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Abstract: Soil use and management practices influence the quantity and quality of soil organic
matter (SOM). From this perspective, the objective of this work was to evaluate the carbon stock
and SOM fractions in a no-tillage (NT) and crop–livestock integration (CL) system in the Cerrado
biome. The treatments were divided into four areas, subdivided into an area under NT with 11 years
of cultivation, two areas under CL with 5 or 10 years of cultivation, and an area of native vegetation
(NV). Undisturbed and disturbed soil (Ferralsols) samples were collected in layers 0.0–0.1, 0.1–0.2,
0.2–0.4, and 0.4–0.6 m for the evaluations of soil properties, including bulk density, weighted mean
diameter, clay content, carbon stock, carbon stock of light and mineral fractions, humification rate,
and carbon management index. The results obtained suggest that the environments with the highest
conservation of the physical properties of the soil are those that contain the highest levels of stable C.
The main mechanism for C protection in the systems evaluated was mainly associated with physical
protection, promoted by soil aggregates, capable of keeping C protected, and mitigation of C into
the atmosphere. The values of the carbon management index in the agriculture areas were >100,
indicating that these production systems could approach the soil quality of the native vegetation
reference system.

Keywords: carbon management; light fraction; mineral fraction; humification rate

1. Introduction

Terrestrial ecosystems are fundamental to the carbon cycle, and soil is the largest
pool of carbon [1]. Organic carbon (Corg) is stabilized in natural ecosystems; however,
when areas of natural vegetation are converted to agricultural production areas, a decrease
in C content is observed [2,3], especially when crop management substantially reduces
residues’ input or increases the soil organic matter (SOM) decomposition rate by the action
of microorganisms.

In Brazil, large soil C loss in the Cerrado has been observed due to agricultural
expansion in this region, which begins with the conversion of native forests to agricultural
areas, and this has implications for the global C cycle [2]. Global soil C losses due to the
conversion of native vegetation to crops amount to an accumulated 133 Pg C in the top 2 m
layer of soil [4].

Aiming to minimize these challenges, conservation production systems such as no-
tillage (NT) and crop–livestock (CL) systems have been gaining ground to combine sus-
tainability with high productivity [5]. The NT is the main agricultural system of grain
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production, with soybeans planted in the summer (September–February) and maize in the
winter (February–June). In CL systems, soybeans are planted in the summer, and grazing
with animals is carried out over the winter.

In these systems, it is common for soil disturbance to be restricted to the seeding row,
reducing C losses and maintaining crop residues on the soil’s surface (coming mainly after
the planting of maize in the NT and the forage crops in the CL), improving its physical,
chemical, and biological properties [6–8] in addition to keeping more carbon stock com-
pared to conventional tillage systems. A review study [2] on Cerrado soils demonstrated
that these systems, when well-established, accumulate an average of 29.33 Mg ha−1 in the
0–10 cm layer, while the amount accumulated by native vegetation is 37.51 Mg ha−1.

Soil C-Stock can be used as an indicator of the sustainable functioning of an agricultural
system [9,10]. In addition, assessments of the stock of organic matter fractions are important
to identify the quality and functionality of the material added to the soil. Thus, the
assessment of the quantity of total C stock, combined with the organic fractions in the soil,
can indicate the level of sustainability of agricultural systems, with this assessment being
based on an index (carbon management index—CMI) proposed by [11] which relates the
potential of an area for carbon stock (C-Stock) to a reference area (without anthropogenic
changes).

In this context, there are different fractions of SOM, such as physical fractions, with
different molecular weights that reflect the availability of C in the soil, with the light
fraction (C-LF) being more available and the mineral fraction (C-MIN) less available to
soil microorganisms [12,13]. The C-LF fraction is related to SOM that is not linked to
soil aggregates, which makes it more susceptible to the action of microorganisms and,
consequently, accelerates decomposition [14]. It comes from plant residues, roots, and
hyphae with recognizable cellular structures and is a fraction considered sensitive to short-
term management practices; therefore, its determination is important in evaluating the
management system adopted [15,16]. C-MIN is associated with clay minerals in the soil,
presents more protected decomposed material, and, thus, does not suffer as much from the
action of microorganisms. This is a fraction less sensitive to crop treatments in the short
term [17].

The difference between this fraction and the dynamic C in the soil can be related to the
cycling time. In [18], the author found two pools of carbon with different turnover times in
Oxisols, with the labile fraction having a shorter turnover time than the recalcitrant fraction.
The permanence of carbon in the soil is also influenced by the humification rate of the SOM,
which refers to the rate at which organic matter is transformed into humus, a stable form of
organic matter in the soil.

Through the relationship between organic fractions, the carbon management index
(CMI) was created, aiming to respond to more SOM management practices and system
sustainability [11]. However, there is no defined CMI standard for agricultural areas, as
it is based on a comparison with a reference area; however, high CMI values are sug-
gested to indicate soil quality or rehabilitation, while lower values indicate more oxidative
environments of SOM [19].

Research on carbon management indices in different agricultural systems has shown
that agricultural conservation systems can significantly increase carbon sequestration
and improve soil quality. In [20,21], both found that moderate grazing intensities in
integrated crop–livestock systems can lead to increases in soil carbon stocks, with the best
balance between the CMI and animal productivity occurring at specific grazing intensities.
The work in [22] further emphasized the importance of conservation practices, such as
minimum tillage and organic amendments, in improving the CMI. These studies collectively
underscore the potential of no-tillage and integrated crop–livestock systems in enhancing
the CMI and mitigating carbon emissions.

Based on this, this work aimed to evaluate the carbon stock, SOM fractions, and CMI
in a no-tillage (NT) and crop–livestock (CL) system in the Brazilian Cerrado.



Sustainability 2024, 16, 3025 3 of 13

2. Material and Methods
2.1. Experimental Area

The experiment was conducted at the COMIGO Technology Center (CTC), in Rio
Verde, state of Goiás, Brazil. The climate is classified as B4 rB′4a′ (humid, small water
deficit, mesothermal, and evapotranspiration in summer less than 48%), according to
Köppen [23].

The soil under study was classified as a dystrophic Red Oxisol [24] or Ferralsols [25]
containing 570 g kg−1 sand, 380 g kg−1 clay, and 50 g kg−1 silt. The chemical characteriza-
tion of the soil is summarized as pH evaluated in solution with CaCl2 of 5.2, Ca, Mg, and
Al of 2.6, 0.86, and 0.001 cmolc dm−3, respectively, K and P of 95.8 and 15.2 mg dm−3, and
base saturation of 53.8%.

In this study, different agricultural production systems were evaluated: one area with
0.5 ha under a no-tillage system (NT), soybean (Glycine max)/maize (Zea mays) succession
installed in 2010, and two areas of 1,97 ha under the crop–livestock integration system (CL),
soybean/forage Urochloa hybrid cv. Mavuno succession, installed in 2011 and 2016. In the
area’s use conversion process, native vegetation was removed, and the soil was disturbed
with a plow at a depth of 60 cm to correct the pH and in-depth fertilization.

Liming and fertilization management is monitored annually with soil analysis, correc-
tion of pH, and fertilization when necessary, following management recommendations for
the region. In general, it was applied both in NT and CL, with 2 t ha−1 limestone (neutral-
ization potential of 74%), and fertilization was carried out in the furrow with 400 kg ha−1

of fertilizer 20-08-18, equivalent to 32, 80, 72 kg ha−1 nitrogen, phosphorus, and potassium,
respectively, in addition to topdressing with 200 kg ha−1 fertilizer 20-00-20, equivalent to
40 and 72 kg ha−1 nitrogen and potassium, respectively.

For the CL system, Urochloa hybrid cv. Mavuno with grazing was rotated between 7 and
14 days, with 20 (twenty) Nellore calves in each paddock of 2930 m2 with an average mass
of 260.4 kg per animal; the beginning of grazing occurred 85 days after sowing Urochloa.

2.2. Soil Sampling

Soil was collected on 7 October 2021, with 4 repetitions per area to a depth of 0.60 m.
Disturbed and undisturbed soil samples were taken.

For this, four trenches (distanced by approximately 10 m) were opened for each
system, with dimensions of 0.40 × 0.30 × 0.60 m in width, length, and depth, respectively,
subdividing the sampling into layers of 0.00–0.10; 0.10–0.20; 0.20–0.40; and 0.40–0.60 m.
Undisturbed samples were collected from each trench using 100 cm3 steel cylinders. Clods
were removed from each depth to obtain aggregates measuring 4–2 mm, which were
selected using a sieve. Around the trenches, disturbed soil samples were extracted using a
Dutch auger at the same depths.

2.3. Soil Assessments

Undisturbed samples were used for soil bulk density analysis according to the method-
ology described by [26]. The aggregates were used to calculate the Weighted Mean Diameter
(WMD) using the sieving method [27], and to quantify the WMD, the values were obtained
in the respective dry and wet sieving to evaluate the Aggregate Stability Index (ASI)
according to Teixeira et al. [26]:

ASI = (WMDwet/WMDdry) × 100 (1)

where:
ASI: Aggregate Stability Index (%);
WMDwet: Weighted Mean Diameter of aggregates in wet sieving (mm);
WMDdry: Weighted Mean Diameter of aggregates in dry sieving (mm).
Disturbed samples were used to determine soil texture following the method proposed

by Teixeira et al. [26], total organic carbon (Corg) according to [28], and SOM fractions,
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with physical fractionation following the methodology proposed in [29] to obtain the light
fraction (LF).

The method to obtain the light fraction (LF) consists of combining chemical dispersion
of the soil with sodium hexametaphosphate, and subsequent separation based on size
(53 µm sieve to retain the labile fraction associated with sand particles). The retained
material was dried in an oven at 50 ◦C, weighed, and transferred to centrifuge tubes
containing sodium iodide (NaI) solution with a density of 1.8 g cm−3. After centrifugation,
the supernatant material was filtered and washed to remove NaI, and dried in an oven at
50 ◦C, thus obtaining the LF of SOM. The characterization of C in the light fraction (C-LF)
was carried out using wet combustion, similar to that used for Corg. The carbon of the
fraction associated with minerals (C-MIN) was determined from the difference between
Corg and C-LF [30] (See Table S1).

Soil C-Stock and organic fractions (light fraction—LF and minerals–MIN) were calcu-
lated according to the equation below, with correction of the final calculation by mass soil
equivalent [31], considering the treatment under native vegetation as a reference.

C-stock = Corg or Cfractions × Bd × depth (2)

where:
C-Stock: carbon stock or organic fractions (kg m−2);
Corg: organic carbon content or SOM fractions (%);
Bd: bulk density (Mg m−3);
depth: soil depth (m).
The chemical fractionation was carried out to obtain the humic and fulvic acid fractions

(C-HA and C-FA) according to the extraction methodology proposed by Benites et al. [32].
With this fraction, it was possible to determine the humification rate using the following
relationships [33]:

HR = 100 × (C-HA + C-FA)/Corg (3)

where:
HR: Humification rate (%);
C-HA: carbon from the humic acid fraction (g kg−1);
C-FA: carbon from the fulvic acid fraction (g kg−1);
Corg: total organic carbon (g kg−1).
Both the effect of the treatments and the capacity to store C were evaluated in a relative

way by calculating the Carbon Management Index (CMI), which considers the quantity
(CEI) and quality (IL) factors of soil C (See Table S1). This index was proposed by Blair [11]
and combines quantitative (C-Stock) and qualitative (labile fraction) characteristics of SOM
to evaluate the performance of a given management system. CMI values below 100 indicate
harmful practices to maintaining SOM and soil quality.

CMI = CEI × LI × 100 (4)

where:
CMI: carbon management index;
CEI: carbon efficiency index;
LI: lability index;
CEI = Corg treatment/Corg reference area;
LI = L treatment/L reference area;
L = C-LF/C-MIN;
C-LF: Carbon of the light fraction;
C-MIN: Carbon of the mineral fraction.
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2.4. Statistical Analysis

The statistical model for data interpretation was split plot, with production systems as
the first factor and soil depth as the second. When interpreting data, an analysis of variance
was applied, and to compare means, the Tukey test was applied at 5% probability using the
Sisvar software (Version 5.8) [34]. Pearson correlation analysis was applied to understand
the relations between soil properties.

3. Results and Discussion
3.1. Physical Properties

The interaction between production systems and soil depth was not significant
(p > 0.05) for clay, weighted mean diameter (WMD), and aggregate stability index (ASI),
but the factors had an isolated effect on these variables.

The soils under the agricultural production system and native vegetation evaluated,
despite being spatially close, have different soil textures regarding the clay content in the
agricultural areas varying from 332.6 to 359.7 g kg−1 and the soil under native vegetation
with 282.9 g kg−1 (Table 1).

Table 1. Average values of clay, weighted mean diameter (WMD), and aggregate stability index (ASI)
of the soil in an area under agricultural production systems and native vegetation in the Cerrado.

Clay (g kg−1) WMD (mm) ASI (%)

Agricultural systems
NT 11 332.6 ab 0.6 bc 13.8 bc
CL 5 345.7 ab 0.3 c 7.3 c
CL 10 359.7 a 0.9 ab 19.3 ab
NV 282.9 b 1.2 a 24.9 a

Depth (m)
0.00–0.10 314.2 a 0.70 bc 12.6 b
0.10–0.20 336.3 a 0.47 c 10.7 b
0.20–0.40 340.1 a 0.81 b 17.4 ab
0.40–0.60 n.d. 1.16 a 24.6 a

Means followed by different letters, in the same column, are significantly different by Tukey’s test, at 5% prob-
ability. NT-11: no-tillage system with 11 years of implementation; CL-5: crop–livestock system with 5 years
of implementation; CL-10: crop–livestock system with 10 years of implementation; NV: native vegetation area;
n.d.: not determined.

The difference in clay content between agricultural areas and native vegetation was
reported in a carbon stock review for soils in Cerrado [2]. According to the authors, areas
under native vegetation, often used as a reference for soil C change estimations, presented,
on average, lower clay contents compared to other land uses. Specifically, for croplands,
overall clay contents are 25% higher than in native vegetation. In most cases, the farmers
choose the least productive areas (e.g., sand areas) for native vegetation preservation,
following the Brazilian law that requires that part of the agricultural area be preserved with
native vegetation.

The weighted mean diameter (WMD) showed a significant difference between areas,
with values between 1.21 and 0.37 mm, and was higher in the NV area, generally following
the order NV > CL-10 > NT-11 > CL-5 (Table 1), demonstrating that the highest WMD
values were found in the NT and CL areas with the longest history of implementation
(Table 1), indicating the importance of maintaining these systems to improve the physical
quality of the soil.

Higher WMD values were found in the deepest layer, probably due to the greater
preservation of the soil in this layer. This is because, in agricultural management systems,
the layer from 0 to 0.40 m is more susceptible to disturbance actions, whether for soil
preparation purposes, fertility management, or decompaction [35].

As for the aggregate stability index, the NV and CL-10 areas presented higher ASI
values, 24.93 and 19.37%, respectively, than CL-5, with 7.31%, indicating the benefit of CL-10
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for the physical stability of soil aggregates (Table 1). A factor that may have contributed to
this result is the lower change in the soil for a longer period (10 years). When evaluating the
soil layer, the ASI presents a similar trend to the WMD, as they are dependent properties;
thus, the ASI showed greater stability in the deeper layer (Table 1).

Soil bulk density was significant (p < 0.05) for all soil depths, with different responses
depending on the depth assessed. For example, in the surface layer, it was possible to
identify lower soil Bd in the NT-11 area, 1.11 Mg ha−1, than other areas with values of 1.20,
1.28, and 1.29 Mg ha−1 in soil under CL-5, CL-10, and NV, respectively (Figure 1).

The lower value of soil Bd in the NT-11 area can be attributed to the minimum soil
disturbance during sowing using tools attached to the seeder, such as a rod or disc [36]. In
this system, planting throughout the year is more frequent, that is, two harvests per year,
which makes soil management more frequent compared to the CL system, characterized by
soybean planting during the harvest and grazing management during the off-season. In
the native vegetation area, the higher soil density may be related to the sandier texture of
this soil.

In the 0.10–0.20 m layer, the agricultural areas showed higher bulk density, with
values between 1.30 and 1.40 Mg ha−1, than the NV area, with 1.23 Mg ha−1 (Figure 1). In
these agricultural systems, this layer, in general, is the most affected due to intensive and
frequent machinery traffic, the weight of the machines tending to transfer tensions to the
subsurface layers of the soil, causing compaction. According to [37], the soil layer with the
highest compaction sensitivity is up to 0.20 m in no-tillage systems. In grazing systems,
densification is more frequent in these superficial layers [38].

However, in the other layers (0.20–0.40 and 0.40–0.60 m), high bulk density values
remained mainly in the NV area and lower in areas under NT-11 and CL-5. The hypothesis
is that the higher density in the NV area is related to the higher amount of sand in the soil
than in other areas since sand (particle density) tends to make the soil naturally denser.

In Brazilian soils, there is an increase in soil compaction with high levels of total and
fine sand and a reduction in soil compaction with a higher amount of clay [39]. This is
due to the smaller particle size (lower density of soil particles) and higher organic matter
content in clay soils, which create more total pore space (macroporosity and microporosity).
In contrast, sandy soils have higher-density particles (more macroporosity) and lower
organic matter content, resulting in higher bulk density.

3.2. Total Carbon Stock and SOM Fractions

Differences in carbon stock (C-Stock) between production systems were only signif-
icant (p < 0.05) in the 0.00–0.10 m soil layer, with the highest C-Stock found in the NV
area, with 37.19 Mg ha−2 followed by 25.48, 25.27, and 24.22 Mg ha−2 in NT-11, CL-5, and
CL-10, respectively (Figure 1). This result can be explained by the conversion of natural
vegetation areas to agricultural areas, the process of which reduces the C stock in the
soil [3,40], mainly in the surface layer, which is more subject to constant changes during
agricultural management.
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evaluated at different soil depths. Means followed by different letters in each soil layer (delimited by
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For Freitas et al. [10], agricultural activities alter the accumulation of C due to the
constant disturbances occurring in the system. For example, soil disturbance causes the
breakdown of aggregates and exposes SOM to the action of biotic and abiotic factors, mak-
ing it susceptible to accelerated decomposition and, as a consequence, less accumulation in
the soil.

The carbon stock of the light fraction (C-Stock-LF) showed differences in all layers
evaluated, with different response patterns found according to the depth evaluated. For
the layer 0.00–0.10 m, the lowest soil C-Stock-LF was detected in the CL-10 area; however,
when evaluating the other layers, in general, higher C-Stock-LF was observed in the soil of
agricultural areas and lower in NV.

This effect can be because the agricultural systems evaluated have annual deposi-
tion of plant residues on the soil, which leaves a cover at different stages of decomposi-
tion due to the interaction between new and old residues and can reach approximately
7.0–10.0 Mg ha−1 in the region of Rio Verde, state of Goiás [41]. This constant input of
residues makes labile organic fractions available in the soil in the short term, as this fraction
comes from residues, roots, and hyphae, and the release of this fraction is related to the
quantity and quality of residues in the soil [15,16,42,43].

According to [44], when there is a supply of quality carbon, there is a release of
more labile fractions in the soil over time. When C is low-quality, the result is more
recalcitrant fractions; this is because, according to the authors, during decomposition,
plant litter is subjected to microbial activity that determines the quantity and chemical
nature of decomposition products. Proportionally, more dissolved organic matter and more
carbohydrates and peptides are formed from high-quality (e.g., fine roots and herbs) litter
than low-quality (e.g., needle and wood) litter, which loses most of the C as CO2 [44]. The
ultimate fate of the decomposition products depends on their interactions with the soil
mineral matrix.

Thus, the NT and CL agricultural production systems demonstrated potential in
keeping the SOM dynamics active, even with a more recent history of implementation.
This is due to the minimum or no-tillage soil and annual residue deposition on the soil,
which increases the quantity and quality of organic material in the soil [42,43]. Thus,
these agricultural managements are recommended to achieve more sustainable agriculture,
maintaining production combined with soil conservation.

The carbon stock associated with minerals (C-Stock-MIN) was significant at all depths,
and in the 0.00–0.10 and 0.10–0.20 m layers, higher C-Stock-MIN in the soil was observed
in NV, with 23.97 and 21.19 Mg ha−1, than in the NT and CL systems, with a variation of
11–16 Mg ha−1.

In deeper layers (0.20–0.40 and 0.40–0.60 m), in general, areas NV and NT-11 or CL-10
(with longer system implementation time) showed higher C-Stock-MIN than the CL-5 area,
with a more recent implementation.

C-Stock-MIN represents a compartment with SOM more protected from decomposi-
tion, whose protection mechanism is associated with clay minerals, which was confirmed
here by the significant correlation between C-Stock-MIN and clay of 0.30 (Table 2). Thus,
proportionally more stable soil organic matter (SOM) accumulates in soils with a high soil
matrix stabilization [13,44,45]. Furthermore, C-Stock-MIN showed a significant positive
correlation with ASI (0.38) (Table 2), which may also explain the higher C-Stock-MIN in the
NV area. As no anthropogenic changes occur in the soil structure in this area, C is better
protected by aggregates and, therefore, more stable in the mineral fraction of the soil.

Most studies indicate that the C-MIN fraction, due to its recalcitrant nature, is not
easily affected by land use or management practices in the short term [19,46], and the
stable environment of NV provides a convenient environment for SOM stocks [47,48].
Furthermore, management with older implementation histories tends to result in a more
stable type of SOM, with slower and more gradual decomposition.
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Similarly [49], in the 0.10–0.20 m layer, higher C-Stock -MIN was verified in the soil
under native Cerrado, with 32.04 Mg ha−1, than in areas under pasture and NT (3 years)
with C-Stock-MIN of 10.14 and 10.56 Mg ha−1, respectively.

Table 2. Pearson correlation analysis for total carbon stocks in the soil (C-Stock), C stocks in the light
fraction (C-Stock-LF), C associated with minerals (C-Stock-MIN), humification rate (HR), Carbon
Management Index (CMI), clay, sand, bulk density (Bd), Weighted Mean Diameter (WMD), Aggregate
Stability Index (ASI).

C-Stock-LF C-Stock-MIN HR CMI Clay Sand Bd WMD ASI

C-Stock 0.51 ** 0.87 ** 0.29 * −0.35 ** 0.22 −0.15 0.04 0.37 * 0.33 **
C-Stock—LF 0.05 0.16 0.21 −0.07 0.25 −0.17 0.12 0.08
C-Stock—MIN 0.24 * −0.55 ** 0.30 * −0.30 * 0.14 0.35 ** 0.33 **
HR −0.03 0.01 −0.24 0.07 0.50 ** 0.49 **
CMI −0.41 ** 0.18 0.20 −0.24 −0.23
Clay −0.55 ** −0.14 0.37 ** 0.41 **
Sand −0.01 −0.18 −0.17
Bd 0.22 0.18
WMD 0.91 **

*: significant at 1%; **: significant at 5%.

The humification rate varied in the layers of 0.10–0.20 and 0.40–0.60 cm between
production systems (Figure 1), and in layer 0.10–0.20 m, HR was higher in the soil under
NV (47.09%) and lower in soil under NT 11 (15.90%). Therefore, out of 100% of the total
organic carbon (Corg) in this layer in the NV area, 47% are humic substances (humic acid
and fulvic acid). In the 0.40–0.60 m layer, the soil under CL-10 presented 62% HR, i.e., in
this case, more than half of the organic C is in humic form.

3.3. Carbon Management Index (CMI)

The carbon management index (CMI) showed no significant interaction between the
evaluated systems and soil depth (p > 0.05); however, there was a significant difference
between the systems. The CMI presented values > 100 (Figure 2). Thus, this result demon-
strates the possibility of the evaluated production systems to reach the soil quality of the
native vegetation reference system (CMI = 100%). This is because they are systems with
annual inputs of residual biomass, increasing C inputs into the soil.

Particularly, CMI values in agricultural areas were higher compared to data from the
literature [20,30,42,46]. However, it is important to note that the CMI focuses on the light
fractions of SOM, whose results identified higher C-Stock-FL in agricultural areas than in
the NV area at the 0.10–0.20 m layer.

The CMI calculation has been adopted to make comparisons regarding management
systems, aiming to observe qualitative differences in the soil [12]. As the index focuses on
labile carbon, the results indicated that NT and CL systems generated more labile SOM
fractions, arising from the higher deposition of partially decomposed plant residues with
short-term transformations [19]. Thus, for this study, the lower CMI was shown to be less
labile but more stable, important for soil preservation and mitigation of C release into the
atmosphere.

Other studies have shown the positive effect of no-tillage and cropping systems with
a high input of plant residues on increasing CMI as a result of the labile amount of organic
matter [30,46].

In a study by Assmann et al. [20], a long period of a crop–livestock integration un-
der no-tillage promoted total, particulate, and mineral-associated organic carbon stocks
similar to no-tillage areas, and they reported that CL using moderate grazing intensities
is a promising food production system, with continuous improvements in the soil–plant–
animal–atmosphere continuum, evolving to higher levels of organization, with positive
feedbacks and source–sink relations. Another study [42] did not detect a significant differ-
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ence in CMI in areas of crop–livestock integration, with a CMI of 124 compared to NT and
pasture, with 82 and 136, respectively, using an area of native vegetation as a reference.
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3.4. Correlation Analysis and Protection Mechanisms of C

C-Stock showed a significant correlation with the stock of all organic fractions evalu-
ated, with higher correlations with C-Stock-MIN (0.87) and lower with C-Stock-LF (0.51)
(Table 2), which indicated that the majority of soil carbon in the NT and CL systems is in
the form of more stable fractions.

To reinforce this, the CMI, which takes into account the carbon lability index (more
labile fractions), showed a negative correlation with C-Stock (−0.35) and C-Stock-MIN
(−0.55), indicating that the systems evaluated tend to accumulate C in the soil with slower
and more gradual transformations, favoring the carbon preservation in the soil.

In addition to agricultural management, the amount of clay in the soil is responsible
for C dynamics, i.e., clay and CMI showed a negative correlation (−0.41), indicating
that in areas with higher clay content, the transformations of C into fractions labile by
microorganisms are less active and tend to keep C trapped on the clay surface, as a physical
protection mechanism [44]. This interaction was confirmed by the significant correlation
between clay and C-Stock-MIN (0.30).

This result helps us understand why clayey soils have higher SOM levels. According
to [44], the amount of C in the soil occurs proportionally to its stabilization matrix. This is
because clay has a strong interaction with organic particles in the soil, promoting mineral
protection from SOM, preventing its mineralization by soil microorganisms, and, therefore,
favoring its longer permanence in the soil. This SOM protection mechanism has already
been proven in several studies [13,19].

In addition to the clay content, C-Stock-MIN showed a significant correlation with
WMD (0.35) and ASI (0.33) (Table 2), indicating that in addition to mineral protection
by sorption, this fraction is also protected within the clay soil aggregates, since clay is a
component of the aggregates, with a positive correlation with WMD (0.37) and ASI (0.41).

The physical properties of WMD and ASI showed positive correlations with the stock of
all fractions (except the labile fraction stock, C-Stock-LF). Thus, another protection mechanism
for SOM is promoted by soil aggregates, i.e., the higher stability of aggregates will guarantee
greater protection of the occluded C, which remains inside the aggregates [45,50]. The fractions
with higher lability in the soil are usually not associated with this protection mechanism.
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More frequent correlations of stocks with aggregation parameters than with clay were
observed, which indicates that the main C protection mechanism in the evaluated systems
is mainly associated with physical protection, promoted by soil aggregates, capable of
maintaining protected C and soil with a more stable physical structure [50]. Therefore, the
presence of more stable soil carbon fractions in NT and CL systems not only contributes to
agricultural sustainability and productivity but also plays an important role in mitigating
climate change and conserving natural resources.

4. Conclusions

The no-tillage and crop–livestock systems with the oldest history of implementation
showed, similarly to native vegetation, better soil aggregate size and aggregate stability
index compared to the area with more recent no-tillage implementation, indicating the
importance of maintaining these systems to improve the structural quality of the soil.

Different agricultural production systems and implementation times did not influence
C-stock differently. Despite that, most of the soil carbon in the no-tillage and crop–livestock
systems is in the form of more stable fractions.

The main mechanism for protecting C in the systems evaluated is mainly associated
with physical protection promoted by soil aggregates, capable of keeping C protected and
consequently promoting soil with a more stable physical structure and releasing less C into
the atmosphere.

The carbon management index showed no significant difference between agriculture
areas. The values > 100 indicated that these production systems can approach the soil
quality of the native vegetation reference system mainly due to the minimum soil tillage
and maintenance of crop residues on the soil, thus increasing C inputs to the soil.
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//www.mdpi.com/article/10.3390/su16073025/s1, Table S1: Mean values of total organic carbon
(Corg), carbon of Light fraction (C-LF), carbon associated with minerals (C-MIN), Carbon efficiency
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