
Citation: Locatelli, J.L.; de Lima, R.P.;

Santos, R.S.; Cherubin, M.R.;

Creamer, R.E.; Cerri, C.E.P. Soil

Strength and Structural Stability Are

Mediated by Soil Organic Matter

Composition in Agricultural

Expansion Areas of the Brazilian

Cerrado Biome. Agronomy 2023, 13,

71. https://doi.org/10.3390/

agronomy13010071

Academic Editor: Carlo Leifert

Received: 3 December 2022

Revised: 21 December 2022

Accepted: 22 December 2022

Published: 25 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Soil Strength and Structural Stability Are Mediated by Soil
Organic Matter Composition in Agricultural Expansion Areas
of the Brazilian Cerrado Biome
Jorge L. Locatelli 1,* , Renato P. de Lima 1 , Rafael S. Santos 1, Maurício R. Cherubin 1 , Rachel E. Creamer 2

and Carlos E. P. Cerri 1

1 Department of Soil Science, Luiz de Queiroz College of Agriculture, University of São Paulo,
Piracicaba 13418-900, Brazil

2 Soil Biology Group, Wageningen University, 6708 WG Wageningen, The Netherlands
* Correspondence: jorgellocatelli@usp.br or jorgellocatelli@gmail.com

Abstract: A growing demand for resources has led to the expansion of agricultural areas world-
wide. However, land conversion associated with poor soil management might lead to soil physical
degradation. We investigated the effects of land conversion on soil physical properties in the Brazil-
ian Cerrado region, under native Cerrado vegetation (NV)—pasture (PA) and NV—cropland (CL)
conversion scenarios. Soil physical properties related to compaction, pore size distribution, and
structure stability were assessed up to a 30 cm depth. Additionally, carbon levels of soil organic
matter fractions (particulate and mineral-associated organic matter) were determined. Our results
indicate that the compaction process equivalently reduced the soil porosity in PA and CL. However,
soil penetration resistance was higher in PA (~2.5 MPa) than in CL (~1.5 MPa), as well as the stable
mean weight diameter of soil aggregates. The highest total and labile organic carbon levels were
observed in CL, while the lowest levels of total and labile organic carbon occurred in PA (smaller
than in CL). These results suggest that the higher structural stability found in PA was mediated by
the predominance of stabilized carbon (a decrease in the proportion of soil labile carbon), causing the
gaining of soil strength under negligible soil volume variation (in comparison with CL). Our results
suggest that the reduction in the soil porosity by compaction due to PA and CL uses can equivalently
reduce macropore space and soil hydraulic functioning, and that soil carbon quality alterations (i.e.,
labile vs. stabilized fractions) are responsible for the gain in soil strength in long-term degraded PA
areas. Future research should focus on understanding the magnitude in which soil organic matter
controls soil physical attributes, such as soil strength in these expansion areas, and whether this gain
in soil strength limits plant development and compromises productivity in the long term.

Keywords: soil physical attributes; no-tillage; soil penetration resistance; age-hardening; soil degradation;
Matopiba; Oxisols

1. Introduction

Food production has greatly increased with the global population growth, leading to
the intensification and expansion of agriculture in the world [1]. Despite having increased
the global supply of resources (e.g., food, feed, fiber, and bioenergy), land conversion and
intensification of agricultural areas have been widely reported as the main causes of soil
impoverishment and biodiversity loss, undermining the capacity of the ecosystems to
provide its services [2–5].

In Brazil, land-use change (LUC) and agricultural expansion have been recently
observed in a region known as Matopiba, located in the Cerrado biome, the northeast
region of the country. The Matopiba has ~73 million ha (more than Italy and Germany’s
combined area), of which 22% is covered by pasturelands and annual crops [6]. The region
contributes to ~10% of Brazil’s grain production (~240 million tons [7]) and comprises
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~8% of the cattle herd of the country (~218 million [8]). Despite the large agricultural
advancement in this region over the last few decades, less than 35% of the Matopiba area is
classified as suitable to support intensive agriculture, which raises concerns about the risk
of environmental degradation as agriculture progresses [9,10].

The high temperature and short rainy season in combination with the high sand
content, low nutrient supply, and water retention of soils are the main limiting factors
for crop production in the region [11,12]. The combination of soil’s natural fragility with
intensive traffic machines in cropland (CL) areas, characterized by large-scale production,
mechanized cultivation, and poor management of pastures (PA; e.g., overgrazing, low or
no fertilization amendment) may increase soil degradation processes, jeopardizing soil
functions and land productivity over time [11–13]. Soil compaction associated with the
reduction in soil structural stability is among the major factors that lead to soil physical
degradation in these areas [14–16]. In addition to limiting proper plant development, these
changes may lead to other degradation processes, such as soil erosion, nutrient loss, soil
organic matter (SOM) depletion, and soil strength gain [17–20].

Soil organic matter losses, for instance, may severely contribute to increased soil phys-
ical degradation, once the SOM has a close relationship with soil physical quality [20,21].
Several studies have shown that SOM has a special role in preventing soil compaction and
soil penetration resistance increase [22,23]. Zhang et al. [24] found that SOM contributes
to reducing the negative effects caused by machinery traffic on soil physical properties by
increasing soil resilience. More specifically, Pesch et al. [25] and Startsev et al. [26] sug-
gested that SOM distribution in different fractions (e.g., particulate and mineral-associated
organic matter) may also affect soil penetration resistance and soil structural stability. Ad-
ditionally, Dexter et al. [27] suggested that carbon (C) bonds are responsible for the gain
of soil strength under negligible soil bulk density variation in a time-dependent process
called the “age-hardening” phenomenon. At the field scale, this process was observed by
Horn et al. [22], Moraes et al. [23,28], and Cavalcanti et al. [29].

Since most agricultural advancement in the Matopiba occurred during the last 20 years,
comprehensive assessments of soil physical changes induced by LUC and soil management
are still scarce. Based on that, we measured the extent to which the LUC from native
vegetation (NV; Cerrado biome) to CL and extensive PA affects key soil physical indicators.
Our hypothesis was that both PA and CL systems led to negative alterations in soil physical
indicators in relation to NV, but the absence of soil disturbance and the increasing stability
of C in the soil in PA can confer structural stability, which in turn, can increase soil strength,
such as soil penetration resistance.

2. Materials and Methods
2.1. Study Site Characteristics

The study was performed in the county of Tasso Fragoso, the state of Maranhão
(8◦31′ S, 46◦04′ W; an elevation of 560 m above sea level; Figure 1). The climate of the
region is classified as tropical (Aw—Köppen’s classification; Alvares et al. [30], presenting
a mean annual temperature and precipitation of 27.2 ◦C and 1300 mm, respectively). The
soil in the study sites is classified as a Typic Haplustox according to US Taxonomy [31] and
as Haplic Ferralsol according to the World Reference Base [32], with hematite, kaolinite,
gibbsite, and goethite predominating in the clay fraction (Figure S1).

Three different land uses, i.e., CL, PA, and NV, were sampled in adjacent areas
(Figure 1) using a chronosequence approach. The selected CL site was converted from NV
in 2009 (10 years of cultivation) and was cultivated in a successional system of soybean
(Glycine max L. Merr) + millet (Pennisetum glaucum L.) and used as a cover crop. The PA area
was converted from NV in 2000 (19 years) and was implemented by local grass species (i.e.,
tropical grasses from the Urochloa genus). The PA area was intensively grazed by cattle and
sheep and supports ~1 animal unit ha−1 (450 kg) in a full year. Both sites were managed in
a no-tillage system.
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Figure 1. Location of the Matopiba region (A). County of Tasso Fragoso, Maranhão state (B). Assessed
area location (red marker) (C). Field distribution of the sampled areas (D).

The chronosequence approach was used because no long-term field experiments
are available in the region. The study sites were carefully selected based on their use
and management history and previous soil chemical and physical analysis. So, all soil
assessment was performed under similar conditions, e.g., similar climate (adjacent areas;
Figure 1), soil characteristics (Table 1; Figure S1), slope, and drainage (same elevation and
position in the terrain). Additionally, the selected sites represent common LUC situations
in the Matopiba region, i.e., conversion from NV to CL and from NV to PA [33]. Further
details from the sampled areas are presented in Table 1 and Locatelli et al. [34].
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Table 1. Land-use change, management history, and soil characterization for native vegetation (NV), pasture (PA), and cropland (CL) sites [34].

Land-
Use

Soil Layer Clay Silt Sand PD a pHH2O P b BS c

Land-Use Change and Site History
cm g kg−1 mg m−3 mg dm−3 %

NV

0–5 371 45 584 2.71 4.2 2.33 12.78 Remnant of Cerrado sensu stricto vegetation—composed of several species of trees and grasses
sparsely distributed, without the formation of a continuous covering canopy. The trees have an
average height that varies between 3 and 6 m [35].

5–10 374 36 590 2.70 4.3 2.00 8.98
10–20 396 28 576 2.72 4.2 1.62 8.84
20–30 420 49 530 2.73 4.3 1.44 27.43

PA

0–5 348 27 625 2.68 4.3 39.12 44.29

An area extending over ~90 ha was converted from NV to PA in 2000. At the conversion time, NV
was burned, removed, and soil was prepared by plowing and disking. The pasture was
implemented by local grass species (i.e., tropical grasses from Urochloa genus). Soil fertility
management was carried out exclusively with lime applications to reduce soil acidity. The area was
intensively grazed by sheep and cattle and supports ~1 animal unit ha−1 (450 kg) in a full year. At
the sampling moment, the area had clear signals of degradation (e.g., the presence of weeds and a
low forage cover).

5–10 345 20 636 2.69 4.5 33.02 38.49
10–20 344 24 635 2.70 4.4 20.51 36.76
20–30 375 50 577 2.72 4.4 26.68 35.89

CL

0–5 272 24 705 2.66 4.9 55.36 59.16

An area extending over ~200 ha was converted from NV to CL under a no-tillage system in 2009.
Before CL implementation, NV was burned, removed, and the soil was prepared by plowing and
disking. Soil acidity was corrected by the application of 1.6 Mg ha−1 of dolomitic lime and
additional doses were applied following soil analysis and recommendations. The area has been
cultivated in a successional system of soybean (Glycine max L. Merr) + millet (Pennisetum glaucum L.)
and used as a cover crop. Fertilization was carried out annually at an average rate of 100 kg ha−1 of
K2O (potassium chloride) and 90 kg ha−1 of P2O5 (simple superphosphate). The soybean’s mean
yield since the implementation is 3300 kg ha−1.

5–10 298 12 690 2.70 4.6 42.36 34.10
10–20 307 17 676 2.71 4.6 14.54 34.04
20–30 337 18 645 2.74 4.4 4.72 19.85

a Particle density. b Available phosphorus extracted by the Mehlich-1 solution. c Base saturation on cation exchange capacity.
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2.2. Soil Sampling and Laboratory Analyses

Soil sampling was conducted in November 2019, at the beginning of the rainy season.
Each area (NV, CL, and PA) was sampled using a regular grid with nine points distributed
50 m apart from each other [36]. The disturbed samples were obtained using a Dutch
auger, at the depths of 0–5, 5–10, 10–20, and 20–30 cm, totaling 108 samples (3 land
uses × 4 depths × 9 replicates). In addition, we selected the three diagonal points of
the grid and we opened small trenches (40 × 40 × 40 cm), which were used to obtain
undisturbed samples. The undisturbed samples were obtained in two ways: (i) by using
Kopecky’s rings (5 × 5 cm, height × diameter) and (ii) soil blocks (10 × 5 × 10 cm).
Undisturbed samples were taken at the same depths as the disturbed ones (i.e., 0–5, 5–10,
10–20, and 20–30 cm), totaling 36 samples (3 land uses × 4 depths × 3 replicates).

The disturbed samples were air-dried and sieved (<2 mm), and plant debris and
roots were handpicked and removed. Soil particle-size fractions (sand, silt, and clay) were
measured by the hydrometer method [37], and soil particle density was measured using a
gas pycnometer [38]. Soil available phosphorus (P) (Mehlich-1), pHH2O (1:2.5 v v−1), and
base saturation were determined and calculated following Teixeira et al. [39]. Additionally,
subsamples were taken to perform a physical fractionation of SOM into mineral-associated
organic matter (i.e., stabilized C) and particulate organic matter (i.e., labile C), following the
procedure described by Cambardella et al. [40] and Locatelli et al. [34]. Both SOM fractions
were weighed and ground (<0.149 mm) for C determination using an elemental analyzer
(Leco CN-TruSpec®, St. Joseph, MI, USA) and then we determined the proportion of C
present in each one of these fractions (i.e., stabilized and labile fractions). Further details
about SOM fractionation can be found in Locatelli et al. [34].

Undisturbed soil rings were used to measure saturated hydraulic conductivity (Ks) by
the constant-head method, which was calculated according to Equation (1) [41]:

Ks = (Q × L)/(A × H × t) (1)

where Ks is in cm h−1, Q is the leachate volume, presented in cm3, L is the height of the
soil block, presented in cm, A is the area of the cylinder, in cm2, H is the height of the water
column, in cm, and t is the time, in h.

Subsequently, the soil rings were re-saturated, and using a tension table, were exposed
to matric potentials of −6 and −10 kPa. Once the equilibrium was reached, the samples
were weighed to determine water content at field capacity (θFC;−10 kPa), and then the soil
penetration resistance at field capacity SPRFC was measured in a bench-top penetrometer
(Brookfield CT3 Texture Analyzer).

Soil total porosity (TP) was assessed using particle density and BD values (Equation (2)).
Microporosity (MiP), although not presented here, was used to determine macroporosity
(MaP) values, and was assessed by the volumetric water content at the −6 kPa potential
(Equation (3), i.e., pores < 50 µm according to Embrapa [39]. Macroporosity was assessed
by subtracting the MiP from the TP (Equation (4)) and field capacity (θFC) was determined
by the volumetric water content at the −10 kPa potential [42] (Equation (5)):

TP = (PD − BD)/P (2)

MiP = θ(−6kPa) (3)

MaP = TP −MiP (4)

θFC = θ(−10kPa) (5)

where TP, MaP, and MiP are in m3, m−3, BD, and PD (particle density) and are presented in
Mg m−3, θ−6kPa is the volumetric water content at −6 kPa, and θ−10kPa is the volumetric
water content at −10 kPa.

Lastly, soil cores were oven-dried at 105 ◦C until constant weight. Bulk density
was assessed from the weight of the dried soil cores and the volume of the rings. Soil
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aggregate stability was obtained following the procedure described by Elliot [43] (the wet
sieving method), where three sieves with openings of 53, 250, and 2000 µm were used.
The proportion of stable aggregates from each fraction and the mean weight diameter of
aggregates were calculated according to Equation (6):

MWD = ∑n
i−1 xi wi (6)

where MWD represents the mean weight diameter of soil aggregates, n represents the
number of aggregate classes, xi is the mean diameter of each size class, and wi is the
proportion of the total sample weight in the correspondent size fraction.

Data homogeneity and normality were checked by the O’Neill–Mathews and Shapiro–
Wilk tests (p > 0.05), respectively, and an ANOVA (p < 0.05) was applied to test the signifi-
cance between the treatments in each assessed depth. Tukey’s test (p < 0.05) was used to
compare the means of the treatments when the ANOVA test was significant. Statistical
tests were conducted using R software and figures were constructed using Origin software
(Origin, Version 2019, OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion

The land conversion from NV to CL and PA-induced soil compaction is indicated
by the increase in BD and SPRFC values (Figure 2a,b). Pasture and CL led to an average
increase of ~23% in soil BD compared to NV (1.18 Mg m−3) within a 30 cm depth (Figure 2a).
However, negligible differences were found between CL and PA uses for BD, where
differences were limited to the 0–5 cm layer (1.50 Mg m−3 in PA vs. 1.31 Mg m−3 in CL).
The most significant changes were found for SPRFC in PA, where values as high as 2.9 MPa
were observed, and they were higher than in CL (p < 0.05; Figure 2b). An increase in soil
compaction is the first indication of soil physical quality depletion, as it might affect water
and nutrient uptake by plants [44]. In Brazil, extensive poorly-managed pasturelands are,
in general, neglected in terms of soil fertilization and grazing management [45], and are
frequently combined with soil compaction induced by animal trampling [15,46]. Similarly,
the increase in soil compaction observed in CL is mostly caused by intense and non-
controlled machinery traffic [47,48]. This is particularly increased when operations are
performed under critical soil moisture, which favors soil compressibility and increases the
risk of soil compaction [49].
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Figure 2. (a) Bulk density and (b) soil penetration resistance at field capacity at 0–5, 5–10, 10–20, and
20–30 cm soil layers under cropland (CL), pasture (PA), and native vegetation (NV) areas. * Means
followed by the same letter within the same soil layer are equal to Tukey’s test (p < 0.05). Vertical bars
represent the standard deviation of the mean.
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The compaction process in CL and PA led to changes in pore size distribution (Figure 3a,b).
On average (the 0–30 cm layer), TP decreased by ~17% in CL and PA compared to NV
(0.56 m3 m−3; p < 0.001; Figure 3a). This is mainly related to the decrease in MaP, whose
value was reduced by ~59% after LUC (PA and CL average; the 0–30 cm layer; Figure 3b).
However, following the trends observed, soil BD, TP, and MaP values decreased equally
in CL and PA (p > 0.05). The decrease in MaP led to values close to the critical limit
(0.10 m3 m−3) for having proper air diffusion [50] in PA and CL, possibly affecting soil
aeration [51]. In addition to reducing root growth [50], it might lead to anoxic condi-
tions that can induce the occurrence of denitrification and methanogenesis processes [52],
contributing to greenhouse gas emissions (e.g., N2O and CH4) in the atmosphere.
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Figure 3. (a) Total porosity, (b) macroporosity, (c) water content at field capacity (C), and (d) saturated
hydraulic conductivity at 0–5, 5–10, 10–20, and 20–30 cm soil layers under cropland (CL), pasture
(PA), and native vegetation (NV) areas. The dashed line indicates possible limiting values for proper
root growth for macroporosity [50]. * Means followed by the same letter within the same soil layer
are equal to Tukey’s test (p < 0.05). Vertical bars represent the standard deviation of the mean.

The compaction process induced by LUC also affected soil water conductivity in the
soil-saturated condition (Figure 3d). At the 0–10 cm layer, the saturated hydraulic conduc-
tivity (Ks) decreased by ~92% in CL and PA compared to NV (~47 cm h−1; p < 0.001). This
decrease in Ks is commonly found after LUC to CL and PA systems subject to compaction
processes [15,16,53]. Additionally, these results corroborate with Dionizio and Costa [54],
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who found a decrease in saturated hydraulic conductivity from ~20 cm h−1 in NV to
~5 cm h−1 in CL and PA areas after LUC in the Matopiba region. In CL, the decrease in soil
aggregate stability (as discussed later) possibly contributed to this result. The decrease in
large aggregate occurrence reduces soil pore continuity, thus affecting Ks [55]. The decline
in Ks might enhance soil vulnerability to other degradative processes, such as runoff, soil
erosion, and consequently, C and nutrient losses [56,57].

While an increase in C content was observed in the upmost soil layer in CL (26 g kg−1)
compared to NV (21 g kg−1 of C), C content in PA was reduced to 17 g kg−1 (Figure 4a;
p < 0.001). However, both land uses had a decrease in C levels by ~20% compared to NV
below a 20 cm depth. The decrease in C levels in PA is likely associated with the low
biomass addition promoted by degraded pastures, which may not be enough to keep the
pristine soil C levels [34]. Contrarily, the gain in C levels at the upmost layer (0–5 cm)
under CL is probably due to the high biomass accumulation in the upmost soil layers under
no-tillage systems and the absence of soil disturbance, which reduces SOM exposure to
microbial decomposition [34,58,59].
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Figure 4. (a) Soil organic carbon content, carbon distribution at labile (particulate organic matter)
and stabilized (mineral associated organic matter) fractions of soil organic matter (b [34]), and mean
weight diameter of soil aggregates (c) under cropland (CL), pasture (PA), and native vegetation (NV)
areas. * Mean followed by the same letter within the same soil layer is equal to Tukey’s test (p < 0.05).
Vertical bars represent the standard deviation of the mean.
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Interestingly, total C levels did not affect soil structural stability. Despite C levels
having increased in CL, the MWD of aggregates was reduced by 58% in the 0–30 cm
layer compared to the NV (2.46 mm; Figure 4a–c). Similarly, PA showed MWD values as
high as in NV use, although soil C content was significantly reduced (compared to NV;
Figure 4a–c). In CL, the loss of structural stability may be associated with the intensive
use of the area. Even though the soil is managed in a no-till system, a large number of
mechanical operations (e.g., fertilization, sowing, and harvesting) can induce changes in
soil structure affecting the stability of aggregates [60]. In contrast, the maintenance of high
MWD levels in PA may be the reason for the substantial and significant increase in SPRFC
(Figure 2b), which is likely associated with the higher proportion of stabilized soil C (i.e.,
a higher stabilized labile C proportion or low content of labile C; Figure 4b).

Soil organic C stabilization is known as one of the processes that act as cementing
agents of individual soil particles, inducing stability to the formed soil aggregates. Dex-
ter et al. [27] suggested that physically, this stabilization induces a gain in soil strength, in a
time-dependent process named the “age-hardening” phenomenon. Our data shows that
the PA area was subjected to 19 successive years without soil tillage perturbation, whereas
CL had an annual soil disturbance due to machinery traffic and soil seeding. The absence
of soil disturbance in PA avoided the breakdown of connecting bonds among particles.
Logically, NV is also an area with stabilized organic matter and no soil disturbance, but PA
has an additional physical component responsible for the gain in soil cohesion, which is
compaction. Compaction and organic C stabilization appear to be an important physical
combination for gaining soil strength, as also reported by Horn [22] and Moraes [28]. This
hypothesis is supported by the fact that soil compaction (i.e., BD) occurred at the same
proportions in CL and PA uses (the 5–20 cm layer; Figure 2a), while SPRFC was significantly
higher in PA compared to CL (Figure 2b).

Although we observed a slight tendency of increase in soil water content at field
capacity in CL (Figure 3c) (possibly due to the increase in total C levels in the upmost
layers [61]; the lack of statistical differences (p > 0.05) between CL and PA indicates that
the high values observed for SPRFC under PA may be due to soil C cementing effect (the
age-hardening phenomenon) [22,27]. In CL, in addition to the mechanical disturbance
induced by sowing and other operations, the maintenance of the labile C fraction (Figure 4b)
at high levels (constant C income) may have contributed to reducing soil strength.

Despite the gain in soil strength, as indicated by the increase in SPRFC values in
PA, it must be highlighted that it does not necessarily mean that root growth is being
constrained since pore space is not being reduced compared to CL use. Furthermore, White
and Kirkergaard [62] showed that root growth may occur through low resistance zones
or biopores in the soil profile. This indicates that other aspects may control the critical
limits for root growth and future research should be carried out to verify whether the
observed SPRFC values are detrimental or not to proper root development. Finally, we
acknowledge that given the specificities of the present study (i.e., sampling design and the
number of areas assessed), one should take care before extending the information presented
here to the entire Matopiba region. We sustain that the presented results are conclusive
for the measured conditions, as all the precautions were taken to avoid any bias when
selecting the studied areas. Nevertheless, there is a need for developing additional studies
covering multiple sites and environmental/management conditions of the region to better
understand the SOM effects on soil physical attributes (e.g., soil strength) in LUC scenarios.

4. Conclusions

The results presented here confirmed the hypothesis that both cropland (CL) and
pasture (PA) lead to soil physical quality depletion compared to native vegetation (NV), but
the absence of soil disturbance associated with the increasing stability of C in the soil in PA
can confer structural stability and soil strength gain. The compaction process induced by
CL and PA expansion led to reduced soil pore space and saturated hydraulic conductivity,
which markedly reduced soil physical quality. However, PA expansion showed the most
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interesting results, where a significant gain of soil strength was observed compared to
CL under negligible bulk density and porosity variations. We concluded that the absence
of soil disturbance and the predominance of stabilized C in PA (i.e., reduction in soil C
labile fraction) in the long-term was the main factor for the increase in aggregation and
soil strength, in a process induced by organic C-particle bond cementation, called the “age-
hardening” phenomenon. These results indicate that changes in SOM fractions (C lability)
appeared to influence soil physical quality more than total C variations. Our results suggest
that the reduction in soil porosity by compaction due to PA and CL uses can equivalently
reduce macropore space and soil hydraulic functioning, but the gain in soil strength in
long-term degraded PA areas should be investigated to verify whether the soil penetration
resistance values are being detrimental or not to proper plant development over Brazilian
Cerrado expansion areas.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/agronomy13010071/s1, Figure S1: X-ray diffraction patterns of the clay
fraction from a Typic Haplustox under cropland (CL), pasture (PA), and native vegetation (NV) in
the Matopiba region. Kt: kaolinite, Gb: gibbsite; Gt: goethite, and Hm: hematite.
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