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Abstract: Understand the spatial variability of factors that influence crop yield is essential to ap-
ply site-specific management. The present study aimed to evaluate apparent soil electrical conduc-
tivity (ECa) in two fields (A= rainfeed; B= central-pivot irrigation), based on that delimit manage-
ment zones (MZ). In each MZ, characterize the soil density (S5d) at two soil depths , and assess
whether the delimitation of MZ, based on the spatial variability of ECa, was able to identify regions
of the field with different Sd. In general, MZ with the highest mean value of ECa also presented
the highest mean values of Sd. The highest Sd values was observed in the 0.1 — 0.2 m layer, re-
gardless of the studied area. Regardless of soil texture, the proposed the ECa was was able to detect
in field differences in Sd. The delimitation of MZ, based on the spatial variability of ECa mapping,
was able to differentiate the mean values of Sd between MZ 1 (1.53 g cm?) and MZ 2 (1.67 g cm™®) in
the field A, in the 0.1 — 0.2 m layer. A statistical difference was observed for the mean values of Sd,
in MZ 1, at layer 0.1 - 0.2 m, when comparing the two fields: A (1.53 g cm?) and B (1.64 g cm). We
suggest that further studies should be carried out, to confirm the efficiency of ECa in detect the
soil bulk density at different soil depths.

Keywords: no-till; soil compaction; precision agriculture; soil physics

1. Introduction

Brazil and USA are currently the world's largest producers of soybean. In the
2020/21 season, Brazil reached the record mark of 135.4 M T, produced in a cropped area
of 38.5 M ha, with average productivity estimated at 3,517 kg ha' [1]. The Brazilian
farmer has been using technologies in order to conciliate the increase of productivity and
cropped area, thus, improve their profitability [2].

In this context, we highlight the successful adoption, on a large scale, of the
no-tillage system (NTS). According to Salomao and colleagues [3], the adoption of NTS
represents an alternative for economic and sustainable production, which makes it pos-
sible to solve environmental problems such as the soil erosion, loss of nutrients by lixiv-
iation and transport of agrochemical inputs, soluble nutrients and organic matter into
water courses and natural ecosystems.

Associated with the NTS, the use of precision agriculture techniques and digital
tools, such as those aimed at mapping the spatial variability of soil attributes, has been
consolidated as an efficient agronomic practice, especially in the management of soil fer-
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tility through georeferenced soil sampling [4]. The mapping of the spatial variability of
soil and plant attributes provides tools to scout the fields with layers of information, al-
lowing site-specific interventions [5], in particular, in soil attributes that are crop yield
limiting.

The choice of the soil sampling method will affect the characterization quality of the
spatial variability of soil attributes. Soil sampling based on a grid of georeferenced points
is the most used in Brazilian precision agriculture [6]. However, the representativeness of
the spatial variability of soil attributes is dependent on the number of points that com-
pose the grid [7]. Some soil attributes as phosphorus content and soil resistance penetra-
tion demands a large number of sampling. In this context, grids composed of many
sampling points can make the characterization of the spatial variability economically
unfeasible [8].

In the literature, there are numerous studies on the mapping of the spatial variability
of soil chemical properties, for the purpose of site-specific management, using precision
agriculture tools. Among the reasons that justify this large number of studies, in addition
to the relevance of improving soil fertility in dystrophic tropical soils, is the availability of
equipment to mechanical operationalization of sampling. Studies related to the spatial
variability of soil physical attributes, such as bulk density, are less frequent. Soil density
can be used as an indicator of changes in soil structure [9]. According to Stone and Sil-
veira [10] the soil density is a factor that affect soil water storage, plant nutrient uptake,
root growth and crop yield. Although, its relevance to crop performance the high labor
demand to soil density evaluation limit the spatial variability characterization.

The search of technical approaches that aim to smart sampling for the purpose of
characterizing soil density in homogeneous zones with low cost is highly demanded. In
this scenario, the soil apparent electrical conductivity can help to guide the sampling for
the purpose of characterizing spatial variability of the bulk density. Therefore, allowing
site-specific chiseling or cover crops that can mitigate soil compaction.

The present study firstly map the spatial variability of apparent soil electrical con-
ductivity (ECa) in two fields, one a rainfeed and the second irrigated with center-pivot
system. Secondly, delimited management zones (MZ) based on the spatial variability of
the ECa in each field. Finally, evaluate the soil density, at two depths, according MZ. The
hypothesis of the study was that the delimitation of MZ, based on the ECa, was able to
capture regions with different soil densities in both fields.

2. Materials and Methods

This study was carried out in two farm fields, located in the municipality of Ca-
choeira do Sul, Rio Grande do Sul State; Southern Brazil. These fields have been managed
under no-tillage system and oriented to grain crop production. The soil is classified as
Red Acrisol, according to Soil Taxonomy 1975 [11].

The field A has 26.7 ha, cropped in a dryland system. The management adopted in
this area includes NT of soybeans in the summer season, harrowing and sowing of oats
(for cover crop/pasture) in the winter season. The field B has 24.1 ha, cropped with irri-
gation of center-pivot irrigation system. In the summer season, part of the pivot is
cropped with soybean and part with corn, for silage production. In the winter, the whole
field is sown with oat for animal pasture.

Soil sampling scheme was grid with points regularly spaced at 50 x 50 m (Figure 1).
These points served as a basis for measuring the ECa (mS m™). A Garmin GPS receiver,
model GPSMAP 62sc, was used to locate the sample points in the study areas.


https://doi.org/10.20944/preprints202302.0129.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 February 2023 d0i:10.20944/preprints202302.0129.v1

6652600 6649500 Y Py
4 5 6 7 8
6649450 e o o o o o
6652500 1 15 14 13 12 1
6649400 L] . e o o o o
6652400 19 20 21 22 23 25 26 27 28
6649350 o o o o o 204 e o o o o
40 37 36 35 33 32 31 30
£ 6652300+ T 6649300+ B
o T 41 42 43 44 45 46 4T 48 49 50 51 52
% 66522004 % 6649250 @ © © e © o © o o e o o
© e 63 62 61 60 59 58 57 56 55 54 53
= T 66492001 ¢ o ® o . —— % o o ¢
8 6652100 3 64 65 66 67 69 70 71 72 73 74
> > 6649150 e e [ ° o o e o o Y
6652000 81 80 79 78 76
6649100 o o o @ °
82 84
6651900 6649050 [ 8.3 .
88 87 86
sl 6649000-| e o o
— polygon \\ 89 — polygon
@ ECa sampling point 6648950 3 . @ ECa sampling point
6651700-— T 1 1 T 1 1 T T ' T T T
301200 301400 301600 301800 309000 309100 309200 309300 309400 309500
X coordinate (m) X coordinate (m)

(@) (b)

Figure 1. Soil sampling grid used to evaluate apparent soil electrical conductivity (ECa) in field A
under rainfeed, of 26.7 hectares (a), and in field B under central pivot irrigation, of 24.1 hectares (b).
Cachoeira do Sul, RS.

Soil moisture was estimated by the gravimetric method. with the aid of a Dutch
auger, representative soil samples from the 0-0.2 m soil layer were collected in random
points in both fields. The soil samples were stored in aluminum recipients, identified and
taken to the laboratory for drying in an oven for 24 hours at 105°C.

To determine the ECa, the electrical resistivity method was used. The electrical re-
sistivity was obtained by introducing four equally spaced electrodes into the soil. An
electric current was applied to the external electrodes and the potential difference was
measured at the internal electrodes. The electrode assembly configuration used was the
Wenner Matrix [12,13].

The resistivity obtained using the Wenner Matrix was calculated by Equation 1.

2-m-a-AV

p= O

l
where:
P = Resistivity, Ohm m;
a = Spacing between electrodes, m;
AV =Measured potential difference, V; and
i=Applied electric current, A.

The apparent soil electrical conductivity represents the inverse of the resistivity,

being calculated by Equation 2.
1
ECa = — )
p

where:
ECa = Apparent soil electrical conductivity, S m-.

To obtain the ECa, a portable electrical conductivity meter, assembled by Landvis-
er®, model LandMapper® ERM-02, was used. A Wenner matrix was constructed with
four electrodes arranged in order to get measurements at 0.20 m soil depth. The electrode


https://doi.org/10.20944/preprints202302.0129.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 February 2023 d0i:10.20944/preprints202302.0129.v1

support structure was developed using metalon tubes, steel screws, and flexible wires in
different colors for current electrodes (red wire) and electrodes used to determine the
potential difference (black wire). The contact between the steel screws and the metalon
was isolated by covering the screws with a PVC hose. Figure 2 shows the portable meter
and the electrode array.

Current (7)

Potential (v)

Figure 2. Wenner matrix and portable electrical conductivity meter, assembled by Landviser®,
model LandMapper® ERM-02 (image without scale).

The spatial dependence of the ECa was evaluated by variogram adjustments, as-
suming the stationarity of the intrinsic hypothesis, defined by Equation 3.
N(h)

~ _ 1 2
PO = mz [2(x) = Z(x; + )] ®

where:

¥ (h) =Semivariance as a function of the separation distance (h) between pairs of points;
h = Separation distance between pairs of points, m;

N(h) = Number of experimental pairs of observations Z(xi) and Z (xi + h) separated by a
distance h.

Gaussian, spherical, and exponential models were tested in the semivariograms. The
model that presented the smallest residual sum of squares was adjusted [14]. The selected
model was evaluated using the cross-validation technique, which consists of plotting the
observed values in the field versus those estimated by the selected model on a graph. The
model accuracy is reflected by the parameters obtained in the cross-validation analysis,
which are: coefficient of determination (the closer to the value 1, the more accurate the
estimates), standard error of prediction (the smaller, the more accurate the estimates) and
intercept (the closer to zero, the more accurate the estimates).

Once the spatial dependence was determined and the theoretical semivariance
model adjusted, the map of spatial variability of ECa was made. The interpolation of
values was performed using ordinary kriging. This interpolation method was selected
because it provides the best linear unbiased predictions (BLUP), seeking the minimum
variance [14]. For the estimation of values in unsampled locations, 16 close neighbors and
a search radius of 50% of the range value found in the variogram adjustment were used,
in order to guarantee the spatial continuity interval.

The analysis of spatial variability was made using the computer program GS+, ver-
sion 7. The ECa values resulting from the kriging interpolation were organized into 2
MZ. These zones were generated through the KrigMe computer program, developed by
Valente [15], using the Fuzzy k-means classification algorithm in the data cluster analysis
and management zones generation.
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After defined the MZ, soil texture (0 — 0.2 m) and soil bulk density (0 - 0.1; 0.1 — 0.2
m) evaluations were carried out in each of these zones. Data collections were made in
three sampling points within each MZ. Soil sampling for soil texture was performed us-
ing a cutting shovel, removing representative soil from the 0 — 0.2 m layer. The soil sam-
ples were packed in plastic bags, identified and sent for laboratory analysis.

Soil bulk density was determined by the soil volumetric ring method, which is con-
sidered a standard for bulk density assessment. To collect the undisturbed soil sample,
steel cylinders with bevelled edges (4 cm diameter, 3 cm height, and 37.7 cm3 volume)
were used. The cylinders were introduced in the soil profile, in the 0 — 0.1 and 0.1 - 0.2 m
depths, with the aid of a sledgehammer and an auger; later, with the aid of a cutting
shovel, the rings were collected. Excess soil beyond the dimensions of the rings was re-
moved with a knife, until it the ring's surface was cleaned.

The rings with the soil were then packed in aluminum recipients capsules and taken
to the laboratory. The samples were placed to dry in an oven at 105°C for a 24h-period.
After that, they were weighed on a precision scale; the weight of the aluminum capsule +
ring (tare) was deducted from the weight obtained, in order to get the dry soil mass. Soil
bulk density was determined base in the Equation 4.

sd =1 4
=V 4)

where:

Sd = Soil bulk density, g cm3;
ms = Dry soil mass, g;

V =Ring volume, cm?.

Figure 3 illustrate the collection of undisturbed soil samples at depths of 0 - 0.1 m (a;
b) and 0.1 - 0.2 m (c), and the sample prepared to be sent to the laboratory for soil bulk
density determination (d).

(b) (©) (d)

Figure 3. Collection of undisturbed soil samples at depths of 0 — 0.1 m (a and b), at a depth of 0.1 —
0.2 m (c), and field soil sample preparation procedure to be taken to the laboratory (d). Cachoeira
do Sul, RS.

The ECa, bulk density, and soil texture data was submitted to descriptive statistical
analysis, calculating the values of minimum, average, maximum, standard deviation, and
coefficient of variation. The average values of soil density, between the MZ for the same
field and between the MZ of the different fields, were compared by the t-test of means.
Statistical analyzes were performed using the statistical program Statistica, version 7.

3. Results

The average of soil moisture, representative of the 0-20 cm layer, at the time of soil
ECa evaluation was 0.130 g g! for field A and 0.127 g g for field B. The spatial variability
of ECa was determined for the two fields. The theoretical model that best explained the
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empirical semivariance of ECa was the spherical model, with a coefficient of determina-
tion (1) of 0.78 for field A and 0.93 for field B. The greatest range was observed in field B
(497 m) and the smallest in field A (161.8 m). These values were higher than the distance
between the soil sampling collect points (50 m). Figure 4 shows the semivariograms with
adjustment parameters, cross-validation graphs with adjustment parameters and the
maps of spatial variability of ECa for the two fields.
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Figure 4. Semivariograms, cross-validation plots and maps of spatial variability of ECa for the two
fields selected. Adjustment parameters of the semivariograms: Co: Nugget effect; Co+C: Level; a:
Range (m); r%: coefficient of determination. Cross-validation parameters: RC: regression coefficient;
y: intercept; SEP: standard error of prediction; r% coefficient of determination. Cachoeira do Sul, RS.

Figure 5 shows the maps of MZ, divided into two classes, delimited based on the
spatial variability of the ECa (Figure 4). In both fields, class MZ 1 represents low ECa sites
and class MZ 2 represents high ECa areas. Due to the small areas, the MZ map was di-
vided only into two classes, as, according to Tisseyre and McBratney [16], the increase in
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the number of classes leads to irregularity in the field, creating small MZ that are difficult

to manage.
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Figure 5. Maps of management zones delimited based on the spatial variability of the apparent soil
electrical conductivity in fields A (rainfeed) and B (irrigated by central pivot). Cachoeira do Sul, RS.

Table 1 shows the descriptive statistical parameters of soil attributes: apparent soil
electrical conductivity (ECa; mS m), soil bulk density (Sd; g cm?), gravimetric soil
moisture (Sm, g g1), sand, silt and clay contents, for the management zones delimited in
field A (rainfeed). Cachoeira do Sul, RS.

Table 1. Descriptive statistics of soil attributes: Apparent soil electrical conductivity (ECa; mS m™),
soil bulk density (Sd; g cm?), soil moisture (Sm, g g), sand, silt and clay contents, for the delimited
management zones (MZ) in field A. Cachoeira do Sul, RS, BR.

Field MZ Attribute Minimum Mean Maximum Standard CV (%)
deviation
ECa (mS m™) 3.62 6.91 8.48 0.98 14.18
Sd (0-0.1 m) 1.31 1.34 1.38 0.04 3.05
Sm (0-0.1 m) 0.110 0.128 0.145 0.018 13.84
Sd (0.1-0.2 m) 1.50 1.53 1.56 0.03 1.94
! Sm (0.1-0.2 m) 0.103 0.124 0.138 0.018 14.85
Sand - 63 - - -
Silt - 19 - - -
A Clay - 18 - - -
ECa (mS m™) 8.49 10.05 14.94 1.12 11.14
Sd (0-0.1 m) 1.40 1.46 1.54 0.08 5.21
Sm(0-0.1 m) 0.093 0.127 0.169 0.038 30.40
2 Sd (0.1-0.2 m) 1.61 1.67 1.73 0.06 3.75
Sm (0.1-0.2 m) 0.104 0.123 0.146 0.021 17.41
Sand - 62 - - -

Silt - 20 - - -
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Clay - 18 - - -

d.f.: degrees of freedom.

ECa ranged from 3.62 to 14.94 mS m-!, with the highest mean value observed for MZ
2 (10.05 mS m1). In MZ 2 the zone with the highest ECa had higher values of Sd for both
depths evaluated, when compared to Sd values got in MZ 1.

Considering the 0 — 0.1 m soil layer, the mean Sd in MZ 1 was 1.34 g cm-, while in
MZ 2 it was 1.46 g cm. For the 0.1 — 0.2 m layer, the MZ 1 the Sd was 1.53 g cm* and the
MZ 2 it was 1.67 g cm?, confirming the efficiency of the ECa as a delimiting factor for MZ.

The CV for the 5d estimates, regardless of the soil layer and the MZ investigated,
were below 6%, classified as low variability (CV < 12%) as proposed by Warrick and
Nielsen [17]. In relation to the soil texture, the MZ presented very similar values for the
attributes sand, silt, and clay, suggesting that the differences in Sd reported were not
associated with soil texture.

Table 2 shows the descriptive statistical parameters of soil attributes: Apparent soil
electrical conductivity (ECa; mS m), soil density (Sd; g cm), soil moisture (Sm, g g1),
sand, silt, and clay, for the management zones delimited in field B.

Table 2. Descriptive statistics of soil attributes: Apparent soil electrical conductivity (ECa; mS m),
soil bulk density (Sd; g cm-), gravimetric soil moisture (Sm, g g), sand, silt, and clay content (%),
for the management zones (MZ) delimited in Field B (irrigated by central pivot). Cachoeira do Sul,

RS, BR.
Fields MZ Attributes Minimum Mean Maximum Standard CV (%)
deviation
ECa (mS m™) 3.03 4.46 5.43 0.62 14.00
Sd (0-0.1 m) 1.25 1.35 1.54 0.16 12.12
Sm (0-0.1 m) 0.136 0.158 0.186 0.026 16.19
Sd (0.1-0.2 m) 1.61 1.64 1.66 0.03 1.67
! Sm (0.1-0.2 m) 0.138 0.146 0.154 0.008 5.31
Sand - 59 - - -
Silt - 17 - - -
Clay - 24 - - -
b ECa (mS m™) 5.44 6.43 7.77 0.58 8.97
Sd (0-0.1 m) 1.26 1.46 1.62 0.18 12.29
Sm(0-0.1 m) 0.132 0.140 0.148 0.008 5.40
Sd (0.1-0.2 m) 1.65 1.74 1.81 0.08 4.87
2 Sm (0.1-0.2 m) 0.119 0.126 0.137 0.010 7.82
Sand - 54 - - -
Silt - 22 - - -
Clay - 24 - - -

d.f.: degrees of freedom.

The Field B had the lowest range of ECa values, which ranged from 3.03 to 7.77 mS
m. The average soil Sd, regardless the MZ, was lower for the 0 — 0.1 m layer than the 0.1

— 0.2 m layer.

Table 3 presents the results of the test of means for Sd, in each field investigated,
according to the MZ delineated. A significant statistical difference was observed only for
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the comparison between the averages of Sd in the 0.1 — 0.2 m layer, between MZ 1 and 2
for field A.

Table 3. Test of means for bulk soil density (Sd; g cm™), in each field investigated, according the
management zones (MZ 1 and MZ 2) delineated based on apparent soil electrical conductivity.

Cachoeira do Sul, RS, BR.
Soil Depth Soil Density (g cm-)
Field t-value d.f. p-value
(m) Mz1 MZ2
0-0.1 1.34 1.46 -2.42 4.00 0.07
A
0.1-0.2 1.53 1.67 -3.39 4.00 0.03
0-0.1 1.35 1.46 -0.73 4.00 0.51
B
0.1-0.2 1.64 1.74 -1.84 4.00 0.14

d.f.: degrees of freedom; t-value = student test; p-value = significance

Regardless of the field investigated, the highest Sd values were observed for the MZ
2, that is, the one with the highest ECa reported. Furthermore, the highest Sd values were
obtained for the 0.1 — 0.2 m layer, regardless of the field or the MZ investigated.

The test of means did not detect significant differences among soil attributes (except
for the Sd as previously reported), this fact, considering the values of Sd reported, sug-
gesting a certain level of soil compaction. Therefore, the spatial variability of ECa show
potential to be a guiding factor for smart Sd sampling able to identify areas in the field
with distinct Sd values. This spatial variability delineation is agronomic relevant because
Sd is an indicator of the soil physical quality, an attribute that directly influences crop
performance [29, 30].

Table 4 presents test of means for Sd in both fields investigated according the MZ
delineated. A statistically significant difference was observed for the mean values of Sd
between fields A and B for the soil layer of 0.1 — 0.2 m, with values of 1.53 and 1.64 g dm?,
respectively.

Table 4. Test of means for bulk soil density (Sd; g cm?), in two management zones (MZ 1 and MZ
2) delineated based on apparent soil electrical conductivity, according fields. Cachoeira do Sul, RS,

BR.
Soil Depth Soil Density (g cm)
MZ t-value df. p-value
(m) Field A Field B
. 0-0,1 1.34 1.35 -0.18 4.00 0.86
0.1-0.2 1.53 1.64 -4.80 4.00 0.01
) 0-0.1 1.46 1.46 0.01 4.00 1.00
0.1-0.2 1.67 1.74 -1.17 4.00 0.31

d.f.: degrees of freedom; t-value = student test; p-value = significance

The table 5 presents the Sd, in each field, as a function of the different depths inves-
tigated in MZ. The Sd values of the 0.1 — 0.2 m were higher from the 0 — 0.1 m in field A,
for both MZ investigated. In the field B, although the same trend of higher values of Sd in
the deeper layer compared to the shallow was observed in both MZ, a significant statis-
tical difference was only observed for the MZ 1.

Table 5. Soil bulk density (5d; g cm™®), in two fields (A and B), and two depths (0-0.10 m and
0.10-0.20 m) in management zone delineated based on apparent electrical conductivity. Cachoeira
do Sul, RS, BR.
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Sd by depths
Fields MZ t-value d.f. p-value
(0-0.1 m) (0.1-0.2 m)
A 1 1.34 1.53 -6.71 4.00 0.00
2 1.46 1.67 -3.71 4.00 0.02
B 1 1.35 1.64 -3.02 4.00 0.04
2 1.46 1.74 -2.47 4.00 0.07

d.f.: degrees of freedom; t-value = student test; p-value = significance

4. Discussion

In the semivariograms of ECa the range values used can influence the quality of es-
timates, since it determines the number of values used in the interpolation process; thus,
estimates made with interpolation by ordinary kriging using values of larger ranges tend
to be more reliable, presenting spatial maps that more accurately represent the field var-
iability [18]. The cross-validation regression coefficients showed values above 0.8 for both
fields, indicating a satisfactory fit of the semivariance model. Cross-validation was effi-
cient tool to represent spatial ECa variability based in the agreement of estimated values
and real field variability [19].

The ECa values represent the spatial changes in soil attributes. Previous studies have
already reported that ECa values are affected by chemical and physical soil attributes.
Peralta and colleagues [20] studied the correlation between soil attributes and ECa and
identified that cation-exchange capacity and soil organic matter (SOM) contents were
positively related to ECa. Yet, SOM had a significant correlation with the soil moisture,
that supports a higher electric current capacity and therefore drive the ECa spatial vari-
ability.

Medeiros [21] evaluated the correlation of ECa in two fields with different soil tex-
ture being one a sandy and other a clayey soil. The authors reported that in the sandy soil
field, a positive correlation was found for the available soil phosphorus and there was no
correlation between ECa and SOM neither with clay and sand contents. In the clayey soil
field, ECa had a positive correlation with clay content and a negative correlation with
sand content. Alves [22] defined MZ based on the spatial variability of ECA and SOM in
corn and soybean fields reported that they were efficient indicators of soil attributes spa-
tial variability.

Research carried out by Bottega and colleagues [23] investigate the delimitation of
MZ based on the ECa concluded that the MZ gotten were able to capture the spatial
variability of soil attributes as the contents of clay, potassium, calcium, sum of bases, ef-
fective cation exchange capacity and cation exchange capacity at pH 7.

In field A, the delimited management zones did not present spatial continuity, as
observed in field B in which the two MZ were better delimited. This fact can be explained
by the management adopted by the farmers in each field. MZ 1 of field B the central pivot
was used to corn for silage. In this MZ 1, there was an intensive non-controlled traffic of
heavy machines that associate to a more intensive cropping system, resulted in soil
compaction. In fields with high above ground biomass exportation, low levels of SOM
and nutrients depletion are generally reported [24], that could accelerate the soil com-
paction process specially under traffic machinery with high soil moisture. Michelon and
colleagues [25] investigating central pivot fields in five Brazilian States reported that in
Sao Paulo State 34% of fields had soil compaction. The authors evaluated soil density and
macroporosity as key indicators of soil compaction suggesting that for soil texture range
of 200- 300 g kg of clay the bulk density > 1.55 and macroporosity <10 % were critical to
crop performance and soil water storage. The change in soil hydro-physical attributes
may affect ECa.

Regardless of the MZ, in our study the field B had Sd lower in the 0 — 0.1 m layer
(MZ1=1,54; MZ2= 1,46 g cm?) than in the 0.1 - 0.2 m layer (MZ1: 1,66; MZ2: 1,74 g cm).
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Assuming the critical values of Sd proposed to Michelon and colleagues [25] in our study
the field B in the 0 — 0.1 m layer was not critical but the 0.10-0.20 m had Sd values over
this limit affecting crop performance, water storage and ECa. These results corroborate
those obtained by Silveira [26], who observed similar trend of lower Sd at depth of 0 - 0.1
m than 0.1 m- 0.2 m. In addition, the study carried out by Assis [27] found that the Sd in
layers 0 — 0.1 m had lower change in Sd in degraded pasture field. Custodio [28] at-
tributed the higher accumulation of SOM in shallow layer as a key factor to keep soil bi-
ological activity and plant root growth that can alleviate soil compaction.

The soil compaction reported in field B, possibly was associate to random aleatory
traffic of heavy machinery under high soil moisture and a greater number of livestock in
the winter season (crop-livestock system). The machine traffic and overgrazing are
among the main world causes of soil compaction increasing soil bulk density, affecting
plant root growth [29]. The increase in soil bulk density is associate to linear decrease in
macroporosity that causes slow infiltration rate which its turn compromises soil water
storage [30]. Bono; Macedo; Tormena [31] evaluated the soil physical attributes of U. bri-
zantha pasture found that the high bulk densities in the shallow layers were due to
live-stock grazing effect. Similarly, Bell [32] reported that the major constraint to adop-
tion of integrated crop-livestock farming systems in Australia is the adverse impacts of
soil compaction caused by grazing livestock express by decrease in soil porosity and in-
filtration rate, and increase in soil bulk density and soil penetration resistance in soil
surface (top 5-10 cm. In field B of our study we had three factors associate random ma-
chinery traffic, live-stock grazing and silage production that affect severely soil physics
attributes that were represented by Sd captured by ECa.

The increase of Sd with depth in our study can be associate to a decline in SOM,
lower soil aggregation, higher penetration resistance and decreased in soil porosity [33].
Mazurana [34] observed that machine traffic in an uncultivated system (fallow) affected
soil macroporosity up to a 0.10 m-depth, also changing Sd.

Soil density values tend to increase under continuous no-till due to lack of soil dis-
turbance and crop rotation. The soil macroporosity, microporosity, and total porosity
also increase when the principles of NTS are fully integrate (permanent soil cover, min-
imum soil disturbance and crop rotation [26]. Also, according to Kunz [35], depending on
the soil physics conditions at beginning of NTS adoption have been reported mainly in
clay soil expressed by increase in Sd and decrease in macroporosity.

The in a continuous and rotational grazing system alters the physical properties of
the soil, such as soil porosity, leading to soil compaction [36]. Collares [37] aimed to
evaluate the impacts of machine traffic and cattle hooves on soil physics attributes re-
ported that immediate compaction was observed in soils under machinery traffic, while
in soils livestock grazing, an increase in soil compaction was observed only in shallow
layers, altering the soil macroporosity. Chyba and colleagues [38] comparing soil com-
paction by machinery traffic and cattle hooves reported that the effect could be similar
with saturated hydraulic conductivity values reduced by 80% compared to
non-compacted treatment confirming the negative effect on infiltration rate. In our study
the high Sd in field 2 that had both sources of soil compaction machinery traffic and cattle
hooves justifying the high ECa.

The present study aimed to investigate whether the delimitation of MZ, based on the
mapping of the spatial variability of ECa, is efficient in differentiating Sd values in two
fields with different management systems but with similar soil texture. The results
demonstrate the great potential of ECa in be a tool to guide smart Sd sampling support-
ing site-specific management to mitigate soil compaction in grain crops. The techniques
and tools used in this study can be adopted in any rural property, regardless of its size or
technological level. The delimitation of the MZ can contribute to the reduction of time
and costs involved with the quantification of Sd, since each MZ can be considered as
homogeneous. Further studies should be carried out, so that this technique can be con-
solidated as an effective tool in the site-specific management of soil compaction.
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5. Conclusions

Spatial variability of apparent soil electrical conductivity was detected in both fields
investigated that present similar soil texture. Management zones with the highest value
of apparent soil electrical conductivity had the highest values of soil density, in both soil
layer analyzed. The highest soil bulk density was observed for the 0.1 — 0.2 m layer, re-
gardless of the studied field. Although the fields had different level of soil compaction
based on soil bulk density and crop management adopted. Field under central pivot ir-
rigation had highest soil bulk density associate to intensive random machinery traffic,
livestock grazing effect and crop residue remotion compared to Field under rainfeed
management. In consequence a statistical difference for soil bulk density, in MZ 1, layer
0.1 - 0.2 m, was reported with 7.2 % higher bulk density in field under central pivot than
rainfeed reaching values that affect soil water storage and crop performance. Beside on
that, the delimitation of management zones based on the spatial variability of apparent
electrical conductivity mapping was an efficient and cheaper tool to guide smart soil
sampling to explore the presence of soil compaction. Our study confirm that central pivot
irrigated fields need special attention regarding the risk of soil compaction specially
when submitted to intensive cropping systems, crop residue remotion to silage and live-
stock grazing.
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