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IMPLICATIONS OF THE VARIABILITY IN SOIL
PENETRATION RESISTANCE FOR STATISTICAL
ANALYSIS(D

Paulo Ivonir Gubiani(2), José Miguel Reichert(?’), Dalvan José
Reinert® & Neiva Somavilla Gelain®

SUMMARY

Soil penetration resistance (PR) is a measure of soil compaction closely related
to soil structure and plant growth. However, the variability in PR hampers the
statistical analyses. This study aimed to evaluate the variability of soil PR on the
efficiency of parametric and nonparametric analyses in indentifying significant
effects of soil compaction and to classify the coefficient of variation of PR into low,
medium, high and very high. On six dates, the PR of a typical dystrophic Red
Ultisol under continuous no-tillage for 16 years was measured. Three tillage and/
or traffic conditions were established with the application of: (i) no chiseling or
additional traffic, (ii) additional compaction, and (iii) chiseling. On each date, the
nineteen PR data (measured at every 1.5 cm to a depth of 28.5 cm) were grouped in
layers with different thickness. In each layer, the treatment effects were evaluated
by variance (ANOVA) and Kruskal-Wallis analyses in a completely randomized
design, and the coefficients of variation of all analyses were classified (low,
intermediate, high and very high). The ANOVA performed better in discriminating
the compaction effects, but the rejection rate of null hypothesis decreased from
100 to 80 % when the coefficient of variation increased from 15 to 26 %. The values
of 15 and 26 % were the thresholds separating the low/intermediate and the high/
very high coefficient variation classes of PR in this Ultisol.

Index terms: compaction, coefficient of variation, normality.
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RESUMO:  IMPLICACAO DA VARIABILIDADE DA RESISTENCIA DO SOLO

A PENETRACAO NA ANALISE ESTATISTICA

A resisténcia do solo a penetragdo é uma medida da sua compactagdo relacionada com o
crescimento das plantas, mas sua variabilidade dificulta a andlise estatistica. Os objetivos
deste trabalho foram analisar a variabilidade da resisténcia do solo a penetragdo sobre a
eficiéncia de testes paramétricos e ndo paramétricos na discriminagdo do efeito de niveis de
compactagdo e classificar os coeficientes de variag¢do da resisténcia do solo a penetragdo nas
classes baixa, média, alta e muito alta. A resisténcia do solo a penetragdo foi medida em
diferentes datas, em Argissolo Vermelho Distrdéfico tipico sob semeadura direta por 16 anos,
em trés condigoes: (i) sem aplicagdo de trdfego adicional e escarificagdo, (it) com aplicagdo de
compactagdo adicional e (iii) com escarifica¢do. Em cada data, 19 medidas de RP (feitas de
0a 28,5 cm, acada 1,5 cm) foram agrupadas para formar vdrias camadas com diferentes
espessuras. Em cada camada, os efeitos de tratamentos foram avaliados pela andlise de
variancia (ANOVA) e por Kruskal-Wallis, num delineamento inteiramente casualizado, sendo
o0s coeficientes de variagdo de todas as andlises classificados como baixo, médio, alto e muito
alto. A ANOVA discriminou melhor os efeitos dos niveis de compactagdo, porém a taxa de
rejei¢do da hipétese nula decresceu de 100 para 80 % quando o coeficiente de variagdo aumentou
de 15 para 26 %. Os valores de 15 e 26 % definiram, respectivamente, os limites de separagdo
das classes baixa/média e alta/muito alta para coeficientes de variagdo de RP do Argissolo

estudado.

Termos de indexagdo: compactagdo, coeficiente de variagdo, normalidade.

INTRODUCTION

Soil penetration resistance (PR) is a measure used
to indicate the degree of soil compaction. Recent
research efforts have emphasized the importance of
PR in determining the critical compaction thresholds
for plant growth (Tormena et al., 2007; Reichert et
al., 2009). Thus, it is essential to use statistics that
adequately represents the PR of a given soil in order
to obtain consistent conclusions on soil treatments.
When the objective is to evaluate PR in the layers of a
profile, it is also important to identify layers in which
the PR variability is not very high, which could affect
the ability of statistical tests to separate the treatments
effects on PR.

When PR is measured in situ, a PR data set is
obtained for soil profile. In this case, the statistical
analysis is usually applied for each profile layer.
Multivariate techniques can be used to detect
contrasting layers (Weirich Neto et al., 2006), but in
most cases they are arbitrarily defined or based on
PR behavior changes in depth. Therefore, the choice
of thicker or thinner layers may modify the statistical
results and the study conclusions.

The mean of a layer/sample is one of the most
commonly used statistics to represent the data set
(Seco et al., 2004; Collares et al., 2006). The PR mean
of each layer, of each experimental unit, are usually
submitted to variance and means comparison
analyses, in which the least significant difference is
represented by lines along the PR profiles.

The mean, maximum and median were the
statistics that identified soil use and management
effects on PR most clearly by variance analysis in the
study of Ledo & Silva (2006). These authors suggested
the use of means as the most appropriate statistic to
represent a soil sample and the effects of soil use and
management. But, apart from identifying the best
statistical method for variance analysis, the
assumptions required for analysis should also be
assessed. These aspects are less discussed in soil
analysis (Mesquita et al., 2003), particularly regarding
the application of nonparametric analysis, when the
data distribution is not normal.

Another aspect that has not been studied is the
effect of non-controlled intrinsic variability of PR on
the efficiency of variance analysis. The PR variability
has often been correlated to spatial (Utset & Cid, 2001;
Silva et al., 2004; Souza, et al., 2006) and temporal
changes (Genro Junior et al., 2004; Lapen et al., 2004).
However, the non-controlled variability affects both
the test performance used for data analysis and the
planning of the experimental design (Stork et al., 2004).

The variability of a property and the experimental
accuracy can be evaluated by the coefficient of
variation (CV) (Pimentel Gomes, 1990); this author
proposed a widely used classification for the CV.
However, the high or low rank of the CV of a given
variable is not necessarily the same for another
variable (Costa et al., 2008).

Some methodologies have been suggested to classify
the CV for a given variable. The methodology proposed
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by Garcia (1989) is only applicable if the CV
distribution is normal, while Costa et al. (2002)
suggested a procedure that is applicable regardless of
the distribution of the CV, especially for non-normal
distribution. Some application examples are the
studies of Amaral et al. (1997) for plant properties,
Judice et al. (1999) in studies with swine, and Costa
et al. (2008) for soil moisture experiments. However,
there are many opportunities and needs for the
application of these methodologies in soil research,
which would improve the experimental planning and
provide criteria for the classification of variability and
underlie coherent comparisons of results from different
experiments.

The objectives of this study were to: (1) analyze the
deviation of PR distribution from normal distribution;
(1) verify the effectiveness of parametric (ANOVA) and
nonparametric (Kruskal-Wallis) analyses in the
identification of significant effects of soil compaction
treatments on PR; and (iii) classify the PR coefficient
of variation, according to Costa (2002).

MATERIAL AND METHODS

The data of this study were extracted from an
experiment on a clayey Dystrophic Red Ultisol
(Argissolo Vermelho Distréfico) in Santa Maria, RS
(29°43’14" S, 53°42’18" W: 95 m asl), in 2008, to
evaluate the effect of traffic and chiseling on no-tillage
soil, under black bean. The treatments consisted of:
(1) NT — soil under no-tillage for 16 years, (2) NTCo —
soil under no-tillage for 16 years with additional
compaction (four wellings of a farm tractor with a
mass of 3.8 Mg) and (3) NTCh — soil under no-tillage
for 16 years with chiseling to the depth of 30 cm. The
experimental design used in the analyses was entirely
randomized with eight replications, resulting in 24
plots.

The PR was measured on February 20, 22, 24, 25,
and March 05 and 06, 2008. In this period, the soil
moisture varied from 0.10 to 0.24 cm? cm3. The PR
was measured using an ultrasonic cone penetrometer,
with electronic data storage and a conical tip with an
angle of 30° and 12.83 mm base diameter. The
penetration rate was approximately 2 m min'! and
data were recorded at depth intervals of 1.5 cm. On
each date, the PR was measured at five points in the
bean interrow. At each of these points, 19 measures
were obtained (at intervals of 1.5 cm) down to a depth
of 28.5 cm in the soil profile. In total, a data set was
generated with 13,680 PR measurements (24 plots x
5 PR profiles per plot x 19 PR measurements x 6
dates).

The PR profile was divided into layers with different
thickness (Figure 1). The PR of each layer was
represented by the mean value, as suggested by Leao
& Silva (2006). The establishment of these layers
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does not introduce effects by granulometric differences,
because the texture of the entire soil layer considered
in this study (0-28.5 cm) is homogeneous (150 g kg!
of clay, 238 g kg1 of silt and 612 g kg! of sand).

For each of the 19 profile layers, the treatment
effect on asymmetry and the normal probability of
the PR measurements were assessed separately for
each date based on the significance of the Shapiro-
Wilk test (SAS, 1999). For each analysis, the data
set was N=40, consisting of 5 PR measurements per
plot x 8 plots. In total, 342 analyses (6 dates x 3
compaction levels x 19 layers) were conducted to
determine the effect of soil structural conditions on
the PR distribution in relation to the normal
distribution curve, with no intention of examining the
relationships between treatments and soil layers.

For all layers and dates in which the PR was
measured, the compaction effect on RP was assessed
by ANOVA and the Kruskal-Wallis analysis, which
is the nonparametric analysis equivalent to ANOVA
(SAS, 1999), applicable when the design is entirely
randomized (Storck et al., 2004). The number of
observations of each analysis was N=24 (one value
per plot, represented by the mean PR value of the five
PR measurements of the analyzed layer).

The analysis efficiency was evaluated by the
rejection rate of the null hypothesis (Hy), assuming
non-significance of the treatment effects at o= 0.05.
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Figure 1. Schematic experimental unit with
distribution of PR measurements (points are in
perpendicular direction to the planting rows),
and the divisions of PR profile in layers. d1, d2,
d3, d4, d5, and d6 that refer to the
measurements on the following dates,
respectively: Feb 20, 22, 24, and 25 and Mar 5
and 6. *In some divisions (3, 4 and 5) the deeper
layers were less thick; data of grayish mottled
regions were not included in the analyses.
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Therefore, the analysis that most rejected Hy would
be most adequate to discriminate the treatment
effects.

The rejection rate of Hyin ANOVA was also related
to the estimate of the experimental CV to determine
the influence of CV on the discrimination ability of
ANOVA for compaction effects. The estimated
experimental CV was obtained from 300 variance

analyses, using the formula Cv (%) = +/MSE /M;

where MSE is the mean square error and M the mean
estimate.

The 300 CV were arranged in ascending order, and
the rejection rate of Hy (RRH,) was calculated as
follows: RRH ;= IOO(ZT:ORHOi)/k; wherei=1, 2, 3,...,
n;k=j=1,2,3, .., n; RHyis the i-th occurrence of
H, rejection. The RRH; values were related to the
respective CV;. The effect of the PR profile
segmentation on CV values was also evaluated.

In order to classify the CV values, the methodology
proposed by Costa et al (2002) was used, which is
applicable regardless of the data distribution. The
method is based on the median (Md = (Q1 + Q3)/2),
where Q1 and Q3 are the first and third quartiles,
respectively, and on the pseudo-sigma (PS=1QR/1.35),
where IQR is the interquartile range (Q3-Q1).

Asymmetry
1—4 -2 0 2 4
51 NTCh
9
13
17
21
25
29
1
5 NT
- 9
583 13
£ 17
8 n
25
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5] NTCo —=
9
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According to Costa et al (2002), the pseudo-sigma
corresponds to the standard deviation that a normal
distribution might have to produce the same
interquartile distance: for that reason; therefore, the
1.35 factor is introduced in the IQR formula.
According to the authors, the pseudo-sigma is a more
resistant dispersion measure than standard deviation;
pseudo-sigma tends to standard deviation if the
distribution is close to normal.

Using the classification proposed by Costa et al.
(2002), the CV determined for the data of this study
were classified as low: CV < (Md — PS); intermediate:
(Md - PS) < CV < (Md + PS); high: Md +PS)<CV <
(Md + 2PS) and very high: CV > (Md + 2PS). The
results were compared with generally accepted values
used for CV classification.

RESULTS

The exploratory analyses of the 19 soil layers,
defined by each PR profile measurement, indicated
that the asymmetry is predominantly on the right
side for chiseled no-tillage soil (NTCh) (Figure 2).
Under no-tillage (NT) and no-tillage with additional
compaction (NTCo), the asymmetry was similar on

Pr<W from Shapiro-Wilk
0.2 0.4 0.6 0.8 1.0

e
)

Figure 2. Indicators of normal distribution of penetration resistance at different compaction levels and in
soil layers. NTCh: no-tillage with chiseling; NT: no-tillage; NTCo: no-tillage with compaction.
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the left and right side. A proportion of 85, 89 and
83 % of the asymmetries in NTCh, NT and NTCo,
respectively, was within the range of -1 and 1 (typical
interval of normal distribution). Therefore, in 15, 11
and 17 % of the asymmetry values the mean is not
the measure that best represents the observation set.

The Shapiro-Wilk test indicated normal data
distribution in 53, 73 and 73 % of the analyses for
NTCh, NT and NTCo, respectively. Thus, in NTCh,
slightly more than half of the data sets were adequately
represented by the mean value.

In the analyses to evaluate the effect of compaction
levels on PR in the established soil layers, the ANOVA
produced the highest rejection rate of the null
hypothesis (Table 1). The efficiency of both analyses
decreased as the number of PR values grouped on a
given layer increased, while the proportion of Shapiro-
Wilk significant results was little affected.

The ANOVA indicated significance for the
hypothesis of differences in PR between the compaction
levels in 100 % of the analysis when the data set
consisted only of results from analyses in which the
CV were lower than 15 % (Figure 3a). The percentage
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of significance decreased sharply and linearly with
the proportion of analyses in which the CV was higher
than 15 %. This tendency persisted when the analyses
of the CV with values up to nearly 30 % were included.
In that range, the significance decreased from 100 to
80 %. The percentage of significance remained at
around 80 %, even when analyses with CV higher
than 30 % were included.

The segmentation of the PR profile caused a slight
increase of the CV (Figure 3b). However, the mean
and median of the CV of each layer did not change
significantly even when the PR profile was separated
in 19 layers.

Descriptive analysis of the CV indicated that the
mean and median were similar, suggesting that the
CV distribution was close to normal (Figure 2).
However, the Shapiro-Wilk test rejected the normality
hypothesis, indicating that the CV classification by
the technique proposed by Costa et al. (2002) is more
adequate than the classification by techniques based
on normal distribution (Garcia, 1999). The
classification of Costa et al. (2002) indicated that the
variability is low if the CV is lower than 15 % and
very high for CV if higher than 26 % (Table 2).

Table 1. Discrimination of the effects of compaction levels on penetration resistance (PR) by ANOVA and

Kruskal-Wallis analyses

Rejection percentage of null
PR profile Layer§ RP measu?es hypothesis @ Normality percentage of
divisi formed in grouped in P . 1 @)
ivision h divisi o - Shapiro-Wilk

each division each layer ANOVA Kruskal-Wallis

0 19 1 91 85 57

1 10 2 75 67 56

2 7 3 76 64 60

3 5 4 73 67 57

4 4 5 75 71 54

5 3 7 72 71 56

6 2 9 67 56 61

@ PR profile measurements, grouped to compose the analysis layer (see Figure 1). @The significance level analyses was o. = 0.05.

100

95
90 1
85 1

" .. - ..

75

H; Significance (%)

0 10 20 30 40 50 60

Coefficient of variation (%)

60
50 | (®) .

40 .

30

20

10 4

Coefficient of variation (%)

345 7 10 19

Layers formed by the RP profile division

Figure 3. Relationship between the coefficient of variation and the significance of the hypothesis of
differences in penetration resistance (H,) between compaction levels (a) and the effect of PR profile

division on the coefficient of variation (b).
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Table 2. Statistics and classification of the PR
coefficients of variation

Statistic® Value CV classification
Q3 21.29 Low

Q1 16.34 CV<=15
IQR 495
Median 1825 Intermediate
N 306 15 <CV<= 22
Mean 19.32

Pseudo-sigma 367 High
Maximum 50.84 22 <CV<= 26
Minimum 951
Amplitude 41.34 Very high
Shapiro-Wilk ~ W=0.89 (Pr<W =<0.001) CV>26

M Q1 and Q3 are the first and third quartiles, respectively;
IQR is the interquartile range (Q3 — Q1), and N is the sample
size.

DISCUSSION

The asymmetry coefficient indicated that the PR
distribution was modified as a consequence of soil
structure changes, since 15 % of the asymmetry
values in NTCh and 17 % in NTCo were outside the
range -1 to 1, against 11 % in NT. These results
indicate that the mean would not be the statistics
that best represents the set of observations.

After chiseling, the soil structure normally shows
spatial zones with high and low structural
modification. The sites without tillage represented a
relatively smaller soil volume than the tilled sites and
accounted for the highest PR values that caused
asymmetry to the right and increased the mean PR
value (Figure 2). As a practical consequence, the use
of the mean to represent the PR of a chiseled soil
overestimates the PR of most of the soil volume
explored by roots, because they preferentially grow
through soil of low mechanical resistance (Martino &
Shaykewich, 1994; Clark et al., 2003).

In compacted soil, the proportion of asymmetry
values between -1 and 1 was 50 % higher on the left
than the right. In this case, the soil volume compacted
by repeated wheeling was higher than the proportion
of soil under less intense compaction, which caused
asymmetry to the left and reduced the mean PR value.
Thus, in trafficked plots, the PR mean better represent
the soil zones in which root density is high (preferential
paths with low resistant for root growth).

Besides the aspects related to asymmetry, care
must be taken in applications of the parametric
analyses, particularly for data from chiseled soil, since
the Shapiro-Wilk test normality proportion for the
measured PR data was only 53 %. However, when
data with normal distribution, from soils without or
with little structure changes, are included in the data
of chiseled or compacted treatments, the total
normality proportion increases. As a result, ANOVA

Paulo Ivonir Gubiani et al.

performance is improved, because it is a robust
analysis, i.e., moderate deviations from the model
assumptions do not affect the result very much (Stork
et al., 2004).

The highest proportion of significance for ANOVA,
for the hypothesis of difference between the compaction
levels, shows the ability of the analysis to discriminate
effects even in the case of deviation from the normal
distribution (Table 1). Although only 57 % of the
analyzed sets had normal distribution, 91 % of the
results were significant when the PR profile was
divided in 19 layers (Table 1). In all cases, the
significance percentage was higher for ANOVA than
for Kruskal-Wallis analysis, suggesting that the latter
would only be advantageous if ANOVA was greatly
affected by data distribution.

Although the Kruskal-Wallis analysis does not
require assumptions on data distribution, the
observations in each group are assumed to result from
populations with the same distribution shape
(McDonald, 2009). This author states that, if different
groups have different distribution shapes (e.g., some
are asymmetric to the left and others to the right or
have different variances), the Kruskal-Wallis analysis
may not produce accurate results. The differences in
the asymmetry of the PR data for NTCh and NTCo
(Figure 2) can be the main cause for the decreasing
proportion of significant effects in the Kruskal-Wallis
analysis (Table 1).

The decreasing significance for the hypothesis of
differences between the compaction levels with the
increasing number of PR measurements grouped in
the same layer (Table 1) may be explained by the soil
structure characteristics due the position of the layers
in the profile. When the layer thickness increases,
all layers are shifted to deeper positions, where the
effects of changes in soil structure on PR (particularly
additional compaction applied to the topsoil) decrease,
reducing the significance for the hypothesis of differences
between the compaction levels. This interpretation
seems reasonable because the data distribution pattern
in relation to normality was not affected. Therefore,
for PR profiles similar to those in this study, data
grouping into a few layers discriminates less clearly
the effects of soil structural changes on the PR.

The CV affected the significance of the F test of
ANOVA, due to its direct relation with the experimental
error. Since CV is the square root of the experimental
error in percentage of the mean, which corresponds
to the percentage of standard deviation from the mean
(Pimentel Gomes, 1990), any factor that increases the
experimental error or the non-controlled variability
also increases the CV and reduces the significance of
the F test, as emphasized by Stork et al. (2004) and
evidenced in this study (Figure 3).

Changes in soil moisture and bulk density are
indicated as the main causes of PR variation. At a
given site, the CV values may range from 7 to 80 %
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due to the heterogeneity of soil moisture (Utset & Cid,
2001). In Oxisols, Tormena et al. (2007) found CV
values of 41 to 96 %, when the PR data of samples
with bulk density between 1.01 and 1.34 g cm™ and
moistures between 0.26 and 0.53 cm?® cm™ were
evaluated. Kaiser et al. (2009) reported lower values
of CV (28 %), also with PR data (840-3.080 kPa) for
another Oxisol with bulk densities varying from 1.14
to 1.41 g cm3 and moistures from 0.21 to
0.41 cm? cm3.

The class limits for the CV resulting from the
application of the technique proposed by Costa et al.
(2002) (Table 2) were consistent with the significance
response of the F test (Figure 3). The CV upper
threshold of the low class (15 %) and lower threshold
of the very high class (26 %) were similar to the values
that identify the highest and lowest significance points
of the F test, respectively. These values are close to
the general classification values of Pimentel Gomes
(1990), with thresholds of 10 and 30 %, for the low
and very high classes, respectively.

Based on the above data of Tormena et al. (2007),
there is an indication that the CV classification for
the PR in Oxisol may result in class limits higher
than those obtained for the Ultisol of this study. The
analyses of this study incorporate 11,400 PR data,
ranging from 35 to 4,189 kPa, of soil with bulk
densities ranging from 1.43 to 1.82 g cm™ and
moistures from 0.10 to 0.24 cm? cm3, resulting in CV
between 9.5 and 50.8 % (Figure 2). These moisture
and bulk density ranges and the large database allow
the conclusion that the CV values obtained in this
study are representative of the CV population of the
soil layer evaluated.

The experimental design, however, influences the
estimation of the mean square error (MSE) and
consequently of CV, an important factor to be
considered when the number of treatments is high
(Costa et al., 2002). The authors found that the CV
class thresholds for experiments performed in a
completely randomized design were usually lower than
those in randomized blocks. These authors concluded
the large number of treatments (up to 29) of the
randomized blocks design as one of the reasons, which
greatly increased the area of each block and raised
the experimental error and the CV. Since more
treatments than five are rarely used in soil
experiments to evaluate PR, the type of design
interferes less with the estimation of CV evaluation.
Consequently, the classification presented in this
study can be used as a reference for the experimental
design and interpretation of PR data of surface
horizons of Ultisols.

CONCLUSIONS

1. Changes in soil structure increase the deviation
of the distribution of penetration resistance in relation
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to the normal curve. The mean represents penetration
resistance better in compacted than in chiseled soil.

2. The reduction in the number of generated layers
for analyzing the penetration resistance soil profile
decrease the significance for the hypothesis of
difference between soil treatments.

3. The increase of the experimental coefficient of
variation of soil penetration resistance affects the

ANOVA performance.
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