
parametros desses modelos foram analisados. O método usado para remover a tendéncia influenciou os
resultados geoestatisticos. O pardmetro geoestatistico razdo de dependéncia mostrou que a dependéncia
espacial aumentou para a maioria das superficies com o aumento da precipitagdo pluvial acumulada.
Palavras-chave: rugosidade da superficie do solo, método para retirada de tendéncia, indices de
rugosidade, configuracdo da superficie

INTRODUCTION ceives many actions such as rainfall, tillage, traffic,
management systems etc., the surface conditions may
Because the soil surface is the region that re- be rapidly modified by any of these actions. The sur-
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face microrelief has been often related with water
erosion, mainly because the soil depressions
constitute a very efficient way to temporarily
store water and thus provide more opportunity
for infiltration (Miranda, 2000). The type of imple-
ment used to till the soil has unique characteristics
on the soil surface roughness that may also
affect hydrological processes. Soil microrelief
has been defined as a set of topographical charac-
teristics of an area of interest (Huang, 1998), at a mil-
limetric or centimetric scale (Huang & Bradford,
1992). Statistical indices for surface roughness only
represent the vertical variability of the measured
heights.

Random roughness (RR), the standard
deviation of point elevation data sets, is the most tra-
ditional one (Allmaras et al., 1966). Currence &
Lovely (1970) presented five ways of calculating sur-
face roughness indices, according to the used trend
removal method, and they concluded that the best
ones were those more efficient in correcting both the
slope and the periodical variability due to the
tillage implement, with minimal disturbance on the sur-
face characteristics. The removal of both the slope
and the periodical variability is also a required condi-
tion for adequate geostatistical analysis. Therefore,
whatever may be the method used for the trend re-
moval, at least the intrinsic hypothesis of geostatistics
must be validated before further applications are
used.

Geostatistical analysis of spatial variability has
been nowadays extensively used and documented at
different scales (Vieira et al., 1983; Paz Gonzalez et
al., 2000), including soil surface microrelief plots
characterized by point elevation measurements
(Miranda, 2000; Vidal Vazquez, 2002). Through the
analysis of the parameters of the semivariogram mod-
els fitted to different data sets it is possible to assess
the similarity between them or to compare their vari-
ability (Vieira et al., 1983).

The objective of this study was to investigate
the adequateness of geostatistical methods, for the un-
derstanding of surface roughness evolution as a
function of cumulative rainfall.

MATERIAL AND METHODS

The field measurements were obtained at
Campinas, State of Sdo Paulo, Brazil, (22°53° S, 47°04°
W, at an average altitude of 600 m asl). The soil was
a clayey Rhodic Eutrudox with an ochric epipedon (Soil
Survey Staff, 1998) or a Latossolo Vermelho
Eutroférrico tipico with a moderate A horizon
(Embrapa, 2006), according to the Brazilian Soil Clas-
sification System.

The surface roughness measurements were
made between October and November 2000, at a 5.1%
slope site. A total of 48 measurements were made cor-
responding to six tillage treatments over four dates, the
initial stage just after tillage and after each one of three
cumulative rainfalls and with two replications (mea-
surements) per treatment. The three primary tillage
treatments studied were disk plow (DP), heavy disk
harrow (DH) and chisel plow (CP), with cumulative
natural rains of 0, 24.4, 113.3 (for disk plow), 120.9
(for heavy disk harrow and chisel plow) and 232.8
mm. Besides these, disk plow plus leveling disk (DP
+ L), disk harrow plus leveling disk (DH + L), chisel
plow plus leveling disk (CP + L) with cumulative natu-
ral rains of 0, 24.4, 232.8 and 294.6 mm were also
assessed. Table 1 summarizes the tillage treatments and
cumulative rainfall for all surfaces measured. Even
though two sets of measurements were taken for each
combination of tillage treatment and cumulative rain-
fall, they are not considered in this analysis as repli-
cations, but rather, as two independent measurements
for each situation.

The surface roughness measurements were
taken with a pin microrelief meter as described in Vidal
Vazquez (2002). The plot area was 135 cm by 135
cm and the sample spacing was 25 mm, yielding a to-
tal of 3,025 data points per measurement. Figure 1
shows an illustration of the pin microrelief meter used.

Because surface roughness heights showed
some trend caused, respectively by the surface slope
and the tillage treatment marks, the surface height data
were submitted to two different trend removal tech-
niques:

i) The procedure proposed by Currence & Lovely

Table 1 - Cumulative rainfall (mm) for each one of the tillage treatments.

Disk plow Heavy disk Chisel Disk'plov&./ + Heavy di§k hgrrow + Chisel ploW + leveling
harrow plow leveling disk leveling disk disk
0 0 0 0 0 0
24.4 24.4 24.4 24.4 24.4 24.4
113.8 120.9 120.9 232.8 232.8 232.8
232.8 232.8 232.8 294.6 294.6 294.6
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Figure 1 - Pin microrelief meter used.

(1970) in which a linear and periodic trend are re-
moved using a very simple procedure that involves sub-
tracting the average value for the i row and ;" col-
umn in from the original value through the equation:

< (hi - H)- (h; -

where H_is the corrected height at the i row and ;"
column after removal of both the slope and the peri-
odic trends, /4, is the orig;nal height value for the i’h
row and the j” column, 7% is the average for the i
row, h is the average height for the j” column, H is
the average of all points.

H)- H (1)

ii) The other one involves the subtraction of a three di-
mensional surface fitted by minimum least squares from
the original data, with a degree 1, 2 or 3, depending on
the goodness of fit produced and the resulting
semivariogram. This technique is well described in
Vieira et al. (1983). The primary objective of the trend
removal is to expose the surface roughness without the
slope and tillage components and to produce an intrin-
sic semivariogram with a well defined sill.
Geostatistical data treatment comprised the
analysis of semivariograms with their respective pa-
rameters of models fitted according to Vieira et al.
(1983). Semivariograms are calculated as follows:

— +

: N(h) a [260)- 7Gx, + 1] (2)
where N(h) is the number of pairs of height values, Z(x)
separated by a vector 4. In order to be used, to prop-
erly describe the spatial variability of any variable, one
of the requirements on the model is that the function
used must be conditional positive definite (MacBratney
& Webster, 1986). This condition will guarantee that
the variances calculated will be positive. The main mod-
els that satisfy that condition and are adequate for use
in geostatistical calculations are the spherical, the ex-
ponential and the Gaussian. On the equations bellow, C ,
C,, and a represent the nugget effect, the structural vari-
ance and the range, respectively.

g(h) =

For the spherical model, usually symbolized as
Sph(C,, C,, a), the equation is:

gw)=Qﬁ%lg5ﬁ~OSgé9d hEa
& a eagy (3)

9(h) =C, +C, h>a

The exponential model, symbolized as Exp(C,,
C,, a), the equation is:

m)c+cg wm?ﬂm (4)
e a oy
The gaussian model, symbolized as Gau(C,
,» ), the equation is:

& a0
mm:q+qq-E@§3¢_ (5)
& 40 g

where C,, C, and a are, respectively, the nugget ef-
fect, the structural variance and the range of spatial
dependence. An analysis of the semivariogram model
parameters as a function of the tillage intensity and
cumulative rainfall was also made.

The Dependence Ratio (DR) was calculated
according to Cambardella et al. (1994) with the equa-
tion:

C,*100
DependenceRatio = ( 2

C,+C)

The dependence ratio can provide an indica-
tion of the proportion of the variance which is struc-
tured, and consequently, the proportion which is ran-
dom. Surface spatial behavior can be assessed with the
analysis of the DR parameters.

In order to check if the surfaces had similar
spatial variability behavior, their semivariograms were
scaled according with Vieira et al. (1997) with the
equation:

(6)

g*(h) =g (h) /a, 1=1,2,...,m (7)
where m indicates the number of measured variables.
The scale factor a, is a constant that can take the value
of the calculated variance, the sill when it exists, or
the highest value of the semivariogram gh). The re-
sulting scaled semivariograms will have a sill equal to
1 (one), if it exists. Because the semivariograms rep-
resent the way the variability behaves in the sampled
space, thus, when the scaled semivariograms plotted
to the same graph show similar behavior, it is an indi-
cation of similar variability. In other words, surfaces
that present similar scaled semivariograms will repre-
sent similar roughness behavior.
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RESULTS AND DISCUSSION

Comparison of different detrending procedures

Figures 2 to 7 show the scaled semivariograms
for all the 48 surfaces separated by tillage treatment
and identified by the cumulative precipitation and cal-
culated for three kinds of surfaces: i) the original sur-
faces without any trend removal operation; ii) the sur-
faces for which the trend was removed using a para-
bolic trend surface equation with minimum least
squares fit; and iii) the surfaces for which the slope
and the periodic trends were removed using Currence
& Lovely (1970). Trend removal is required because
the surface roughness parameters will be affected by
the existence of a slope and/or a periodic component
due to tillage, and because the geostatistical analysis
requires that at least the intrinsic hypothesis be satis-
fied, which banishes the presence of a trend (Vieira et
al., 1983). For any variable following the intrinsic hy-
pothesis of geostatistics, the sill of the semivariograms
must exist and approach the value of the sample vari-
ance (Vieira et al., 1983).

The scaled semivariograms for all the Disk
Harrow (DH) surfaces are shown in Figures 2a, 2b
and 2c. Regardless of cumulative rainfall, all
semivariograms for the original values show some well
defined trend (Figure 2a). They are all different, i.e.,
the spatial distribution of the surface roughness is dif-
ferent among them. The parabolic trend removal pro-
duced intrinsic semivariograms (Figure 2b) that they
all have well defined sill value of approximately 1. The
significance of their nearness to the value of 1 (one),
and other questions on their parameters can be assessed
using the jack knifing procedure as described else-
where (Vieira et al., 1983), fact which is beyond the
objectives of this paper.

The parabolic trend removing surface seems
to have introduced or left some periodicity on the treat-
ments with large values for the cumulative rainfall. The
primary reason for this fact may be because the para-
bolic trend surface is not efficient enough to remove
localized trends caused by the smoothing effect of the
cumulative rain, and it primarily removes the main plot
scale trend. On the other hand, the procedure recom-
mended by Currence & Lovely (1970) seems to have
removed completely all the tillage periodicity effect
(Figure 2c¢). However it was not enough to remove
the trend of, at least one surface identified as DH 113.3
II. The procedure used by Currence & Lovely (1970)
(Figure 2c) decreased the value of the range of the
semivariograms by more than half as compared to the
parabolic trend removing procedure (Figure 2b).
Therefore, the surfaces resulting from the procedure
recommended by Currence & Lovely (1970) have

smaller diameter homogeneous regions as compared
to the ones generated by the parabolic trend removal
procedure. The resulting scaled semivariograms for the
parabolic trend surface procedure (Figure 2b) seem to
have a shape near the origin which would fit spheri-
cal models while the ones on Figure 2c (result of the
procedure recommended by Currence & Lovely
(1970)) seem to fit better an exponential model. This
also means that the detrending procedure produced
surfaces with different spatial distribution.

Figure 3 shows the scaled semivariograms for
the Disk Plow (DP) tillage treatments. Apparently the
eight surfaces in this tillage treatment are a somewhat
more similar to each other than the Disk Harrow (DH)
treatment, as the scaled semivariograms are more coa-
lesced than the previous ones. Again the scaled
semivariograms for the original values (Figure 3a)
show a very clear trend (no stabilization to a sill value),
the scaled semivariograms for the surfaces resulting
from the parabolic trend surface procedure (Figure 3b)
clearly have a sill (no trend), have some periodic re-
sidual in particular after the larger cumulative rainfalls
and show a spherical behavior near the origin, and the
ones produced with detrending using the procedure in
Currence & Lovely (1970) (Figure 3c) have an expo-
nential behavior near the origin, smaller ranges (al-
though not as much as the previous ones Figure 2)
and no periodic component on the residuals.

The resulting scaled semivariograms for Chisel
Plow tillage (CP) treatment are shown in Figure 4. This
is by far the tillage treatment which gave the greatest
emphasis to the above discussion because the Currence
& Lovely (1970) detrending procedure seemed to have
been more appropriately designed for surface that be-
sides having for sure a slope trend also and surely have
a periodical component caused by the chisel plow imple-
ment. The eight original surfaces have a very distinct
variability as their semivariograms are quite distinct from
each other (Figure 4a). For instance, in Figure 4a the
scaled semivariograms for the treatments identified as
CP 0 I (closed squared), CP 0 II (open squares) and
CP 120.9 I (closed triangles) did not even need any kind
of detrending since the semivariograms for the original
values already have a well defined sill. The parabolic
detrending procedure produced semivariograms which
seem to be adequately described near the origin by the
spherical model with a range of approximately 200 mm,
although there is visually some periodical component
remaining (Figure 4b). The Currence & Lovely (1970)
procedure for detrending produced semivariograms (Fig-
ure 4c) which appear to be exponential in shape near
the origin, with somewhat smaller ranges than the para-
bolic procedure, no periodic component and clearly in-
trinsic.

Sci. Agric. (Piracicaba, Braz.), v.66, n.2, p.225-232, March/April 2009



Geostatistical analysis of microrelief 229

EDHOI ODHOII
®DH22.41 ©ODH 2241
ADH 113.31 ADH 11331l
®DH 23281 CGDH 23281l

Loy
o

Semivariance
o =
[o2] N

I
IS

0 100 200 300 400 500 600 700 800
Distance, mm

Q

Semivariance
o

o

Semivariance

c Distance, mm
Figure 2 - Scaled semivariograms for surfaces tilled with disk
harrow. a) Original data; b) Trend removed with a
parabolic surface; c¢) trend removed using the
procedure of Currence & Lovely (1970).
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Figure 4 - Scaled semivariograms for surfaces tilled with chisel
plow. a) Original data; b) Trend removed with a
parabolic surface; c) trend removed using the procedure
of Currence & Lovely (1970).

Figures 5, 6 and 7 correspond to the same till-
age treatments as do Figures 2, 3 and 4, with the dif-
ference that a leveling disk harrow was passed on these
surfaces before the roughness measurements
were made. Therefore, besides the leveling effect
caused by the cumulative rainfall, there was also the
effect of the secondary tillage. Figure 5a shows scaled
semivariograms, which are very clearly with trend most
of which with degree two (parabolic) or more, as they
show a positive rate of increase with distance. Only
the semivariogram for DH + L 294.6 II (open circles)
could have been fitted to a surface with a degree
smaller than two. Not all the resulting semivariograms
could be adequately fitted by a spherical model as DH
+ L 0 I (closed squares) and DH + L 0 II (open
squares) could be better described with an exponen-
tial model (Figure 5b). These two semivariograms are
very similar to the corresponding ones for the surfaces
resulting from the trend removal with Currence &
Lovely (1970) (Figure Sc).

There was some remaining periodicity only on
DH + L 232.81 and DH + L 294.6 1. The surfaces re-
maining from the trend removal using Currence &
Lovely (1970) shown in Figure 5c are quite different
from the ones obtained with the parabolic trend re-
moval (Figure 5b). The semivariograms for the origi-
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Figure 5 - Scaled semivariograms for surfaces tilled with disk
harrow plus leveling disk. a) Original data; b) Trend
removed with a parabolic surface; c) trend removed
using the procedure of Currence & Lovely (1970).
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Figure 6 - Scaled semivariograms for surfaces tilled with disk
plow plus leveling disk. a) Original data; b) Trend
removed with a parabolic surface; c) trend removed
using the procedure of Currence & Lovely (1970).
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Figure 7 - Scaled semivariograms for surfaces tilled with chisel
plow plus leveling disk. a) Original data; b) Trend
removed with a parabolic surface; c) trend removed
using the procedure of Currence & Lovely (1970).

nal data for DP + L OIl and DP + L 232.8 II (Figure
6a) did not need any trend removal, and they were al-
ready intrinsic. For the trend removal using the para-
bolic trend surface (Figure 6b), except for DP + L
232.8 II which seems spherical, all the other ones
could be adequately fit to exponential models. There
is a big contrast for the procedures illustrated by the
semivariogram for DP + L 294.6 1I (Figure 6¢) as the
resulting semivariogram is still not intrinsic, i.e., the
Currence & Lovely (1970) method was not enough
in this case.

Figure 7 shows the scaled semivariograms for
the three methods of detrending for the tillage treat-
ment CP + L with increasing cumulative rainfall. Again
in Figure 7a it seems clear that the surface CP + L 0
II did not need any trend removal. The parabolic sur-
faces removed efficiently the trend from all surfaces
(Figure 7b). However, the Currence & Lovely (1970)
method did not remove the linear trend from CP + L
294.6 1I and left some periodical component on CP +
L 232.8 1I (Figure 7c¢).

One of the statistical ways of supporting or not
the detrending procedure is through the coefficient of
determination between the surface and the original data.
Figure 8 shows a three-dimensional map for the co-
efficients of determination between the parabolic sur-
face and the original surfaces. The R” were only be-
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CP+L

Figure 8 - Tridimensional map for the Coefficient of Determination
(R?) between the parabolic surfaces and the original
data as a function of Soil Tillage (X axis) and Cumulative
Rainfall, mm (Y axis). DH is Disk Harrow, DP is Disk
Plow, CP is Chisel Plow, + L is with Leveling Disk.

DR (%)

Figure 9 - Relationship between Dependence Ratio (DR) and
cumulative precipitation for each tillage treatment:
CP is Chisel Plow, DP is Disk Plow, DH is Disk
Harrow, + L is with Leveling Disk.

low 0.6 for the surface corresponding to the Chisel
Plow (CP), which produces a strong periodical com-
ponent that was not adequately removed with the para-
bolic trend surface equations, in particular for the small
values of cumulative rainfall. As the cumulative rain-
fall increased, the R” all passed 0.8. This is very posi-
tive result for the parabolic trend removal procedure.
Figure 9 shows the relationship between the
Dependence Ratio (DR) and the cumulative rainfall for
each tillage treatment. It is quite general that the DR
values decrease as the cumulative rainfall increase,
which means that the amount of randomness decreases
with the smoothing effect of the cumulative rainfall.
The leveling harrow treatments (CP + L, DP + L, and
DH + L) contributed to increase the values of DR,

which means that there was an increase in the ran-
domness of the surface roughness due to the leveling
harrow. Regardless of the kind of tillage implement,
the semivariances decreased by a factor of six when
comparing the surfaces obtained with zero precipita-
tion and at the end of the experiment. This is because
the surfaces became smoother as the precipitation in-
creases.

CONCLUSIONS

Geostatistical analysis enhances the character-
ization of soil surface microrelief features as it pro-
vides additional insight into the assessment obtained
from currently used roughness indices. Spatial depen-
dence increased for most of the surfaces as the
amount of cumulative rainfall increased. The trend re-
moving method affected the geostatistical results. Al-
though the parabolic trend removing procedure leaves
remaining periodicity caused by tillage, the Currence
and Lovely procedure also leaves slope trends in some
surfaces.
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