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Abstract: The change in land use and the expansion of mechanized sugarcane production systems
have led to an increase in soil compaction levels. Preconsolidation pressure may be used as a useful
measure for soil mechanical state, management, and planning of mechanization systems. This study
aimed to assess the soil compressive behavior, soil physical properties, and spatial variability of
preconsolidation pressure of an Oxisol in sugarcane fields under burned harvest and mechanized
harvest and the effects of land use change. The physical soil attributes (granulometry, soil water
content, bulk density, total porosity, and macro and microporosity) and preconsolidation pressure
were evaluated at 0.00–0.10-m, 0.10–0.20-m, and 0.20–0.30-m layers. The soil load-bearing capacity
models were constructed from σp values for soil water contents. We mapped the assessed soil
attributes from crossing points in a sampling mesh with regular 10 m intervals in each area and
evaluated them via geostatistics. Land-use change towards sugarcane production systems promoted
soil compaction. The mechanized harvesting system increased the soil load-bearing capacity in
the water range corresponding to the friability region in subsurface layers. The preconsolidation
pressure and soil water content exhibited spatial dependence in the sugarcane areas, regardless of the
management system employed in the harvesting operations.

Keywords: preconsolidation pressure; soil compaction; spatial variability; geostatistics; Saccharum
officinarum

1. Introduction

Brazil’s sugarcane sector is witnessing a substantial expansion of cultivated areas [1]
resulting in land-use change [2,3]. In Brazil, the sugarcane harvesting process is mainly
characterized by two distinct methods: the raw-mechanized harvest system that involves
the use of mechanized equipment and eliminates the need for pre-harvest burning of
sugarcane fields, and the manual-burned harvest system characterized by the initial burning
of the sugarcane, manually cut, and later collected using conventional loaders. The national
index of mechanized harvesting is estimated at 89.7%, whereas manual-burned harvesting
accounts for 10.3% [1].

The use of machinery, implements, management, and transportation in sugarcane
production has evolved to include vehicles with greater load capacity, consequently re-
sulting in adverse soil impacts, particularly compaction [4–6]. The literature demonstrates
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significant concern regarding the escalating prevalence of agricultural regions affected by
compaction issues due to the conversion of native forest areas into sugarcane fields [2,3].
This is attributed to the intensity of mechanized operations from soil preparation to har-
vesting, the utilization of heavy machines, and the execution of these operations, which
often neglect the consideration of soil water content, as heightened moisture conditions
render the soil increasingly susceptible to compaction [7–10].

Compaction alters the physical quality of the soil, changing its structure and creating
a less conducive environment for the development of the sugarcane root system, which
negatively impacts its productivity [5,11]. One of the major current concerns regarding the
mechanically harvested sugarcane relates to additional soil compaction [2,5]. However,
unlike burned sugarcane, mechanized raw sugarcane harvesting systems leave residues
on the soil surface [6,12]. This effect decreases soil compaction, reducing its effects by
increasing the friability region in which the soil can be trudged and increasing its resistance
to deformation [11,13].

Changes in the physical quality of the soil attributed to compaction have convention-
ally been assessed through quantitative physical attributes associated with soil structure,
including soil density, soil porosity, soil penetration resistance, and aggregate size distribu-
tion [2,3,6,14]. Reference [2] demonstrated that the land use conversion from native forest
to sugarcane leads to a decline in soil physical quality, attributed to reduced soil porosity,
aeration, and saturated hydraulic conductivity, along with an increase in soil penetration
resistance.

On the other hand, the preconsolidation pressure can be employed to measure soil
structural sustainability, estimate the history of the stress on the soil, and assess its load-
bearing capacity [5,10,15,16]. Lower loads than the preconsolidation pressure produces
elastic or recoverable deformations, while higher pressures generate plastic or nonre-
coverable deformations and reflect their susceptibility to compaction [17]. Furthermore,
estimating the load-bearing capacity enables the identification of the most appropriate
period for machine traffic based on soil water content [5] since it defines the capacity of the
soil to withstand machine traffic-induced stresses without changing the three-dimensional
arrangement of soil particles in a given range of soil moisture or matric potential [18].

Studies on soil compaction modeling, the knowledge of the load-bearing capacity
of different soil classes [19], and assessments of traffic effects [5,11,20] may become the
necessary basis for minimizing impacts on the soil structure [4]. For sugarcane to develop,
the soil must contain favorable conditions for its root to grow, thus enabling a greater
exploration of soil volume and greater access to water, which would reduce the risks of
water deficiency. However, studies evaluating the compressive behavior of the soil and
changes in the soil physical quality resulting from the conversion of native vegetation to
sugarcane production systems with burned and raw mechanized sugarcane harvesting
are scarce.

Technological advances in agriculture show the importance of measuring the spatial
variation of soil attributes to improve the use of natural and financial resources since this
spatial variability of the chemical, physical, and biological attributes of the soil influence
the efficiency and development of crop management [21]. The literature shows few recent
studies seeking to model the spatial variability of soil load-bearing capacity in sugarcane
crops [21,22].

This study aimed to assess the soil compressive behavior, soil physical properties,
and spatial variability of preconsolidation pressure of an Oxisol in sugarcane fields under
burned harvest and mechanized harvest, as well as the effects of land use change.

2. Materials and Methods
2.1. Location of the Study and Treatments

The study was conducted in 2009/2010, in a commercial crop located at 21◦18′67′′ S
and 48◦11′38′′ W, in the municipality of Pradópolis, São Paulo State, Brazil, at an elevation
of 630 m from the sea level. According to classification of Köppen and Geinge, the climate
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of the region is mesothermal (Cwa) with dry winter [23], annual average precipitation of
1400 mm and concentrated rainfall between November and February. The soil was classi-
fied as a Rhodic Hapludox (Oxisol), according to Soil Taxonomy [24], and an “Latossolo
Vermelho distrófico típico álico”, according to the Brazilian Soil Classification System [25],
with a clayey texture, moderate A horizon, and a smooth-grooved relief.

The experimental site was consecutively used for sugarcane cultivation for over three
decades. In August 2007, the sugarcane field was reformed by eliminating the ratoon
from the previous crop and plowing the planting row up to 0.45 m beneath the surface.
Subsequently, the soil was grooved, fertilized, and the RB3715 sugarcane variety was
planted. Dolomitic limestone with 32% of CaCO2 (2.5 Mg ha−1) was applied for liming.
Furthermore, mineral fertilization was administered to the area with ammonium nitrate
(0.31 Mg ha−1) and, after planting (single-row spacing of 1.50 m between planting rows),
organically via vinasse (100 m3 ha−1). During the planting phase, 20 Mg ha−1 of filter cake
was applied via a PCP planter weighing 8.0 Mg and distributed in four high-flotation tires.

Two sugarcane harvesting systems were evaluated: the burned harvest (burn and
manually cut sugarcane system, begun in 1973) and mechanized harvest (without burning,
begun in 1996). In the assessed crop cycle, the first sugarcane harvest occurred in August
2008, and the second, in August 2009.

For the mechanized sugarcane operations (e.g., plowing and harrowing, fertilization),
a Case MX-270 tractor (CNH Industrial America LLC, Sorocaba, Brazil) was used with
a 270 hp maximum power (198 kW), 11.7 Mg mass, 4 × 4 traction, 600-70 R30 (front)
and 650-85 R38 (rear) tires with 150 and 110 kPa inflation pressure, respectively. In the
mechanized harvest sugarcane, the sugarcane were mechanically harvested by an Case IH
A-7700 combine harvester (CNH Industrial America LLC, Sorocaba, Brazil) with a 335 hp
maximum power (246 kW), a 1.88 m gauge width, a 0.46 m wide crawler wheel, and an
18.5 Mg mass. Sugarcane was transshipped via that MX-270 Case tractor and three trailers.
Each trailer has a mass of 40 Mg (when completely full) distributed on two axles with
600/50 R22.5 Trelleborg Twin404 tires with an inflation pressure of 20 PSI (110 kPa).

The mechanization of the burning and manually harvested area followed the same
stages as the mechanically harvested area, with the exception of the harvesting operation in
which the procedures followed the following sequence: prior to harvesting, the sugarcane
underwent controlled burning to remove dry leaves and facilitate manual cutting; after
burning, a group of approximately 20 workers manually cut the sugarcane using machetes;
following the cutting, the sugarcane was then gathered and tied into bundles for its removal
from the area by manual labor, and subsequently transported to the sugarcane-mill.

2.2. Soil Sampling and Analyses

Soil samples were collected in August 2009, after the second sugarcane harvest. A
native forest area (adjacent to the experimental site, with sampling points located approx-
imately 500 m away from the sugarcane field) was also sampled to study the effects of
land use changes on the soil’s physico-mechanical properties. In the sugarcane fields, soil
samples were collected at 0.00–0.10, 0.10–0.20, and 0.20–0.30 m layers, with sampling taking
place at a distance of 0.20 m from the crop planting row. A total of 120 sampling points
were collected in the burned harvested area (1.20 ha), 121 sampling points were collected
in the mechanized harvested area (1.21 ha) (Figure 1), and 60 soil samples were collected in
the native forest area. A sampling grid with regular 10 m intervals was used in all areas.
At each georeferenced point within this grid, its elevation was surveyed utilizing a total
station instrument.
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Figure 1. Sampling grid of an Oxisol under sugarcane crops: (A) burned harvest area (n = 120);
(B) mechanized harvest area (n = 121).

Disturbed soil samples were collected to determine the granulometric fractions by the
pipette method [26]; water content by gravimetric analysis [26]; organic matter content
via the Walkley–Black method [26]; and soil consistency based on Atterberg limits [27].
The shrinkage limit (SL) was determined according to [28], while the plastic limit (PL)
and liquid limit (LL) were quantified according to [29]. Four replicates were used in the
determination of Atterberg limits. Soil consistency states were established based on the
water contents corresponding to the Atterberg limits, with the tenacity range corresponding
to water content < SL, the friability range spanning water content between SL and PL, and
the plastic range covering water content between PL and LL.

Soil samples with a preserved structure were collected using volumetric cylinders
measuring 0.0635 m in diameter and 0.0254 m in height to determine soil bulk density,
porosity, and preconsolidation pressure. The distribution of soil porosity was determined
by a tension table, in which microporosity (MiP) corresponds to the water content in the
sample after applying a water column with a height of 0.60 m (−6.0 kPa) to saturated
samples. Subsequently, soil samples were oven-dried at 105 ◦C for 24 h and weighed. Total
porosity (TP) corresponds to the mass of water that occupied all porous spaces (saturation),
and macroporosity (MaP) was obtained by the difference between PT and MiP [27]. Bulk
density (Bd) was calculated as the ratio between the dry soil mass in the oven and the
sample volume [26].

Soil Load-Bearing Capacity (SLBC) models were developed for each layer in the
three areas based on the quantification of the soil preconsolidation pressure (σp). To
obtain each model, 20 additional undisturbed soil samples were collected within each soil
layer, randomly distributed across each area. The undisturbed soil samples were initially
saturated and then laboratory-equilibrated at room temperature under different water
contents to cover a moisture range varying from dry to saturated soil [30], enabling the
determination of the variation in σp as a function of soil water content (U).

The σp was estimated by the uniaxial compression test, performed in a CNTA/HMI/BR/
001/07 automated consolidometer with interactions between man and machine, coupled
with the CA Linker program it [31]. Soil samples were prior equilibrated in specific water
contents, i.e., U < SL, SL < U < PL, PL < U < LL and LL < U < saturation, and were subjected
to pressures of 25, 50, 100, 200, 400, 800, and 1600 kPa. Each level pressure was sequentially
and automatically applied by the equipment, pre-configured for time, pressure levels, and
maximum deformation for the specimens until 90% of the maximum deformation was
reached, following the assumption by [32].

By using CA Linker via routines and assumptions of soil mechanics, the deformation
values for each time were converted into bulk density and plotted according to their
respective pressures, enabling the real-time plotting of the soil compression curve. The
compression curve (applied normal pressure logarithm vs. bulk density) was used to



Sustainability 2023, 15, 15185 5 of 15

estimate σp, according to Method 1 and Method 3, as described by [33]. Method 1 was
used when the soil water content corresponded to a matric potential equal to or greater
than −100 kPa, and the σp is determined at the abscissa of the intersection point between
the equation of the line passing through the first two points of the secondary compression
curve and the extension of the virgin compression line. On the other hand, Method 3 was
used when the soil water content corresponded to a matric potential below −100 kPa, and
the σp is determined at the abscissa of the intersection point between the line fitted to
the first four points of the secondary compression curve and the extension of the virgin
compression line. After the uniaxial compression tests, samples were oven-dried at 105 ◦C
until a constant mass was achieved so bulk density could be determined. From σp, load-
bearing capacity models were obtained as a function of the soil water content, according
to [33] (Equation (1)):

σp = 10(a+b×U) (1)

where σp refers to the soil preconsolidation pressure, “a” and “b”, to adjustment parameters
(“a” is the intercept or linear coefficient, and “b” is the slope angle or angular coefficient),
and U is the gravimetric soil water content.

Regression analyses of the compressibility tests were performed in Sigma Plot® 8.0 (San
Jose, CA, USA). For comparisons between models, adjusted equations were linearized and
compared via the homogeneity test of linear models, according to [34]. The homogeneity
tests for linear models first compare the residual variances of the two models. If the F-
test found these variances to be homogeneous, the linear (a) and angular coefficients (b)
were compared. For this, linear models were obtained from the exponential model by a
logarithm applied to preconsolidation pressure values (log σp = a + b × U). If the load-
bearing capacity models were homogeneous and/or if the “a” and/or “b” coefficients do
not differ significantly, these models were grouped to generate a new model. Finally, from
the generated models, soil load-bearing capacity values were estimated in the shrinkage,
liquid, and plastic limits.

The impact of soil management on load-bearing capacity was also analyzed via the
area under the curve (Auc) of the models obtained as [5,35]. The Auc was computed
through the integration of Equation (1), with soil water contents at the friable consistency
state, delimited by the shrinkage and plasticity limits of each soil management.

2.3. Spatial Dependence of Preconsolidation Pressure

The spatial dependence of the attributes was analyzed by variogram adjustments [36]
based on the seasonality assumption of the intrinsic hypothesis, estimated by Equation (2):

^
γ(h) =

1
2N(h)∑

N(h)
i=1 [Z(xi)− Z(xi+h)]2 (2)

in which N(h) refers to the number of experimental observation pairs Z(xi) and Z (xi + h)
are separated by a distance h. The variogram is represented by the graph ŷ(h) versus h.
By adjusting this mathematical model to the calculated ŷ(h) values, the coefficients of the
theoretical model for the variogram (i.e., its effect) are estimated (the nugget effect, C0;
spatial semivariance, C1; threshold, C0 + C1; and range, a). To analyze the degree of spatial
dependence of the studied attributes, the classification in [37] was used.

In determining the existence of spatial dependence, the variogram test was used via
GS+ [38]. In case of doubt among more than one model for the same variogram, the highest
coefficient of determination, the lowest residual sum of squares, and validation of the
models were considered via “jack knifing”. The geostatiscal interpolator via kriging was
used to interpolate data and Surfer to map spatial distribution [39].
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3. Results and Discussion
3.1. Soil Load-Bearing Capacity

The equation parameters adjusted to the compressibility model (preconsolidation
pressure—σp—as a function of the soil water content—U) as per [33] are shown in Table 1.
The F-test showed that all models were significant at 1% probability. The generated models
for the three soil layers explained between 78% (mechanized harvested sugarcane at the
0.00–0.10 m layer) and 97% (burned harvest sugarcane at the 0.20–0.30 m layer) of σp
variability. High-determination coefficients indicate that the [33] model was efficient to
determine σp from the soil water content regardless of soil management.

Table 1. Parameters of the load-bearing capacity models of an Oxisol under burned and mechanized
harvest sugarcane crops and native forest.

Management System Soil Layer
Model Parameters

Linear Coefficient,
a

Angular Coefficient,
b R2

Burned harvest sugarcane

0.00–0.10 m 2.7095 * −1.5567 * 0.90 *
0.10–0.20 m 2.7892 * −1.7969 * 0.96 *
0.20–0.30 m 2.7437 * −1.4356 * 0.97 *
0.00–0.30 m 2.7443 * −1.5829 * 0.93 *

Mechanized harvest sugarcane
0.00–0.10 m 2.7354 * −1.5129 * 0.78 *
0.10–0.20 m 2.7908 * −1.2195 * 0.93 *
0.20–0.30 m 2.8079 * −1.6094 * 0.87 *

Native forest

0.00–0.10 m 2.6654 * −0.9691 * 0.80 *
0.10–0.20 m 2.6820 * −0.9823 * 0.88 *
0.20–0.30 m 2.6678 * −1.1414 * 0.81 *
0.00–0.30 m 2.6756 * −1.0432 * 0.83 *

R2 = coefficient of determination; * = significant at p < 0.01.

The equations that adjusted to the load-bearing capacity model obtained for the soil
layers in each management system statistically differed only for mechanized harvest sugar-
cane (Table 2). Thus, the models for each soil layer indicate different load-bearing capacities.
In the burned harvest area and native forest, the [35] test resulted in homogeneous models
between soil layers without significant differences between linear and angular coefficients
(Table 2), indicating that the soil in different layers within each management system has
the same load-bearing capacity. So, a new model was performed for the 0.00–0.30 m layer
in these two areas (Table 1).

We found statistical differences between the models adjusted for burned harvest
(0.00–0.30 m) vs. mechanized harvest sugarcane crops in the three layers (0.00–0.10,
0.10–0.20, and 0.20–0.30 m) vs. native forest (0.00–0.30 m) (Table 2 and Figure A1), indicat-
ing different load-bearing capacities. Thus, these models cannot be grouped, indicating
changes in σp values and the influence of management systems on soil compressibility.

The water contents for the Atterberg limits that define the soil consistency states
showed no significant differences among the studied areas. For the burned harvest sug-
arcane, the water contents corresponding to the shrinkage limit (SL), plastic limit (PL),
and liquid limit (LL) were 0.19 kg kg−1, 0.31 kg kg−1, and 0.39 kg kg−1, respectively. Re-
garding the mechanized harvest sugarcane, the water contents were SL = 0.20 kg kg−1,
PL = 0.34 kg kg−1, and LL = 0.42 kg−1. As for the native forest, the water contents within
the Atterberg limits were SL = 0.19 kg kg−1, PL = 0.32 kg kg−1, and LL = 0.40 kg kg−1

(Figure 2).
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Table 2. Comparison of load-bearing capacity models for an Oxisol under burned and mechanized
harvest sugarcane crops and native forest via a procedure described by [34].

Comparison of Models between Layers within the
Management System

Data
Homogeneity

F-Test

Linear
Coefficient, a

Angular
Coefficient, b

0.00–0.10 vs. 0.10–0.20 H ns ns
Burned harvest 0.00–0.10 vs. 0.20–0.30 H ns ns

0.10–0.20 vs. 0.20–0.30 H ns ns

0.00–0.10 vs. 0.10–0.20 NH ns **
Mechanized harvest 0.00–0.10 vs. 0.20–0.30 NH ns ns

0.10–0.20 vs. 0.20–0.30 NH ns ns

0.00–0.10 vs. 0.10–0.20 H ns ns
Native forest 0.00–0.10 vs. 0.20–0.30 H ns ns

0.10–0.20 vs. 0.20–0.30 H ns ns

Comparison of the resulting models between management systems
Burned harvest (0.00–0.30 m) vs. Native Forest (0.00–0.30 m) NH ** **
Mechanized harvest (0.00–0.10 m) vs. Burned harvest (0.00–0.30 m) NH ns ns
Mechanized harvest (0.10–0.20 m) vs. Burned harvest (0.00–0.30 m) H ** ns
Mechanized harvest (0.20–0.30 m) vs. Burned harvest (0.00–0.30 m) H * ns
Mechanized harvest (0.00–0.10 m) vs. Native Forest (0.00–0.30 m) H * ns
Mechanized harvest (0.10–0.20 m) vs. Native Forest (0.00–0.30 m) H ns *
Mechanized harvest (0.20–0.30 m) vs. Native Forest (0.00–0.30 m) H ns **

H = homogeneous; NH = non-homogeneous; ns = not significant; * = significant at 5%; ** = significant at 1%.

In the burned harvest area, at the 0.00–0.30 m layer, the σp values for soil consistency
limits (SL, PL, and LL) were 275, 172, and 128 kPa, respectively (Figure 2a). In the mecha-
nized harvested area, the highest obtained σp values at soil consistency limits were in the
0.10–0.20 m layer (355, 239, and 190 kPa, in SL, PL, and LL, respectively) (Figure 2c) and the
lowest ones in the 0.00–0.10 m layer (273, 167, and 126 kPa, in SL, PL, and LL, respectively)
(Figure 2b). The σp values of the native forest showed an intermediate behavior between
the two sugarcane areas with 299, 219, and 180 kPa SL, PL, and LL values, respectively
(Figure 2b).

The change in soil consistency from SL to LL reduced the load-bearing capacity of
the soil by 53% in the burned harvest area in 54, 46, and 56% for soil in the mechanized
sugarcane harvest area at layers 0.00–0.10, 0.10–0.20, and 0.20–0.30 m; and 40% in the
native forest area (Figure 2). This indicates that anthropic soil use has led to a greater loss
of load-bearing capacity in the semi-solid and plastic state of the soil, raising concerns
about precautions to be taken in soil operations to minimize compaction. Precautions,
such as limiting undesirable loads to avoid greater damage to soil structure, adhering to
opportune moments for conducting operations when soil moisture allows for increased
load-bearing capacity [5,20,30], as well as the utilization of controlled traffic management
systems [5,11,14], should be taken into consideration.

We assessed differences in soil load-bearing capacity models and the effect of soil
water on its friable region by the area under the curve (Auc) between shrinkage and plastic
limits (Figure 2). Auc was higher in the sugarcane area with mechanized harvesting in
the 0.10–0.20 and 0.20–0.30 m layers (41.18 and 33.84, respectively), followed by the native
forest area (33.25) and the sugarcane burn harvest area (27.05).
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Figure 2. Load-bearing capacity models (σp = 10(a+bU)) of an Oxisol after the application of the
statistical procedure by [34]. (a) Burned harvest sugarcane at the 0.00–0.30 m layer; (b–d) mechanized
harvest sugarcane at 0.00–0.10-, 0.10–0.20-, and 0.20–0.30 m layers, respectively; (e) native forest at
0.00–0.30 m layer. Points within each chart correspond to the σp for the respective soil consistency
limits: SL = shrinkage limit, PL = plastic limit, LL = liquid limit. Auc: area under the load-bearing
capacity curve in the soil friability region.

The lower load-support capacity of the soil under burned harvest sugarcane (layer
0.00–0.30-m) is due to soil tillage (disrupting the structure the soil and erasing its stress
history) and the absence of traffic from the harvester-tractor-transshipment set in the har-
vesting operation when compared to the area with mechanized harvesting. The use of
machinery in harvesting impacts the soil, increasing its load-bearing capacity at depth. Sim-
ilarly, some authors also found higher soil tensile strength [40] and load-bearing capacity
in more subsurface soil layers at depths greater than 0.20 m [5,11,41].

In clayey soils, the stresses from machine traffic can change the structure of the
soil in depth [13]. However, in an area of mechanically harvested sugarcane without
burning, the straw covering the soil tends to decrease some of the mechanical stress due to
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moto-mechanized sets, generating greater load-bearing capacity if sugarcane management
dispenses with burning and preserves the straw on the surface.

In the native forest area, we observed intermediate soil load-bearing capacity values
between areas of burned and mechanized harvest and above the water content at the
shrinkage limit (Figure 2). Reference [42] reported lower soil preconsolidation pressure in
the native forest than in several sugarcane managements, suggesting that the load-bearing
capacity of the soil in native forest stems from the stability of its natural structure due to
the absence of anthropic action.

This result presupposes an impact due to intensive soil cultivation, arousing concerns
for this soil if machine traffic in sugarcane fields occurs with the soil under a consistency
above its friability region. Moreover, it shows the importance of the mechanized system
in maintaining straw on the surface and thus preserving soil moisture, preferably in its
friability range (between SL-PL). Maintaining straw is one of the key prerequisites for the
no-tillage system. Reference [35] found the importance of refraining from tilling sugarcane
fields, which showed higher soil load-bearing capacity in soil layers ranging from 0 to
0.30 m, attesting its greater resistance to additional compaction than its conventional
management (sugarcane burning) and scarification with minimal revolving.

Soils with a higher friability better resist compression from surface pressures [43], but
above this limit (in the plastic range) they offer favorable conditions for compaction [44].
Thus, it was observed that the mechanized harvesting sugarcane area presented a range
of friability with water content between 0.20–0.34 kg kg−1, whereas the burned harvest
soil showed a friability ranging from 0.19–0.31 kg kg−1, and the forest area, between
0.19–0.32 kg kg−1 (Figure 2).

In the driest region of the load-bearing capacity curve (U < 0.12 kg kg−1, within the
soil tenacity region), mechanized sugarcane harvesting and the burned harvest (in the
0.00–0.10 m layer and 0.00–0.30-m, respectively) subjected Oxisol to a state of consolida-
tion above that of native forest. From this U value, soil load-bearing capacity in these
management systems decreases, rendering it, regardless of its management history, more
susceptible to compaction than the soil in native forest if mechanized operations apply
contact pressures above the preconsolidation pressure value.

The mechanized harvest area at 0.20–0.30 m shows a lower load-bearing capacity
than the native forest area above U = 0.24 kg kg−1 (water content in the friable region).
The 0.10–0.20 m layer has a higher load-bearing capacity than that in the native forest
throughout the analyzed water range. This indicates that the soil stress history from the soil
preparation, until the evaluation moment resulting from mechanized harvest operations,
led to greater compaction in the 0.10–0.20 m layer.

A sugarcane harvester can apply a static contact pressure of up to 54 kPa [4] or 100 kPa
and 77 kPa in areas with and without sugarcane residue, respectively [13]. In addition to
pressures ranging from 90–106 kPa for front and 75–98 kPa for rear tires, and 157–169 kPa
for a loaded wagon with approximately 14.0 Mg of sugarcane in transit left sugarcane
residues on the ground [4,13]. Thus, the load-bearing capacity models for the mechanized
harvesting area showed that the best strategy involves agricultural machines in which
the tire/soil contact pressures stays within 273 and 127 kPa in the soil water limits of the
friable region (0.20–0.34 kg kg−1), respectively, to avoid compaction at the 0.00–0.30 m
layer of the studied soil type. Although the burned harvest area dispenses with machines
for cutting, workers use machines in transport operations and cultural tracts. So, these
machines must apply pressures to the soil between 275 and 172 kPa in the friability region
(0.19–0.31 kg kg−1), respectively, to avoid soil compaction. Reference [15], evaluating
preconsolidation pressure in Acrisol under sugarcane cultivation, concluded that the load
limit machines apply, aiming to remain within the soil support capacity, 126.28 kPa for a
moisture content of 0.10 kg kg−1 or >75.70 kPa for moisture of 0.19 kg kg−1.
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3.2. Physical Attributes and Preconsolidation Pressure

The particle size distribution of soil in the sugarcane areas, when compared to the
native forest area, showed a relative difference in sand content, ranging between 75% and
94% in the mechanized harvest area, and between 55% and 80% in the burned harvest
area. Conversely, the relative differences in silt content ranged from −33% to −43%, and
−5% to −7% for the mechanized and burned harvest areas, respectively (Figure 3). For
the clay content, the relative differences did not exceed 10% in both sugarcane areas when
compared to the native forest, despite indicating soils of a distinct textural class. The higher
sand content in both these areas with anthropic uses may have also influenced the greater
load-bearing capacity of the soil when compared to the native forest area. Findings by [33]
demonstrated that the sandier Oxisols exhibited an increased load-bearing capacity under
specific soil water tension.

Sand content showed a positive correlation with σp in the burned harvesting sugarcane
area at 0.10–0.20- and 0.20–0.30 m layers (Table 3). Reference [45] found a higher σp ratio in
sandy soils than in clayey ones. The higher resistance of soils with predominantly coarser
fractions may be due to points of contact between quartz grains increasing the friction
between the particles and dissipating the mechanical energy applied to the soil [46].

Table 3. Pearson’s correlation analysis of preconsolidation pressure (σp) and the physical attributes
of an Oxisol under burned and mechanized harvesting sugarcane crops and native forest at the
0.00–0.010, 0.10–0.20, and 0.20–0.30 m layers.

Soil Physical
Attributes

σp (Burned Harvesting Sugarcane Area) σp (Mechanized Harvesting Sugarcane Area)

0.00–0.10 m 0.10–0.20 m 0.20–0.30 m 0.00–0.10 m 0.10–0.20 m 0.20–0.30 m

Tp −0.13 −0.09 −0.01 0.06 −0.06 −0.05
MaP −0.02 −0.11 −0.10 0.07 0.09 −0.008
MiP −0.08 0.06 0.09 −0.05 −0.14 −0.02
Bd 0.14 −0.02 0.14 −0.05 0.08 −0.07
Snd 0.01 0.21 * 0.22 * 0.11 −0.10 −0.004
Cly −0.0009 0.005 0.10 −0.09 0.08 −0.04
Sil −0.01 −0.16 −0.26 * 0.01 −0.0001 0.05
U −0.99 ** −0.68 ** −0.99 ** −0.96 ** −0.99 ** −0.98 *

SOM −0.08 0.10 −0.24 * 0.06 −0.08 0.06

Tp = total porosity; MaP = macroporosity; MiP = microporosity; Bd = bulk density; Snd = sand; Cly = clay;
Sil = silt; U = soil moisture; SOM = soil organic matter. * = significant at 5%; ** = significant at 1%.

After two sugarcane crop cycles, soil bulk density (Bd) remained the same between
sugarcane areas with a 1.41 maximum value at 0.20–0.30 m and a 1.28 Mg m−3 in burned and
mechanized harvest areas, respectively (Figure 3). However, Bd values in both sugarcane
areas were higher than in native forest soil (1.03 Mg m−3). This result signals changes in soil
structure due to agriculture converting an area of native forest for use. However, we found
that more conservationist agricultural management, such as cultivation without burning
and mechanized harvesting, showed a lower Bd (1.28 Mg m−3) with a value considered
non-restrictive for sugarcane. In experiments with edaphoclimatic conditions similar to
those in this study, reference [47] reported Bd values of 1.39 Mg m−3 in the 0.40–0.60 m
layer as normal for areas with preserved soil structure (native forest), and therefore not
limiting for sugarcane root growth. On the other hand, the burned harvest sugarcane area
showed Bd values above the mentioned limits (1.41 Mg m−3) at the 0.10–0.20 m layer,
thus emphasizing the importance of changing sugarcane management from burned to
mechanized harvest.
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Despite the influence of Bd on load-bearing capacity outcome, as detected in [10], this
study found that Bd variation between areas and soil depth showed no significant correla-
tion with the soil load-bearing capacity (Table 3). However, changes in bulk density did
not reflect on the soil pore space and its aeration capacity, i.e., our results generally showed
significant and negative correlations among Bd, Pt, and MaP and positive correlations with
MiP, suggesting that macropores are the most affected by the soil compaction process.

Thus, soil porosity in sugarcane areas showed a predominance of micropores (MiP),
with similar values ranging from 0.46–0.47 m3 m−3 at the three depths (Figure 3). If com-
pared with the values for native forest (0.37 m3 m−3), the areas with sugarcane showed
negative changes in their structure due to agriculture. Increased MiP resulted from a
decrease in macroporosity (MaP) in which the areas with sugarcane showed values be-
tween 0.07–0.12 m3 m−3, whereas the soil of the native forest was from 0.26 to 0.28 m3 m−3

(Figure 3). According to [48], MaP values lower than 0.10 m3 m−3 may restrict the move-
ment of air and water in the soil, potentially impairing air and water transport in the soil,
thereby compromising water absorption by the root system.
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We found that 0.00–0.10 m layers showed higher soil organic matter (SOM) for both the
mechanized harvest area and native forest and lower in the burned harvest one, a 14–37%
reduction in relation to the SOM contents observed in the mechanized harvesting area and
of 43–22% regarding SOM contents in native forest (Figure 3). The elimination of straw
with fire before manual harvesting sugarcane decrease the content of organic matter in the
soil [12,40]. In the mechanized harvest area, SOM values ranged from 2.19–3.23 g kg−1,
showing it to be a more sustainable sugarcane management since straw, besides increasing
organic matter in the soil, covers and protects the soil against erosion. Moreover, straw
absorbs the pressures applied to the soil surface, potentially mitigating the compaction
process [16,49].

Soil organic matter content showed a negative correlation with σp at the 0.20–0.30 m
layer in the burned harvest area (Table 3). Some authors also found a significant and
negative correlation between SOM and σp in sugarcane fields, whose carbon content
increased compressibility with lower σp values and a higher compression index in response
to soil carbon increases [41,50].

3.3. Spatial Variability of Preconsolidation Pressure

We found a spatial dependence of soil water content (U) and preconsolidation pressure
(σp) in the both sugarcane studied areas. The spherical model best fit our experimental
semivariograms (Table 4), indicating a great spatial continuity of these variables [51] and
suggesting that the distance between sampling sites can be expanded to a larger area (above
the range the semivariogram generated), thus reducing soil monitoring costs. Thus, we find
similar spatial continuity patterns of σp in burned and mechanized harvest areas, whose
values range from 17.60–19.40 m and 17.20–18.20 m, respectively, suggesting distances
between sampling points greater than 18 m to evaluate σp.

Table 4. Estimated models and parameters of experimental semivariograms for preconsolidation
pressure (σp) and water content in an Oxisol under burned and mechanized harvesting sugarcane at
0.00–0.010, 0.10–0.20, and 0.20–0.30 m layers.

Parameter Preconsolidation Pressure—σp (kPa) Soil Water Content—U (kg kg−1)

0.00–0.10 m 0.10–0.20 m 0.20–0.30 m 0.00–0.10 m 0.10–0.20 m 0.20–0.30 m

Burned harvest

Model Spherical Spherical Spherical Spherical Spherical Spherical
C0 0.10 24.500 0.10 0.47 0.37 0.44

C0 + C1 143.70 108.00 115.20 2.48 1.70 2.01
a (m) 19.30 17.60 19.40 17.70 18.90 17.10

DSD (%) 0.07 22.29 0.09 19.21 21.84 22.24
R2 (%) 84.90 80.70 88.20 74.30 82.00 90.10

SSR 443.00 114.00 336.00 0.08 0.03 0.024

Mechanized harvest

Model Spherical Spherical Spherical Spherical Spherical Spherical
C0 920.00 127.0 10.0 1.15 1.37 1.38

C0 + C1 12,300.00 543.00 6357.0 12,410.00 5.95 5.83
a (m) 18.20 17.20 17.30 17.10 17.20 15.30

DSD (%) 7.48 23.39 0.02 9.27 23.01 23.66
R2 (%) 94.50 93.39 91.10 93.10 92.30 94.10

SSR 619,015 713.00 299,371.0 0.63 0.11 0.09

C0 = nugget effect; C0 + C1 = threshold; a = range; DSD = degree of spatial dependence; R2 = model coefficient of
determination; SSR = residual sum of squares.

Water content influenced these results, i.e., the range of spatial dependence of σp
was higher in less humid regions, with values in burned and mechanized harvested areas
ranging from 17.10–18.90 m and 15.30–17.20 m, respectively (Table 3). This indicates
that specific management regions of σp may be monitored by soil water content and σp
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mapping enables the identification of management limits. Reference [15] also found spatial
variability structure in sugarcane soil and highlighted that preconsolidation stress maps
may indicate areas that support heavier equipment and areas that can tolerate only lighter
vehicles before further compaction occurs. Soil compaction susceptibility becomes critical
under excess water in the soil, reducing its load-bearing capacity [7,10,15,20].

The percentage of the nugget effect on the threshold of soil water content and pre-
consolidation pressure in all studied layers was below 25%, indicating a strong degree of
spatial dependence, according to the criterion in [37]. Thus, the spatial distribution of water
content and σp in the three soil layers is not entirely random, and semivariograms explain
most of the data variance.

4. Conclusions

Land use change towards sugarcane production systems promoted soil compaction.
The mechanized harvesting system increased the soil load-bearing capacity in the water
range corresponding to the friability region in subsurface layers.

The preconsolidation pressure and soil water content exhibited spatial dependence in
the sugarcane areas, regardless of the management system employed in the harvesting oper-
ations. Hence, the spatial distribution of these variables can be utilized for the development
of management strategies aimed at minimizing the risks of additional soil compaction.
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