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ABSTRACT: In the transition region between the Cerrado-Amazon biomes in Brazil, the conversion of native forests into pastures results
in soil degradation. From this perspective, the implementation of integrated systems emerges as a method to recover the quality of these
soils. This study evaluated soil carbon compartments through the measurement of the physical and chemical fractions of organic matter
and microbial biomass under continuous pasture, intercropping of maize with Megathyrsus maximus, in two integrated crop-livestock-
forest systems with maize, Urochloa brizantha, and eucalyptus, and with maize, M. maximus, and Attalea speciosa (babassu coconut palm
tree). The conversion of pasture to integrated systems with soil tillage led to negative changes in the chemical and physical compartments
of soil organic matter during the initial years of the system. The newly planted eucalyptus did not contribute to conserve soil carbon.
The adoption of integrated systems with the presence of babassu increased carbon stocks up to 0.5 m deep by 71% compared to the
conventional pasture area, minimizing the impacts of soil tillage performed for the cultivation of intercropping on the physical and chemical
compartments of organic matter.

Key words: Attalea speciosa, intercropping, soil carbon stocks, microbial biomass.

INTRODUCTION

In the Amazon-Cerrado ecotone of Brazil, the practice of converting native forests into pastures for the implementation
of traditional beef cattle farming is prevalent. Data from the MapBiomas project estimate that over the last three decades,
80% of deforested areas in the Amazon were converted to pasture (Souza Junior et al. 2020). Such changes in land use
promote an increase in greenhouse gas (GHG) emissions into the atmosphere, contributing to global climate change (Peng
et al. 2020). After the energy and agriculture sectors, land use changes contribute to the greatest GHG emissions in the
Brazilian territory (Brasil 2021).
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Aggravating factors in land use change are not only the deforestation of native vegetation and the decline in the
conservation of biodiversity in Brazilian biomes, but also the effects of agricultural intensification (Felipe-Lucia et al. 2020),
which result in the degradation of pastures due to the lack of maintenance and adequate soil management. These factors
are major limitations to increasing the productivity of Brazilian livestock farming (Feltran-Barbieri and Féres 2021). This
scenario differs from well-managed pastures in the Amazon region, where the study of the particle size fractions of soil
organic matter allows us to observe an accumulation of carbon in soil similar to that in native areas (Signor et al. 2018).
This is because soil organic carbon (SOC) accumulation plays a crucial role in soil regeneration after radical ecosystem
disturbances (Cheng et al. 2023). SOC regulates soil physical, chemical, and biological properties, which include the soil’s
water holding capacity (Guimardes et al. 2021), the mineralization of nutrients for plant uptake, and the maintenance of
an active soil biota (Prietzel et al. 2022).

Degraded pastures exceeded emissions compared to well-managed pastures (LAPIG 2021), raising concerns about
an increase in GHG emissions from tropical agriculture (Koh et al. 2021). In this context, integrated systems, such
as integrated crop-livestock-forest (ICLF) systems, are consolidated as a potentially sustainable alternative combined
with the recovery of degraded soils (Valani et al. 2021). The role of ICLF in C accumulation is well documented in the
literature, which can occur through three mechanisms: growth stimulation of the forage root system through grazing
with an adequate stocking rate (Bieluczyk et al. 2017); using livestock as a catalyst in the nutrient cycling process
(Assmann et al. 2017); and improving soil attributes through permanent vegetation cover and litter decomposition
(Hok et al. 2018).

According to the characteristics of each ecosystem, ICLF systems can be strengthened by incorporating native forests,
preserving indigenous trees of certain regions, and applying one of the precepts of ecological intensification: nature
mimicry (Malézieux 2012). In the case of the Amazon-Cerrado ecotone, there is natural integration between babassu
palms (Attalea speciosa Mart.) and pastures (Santos-Filho 2013, Aradjo et al. 2020). Despite the great importance of the
babassu palm, little is known about the tree’s influence on tropical soils, that is, its use in integrated systems or intercropped
with forage crops. Gehring et al. (2020) carried out a case study on the interactions between babassu palm and soil and
inferred that babassu palms promote SOC sequestration because of the higher C:N ratio and higher concentrations of
labile carbon in litter.

Based on this, to improve forest ecosystem management strategies, such as in the context of climate change mitigation
and ecosystem recovery, it is necessary to analyze carbon stocks and to study the labile fractions of organic matter in different
stable reservoirs and the factors that affect them (Angst et al. 2022, Wos$ et al. 2023). The hypothesis of our study was that
integrated systems with tree components, mainly with native species (babassu palm), increase the soil carbon stock and
the components of organic matter in relation of old pasture with low inputs of fertilizers. Therefore, the objective of this
study was to compare conventional pasture with different integrated production systems that have the potential to recover

degraded pasturelands in the Amazon-Cerrado ecotone.

MATERIAL AND METHODS
Study characterization

The study was carried out in the municipality of Pindaré-Mirim (03°46’S and 45°29°W), in the state of Maranhéo
(transition zone between the Cerrado and Amazon biomes), Brazil. The region’s climate is hot and humid Aw (Koeppen
1948), with an average annual temperature of 26°C (Aradjo 2013). Rainfall during the year in which the assessment was

carried out (2017) was 1,468 mm, and the average temperature was 27°C (Fig. 1).
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Source: NUGEO (2026).
Figure 1. Rainfall and temperature in Pindaré-Mirim, Maranhdao, Brazil.

The evaluations were carried out in four land use systems:

+ Continuous pasture: 3-ha area cultivated in a conventional system (without intercropping) with Urochloa brizantha cv.
Marandu, with more than 14 years of implementation (without fertilization), used for cattle grazing (extensive grazing),
maintaining a stocking rate of 0.5 animal units (AU: 450 kg per animal) ha-year' and characterized by the large presence
of invasive plants, especially the species Senna obtusifolia, Cyperus rotundus, Cenchrus echinatus, and Paspalum virgatum
(15-25% of soil cover with weed species);

 Intercropping: area of 3 ha, planted with hybrid maize (Dow Herculex® 83,000 plants per hectare) at a spacing of
0.50 m x 0.25 m and intercropped with Megathirsus maximus cv. Massai, which was implemented simultaneously in
January 2017 with land use similar to the pasture described previously;

« ICLF-I area of 3.5 ha cultivated with hybrid maize (KWS 9304® and AG1051® 66,000 plants per hectare) spaced at
0.60 m x 0.30 m and intercropped with U. brizantha cv. Marandu, and the tree component was a clone of hybrid eucalyptus
(Eucalyptus urophylla x Eucalyptus teretimaizeis) in an alley-type arrangement (rows) in double rows at a spacing of 3
m x 2 m and 28 m between alleys, implemented in February 2016;

+ ICLF-II: area of 3 ha covered by native babassu palm vegetation (Attalea speciosa), in a savanna-type layout (random),
with an average of 35 palm trees ha’, integrated with hybrid maize (Dow Herculex® 66,000 plants per hectare) spaced
at 0.60 m x 0.30 m, implemented in January 2017 and intercropped with Megathyrsus maximus cv. Massai. In the areas
with maize intercropped with forage crops, there was no entry of animals in the 2017/2018 crop year.

The systems were close to each other, with the following distances between systems:

+ Continuous pasture - intercropping: 200 m;

+ Continuous pasture - ICLF-I: 500 m;

+ Intercropping - ICLF-1: 404 m;

*  Continuous pasture - ICLF-II: 981 m;

 Intercropping - ICLF-II: 908 m;

« ICLF-I-ICLF-I: 836 m (Fig. 2).
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Figure 2. Experimental site and systems analyzed in Pindaré-Mirim, Maranhao, Brazil.

The soil in the experimental area is classified as haplic plinthosol according to the Brazilian Soil Classification System
(H. G. Santos et al. 2018), corresponding to plinthosols according to the World Reference Base for Soil Resources (IUSS
Working Group WRB, 2015). The soil has a predominantly sandy loam texture, with 170 g-kg* of clay, 280 g-kg™ of silt and
550 g-’kg™ of sand. The chemical characteristics of the soil (0.00-0.20 m) were determined according to the methodology
described by Teixeira et al. (2017) (Table 1).

Table 1. Chemical characterization of soil (0.20 cm) in land use systems in the Amazon-Cerrado ecotone. Pindaré-Mirim, Maranhao, Brazil, 2017.

pH P K Ca Mg Al H+AI CEC BS
Land use
(H,0) mg-dm-3 cmol -dm? %
Pasture 5.2 14 0.7 87 2.6 0.9 42 16.3 73.6
Intercropping 5.0 39 0.4 77 34 0.9 4.4 16.0 718
ICLF-I 5.0 76 07 5.7 33 12 43 141 68.8
ICLF-II 5.4 5.7 0.3 37 14 0.3 26 81 66.6

pH: hydrogen potential (in water); P: available phosphorus (resin); K: exchangeable potassium (Melichl method); Ca: exchangeable calcium; Mg: exchangeable
magnesium (1M KCI method); H+Al: potential acidity (Ca acetate method); CEC: cation exchange capacity; BS: base saturation (Ca+Mg+K).

Soil preparation of cultivated areas, except pasture, proceeded with a single plowing (disc plow) and harrowing (leveling
harrow) to incorporate dolomitic limestone (1 Mgha'). Maize was fertilized in a standardized fashion (in all areas): base
fertilization with 400 kg-ha! of 05-30-15 NPK; first top dressing with 200 kg-ha™! of 36-00-30 at 10 days after maize emergence;
second top dressing using 200 kg-ha of 36-00-30 (NPK), 10 days after the first top dressing. The grasses (U. brizantha
cv. Marandu and M. maximus cv. Massai) were sown at the rate of 10 kg-ha™ of viable seeds, previously mixed with base
fertilizer. For the eucalyptus tree component, 0.75 kg of reactive natural phosphate was applied at a depth of 0.30 m in the
planting hole and 0.15 kg of 36-00-30 (NPK) in the planting hole.
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Soil sampling

In June 2017, soil samples were collected in all areas under study. In these areas, four trenches measuring 0.25 m* and
0.5 m deep were randomly opened. Undisturbed samples were collected from the soil profile of the trenches in the layers:
0.00-0.10, 0.10-0.20, 0.20-0.30, and 0.30-0.50 m to determine bulk density (Teixeira et al. 2017). In the soil profile of
each trench, in all cardinal directions, 12 deformed soil samples were collected. The single samples were combined into
a composite sample for each depth collected. The deformed samples were used to determine the physical and chemical
fractions of soil carbon. To determine the biological attributes of the soil, deformed samples collected in the 0.00-0.10
m layer were used. The systems were sampled considering the complexity of each one: for continuous pasture, collected
aleatory samples between the plant hills; for intercropping, collected aleatory samples but always keeping the ratio of two
samples in the row of maize and one sample in maize between rows (for simple soil sample); for ICLF-I, collected soil along
transect considering the distance of the two alleys of eucalyptus, beginning in the projection of the eucalyptus canopy, in the
boundary of the projection of the canopy and the row of maize, and continuous between the alleys of eucalyptus considering
the samples in the intercropping of maize and forage with two samples in the row of maize and one sample in between
the maize row (for simple soil sample); for ICLF-II, collected soil considering the relation of one sample in projection of
the babassu palm canopy with two samples in the row of maize and one sample in between the maize row (for simple soil
sample), not considering the transect like with ICLF-I due the random presence of babassu palms.

Physical and chemical fractionation of soil organic matter and C stocks

Total organic carbon (TOC) was determined (Yeomans and Bremner 1988). The physical fractionation of carbon was
carried out using the granulometric method (Cambardella and Elliott 1992), obtaining the following fractions: particulate
organic carbon (POC) and mineral associated organic carbon (MAOC). The chemical fractionation of organic matter was
carried out according to Swift (1996), with adaptation according to Benites et al. (2003), thereby obtaining organic carbon
from fulvic acids (FA), humic acids (HA), and humin (HUM).

Soil carbon stock (SCS) was calculated (Bayer et al. 2000) and corrected by the equivalent soil mass (Ellert and Bettany
1995). C stocks were calculated for each of the layers evaluated, and then the stocks of all layers were added to determine
the accumulated stock (0.0-0.5 m).

Microbial biomass and basal soil respiration

The determination of soil biomass carbon (C-SBM) was carried out using the irradiation extraction method (Ferreira
et al. 1999, Islam and Weil 1998). Basal soil respiration (BSR) was obtained by incubating the samples for seven days
and subsequently titrating (Alef and Nannipieri 1995). The microbial quotient (QMIC), obtained by the C-SBM/TOC
ratio (Anderson and Domsch 1989), and the metabolic quotient (qCO,) were also calculated from the BSR/C-SMB ratio
(Anderson and Domsch 1990).

Statistical analysis

The data were tested for normality and homogeneity of variances using the Shapiro-Wilk’s and Bartlett’s methods
(a0 =0.05), respectively.

Comparisons between the sample properties were made using the mean confidence interval (p < 0.05), according to
Payton et al. (2000). When the upper and lower limits of the confidence interval do not overlap, it is considered that there
is a significant difference.

Data at each evaluated depth were compared individually, and similarity was identified by overlapping the confidence
interval.
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As a complementary analysis, multivariate methods were applied through non-hierarchical cluster analysis using the
Tocher method and principal component analysis (PCA), both performed based on the Euclidean distance for microbial
biomass and the chemical and physical fractionation of organic matter. For all statistical analyses, the statistical package R

version 3.2.5 (R Core Team, 2017) was used.

RESULTS

The conventional pasture area revealed the highest concentrations of microbial biomass carbon (C-SBM: 633 gkg™),
differing from the intercropping (234 g-kg'), ICLF-I (337 g-kg!) and ICLF-II (209 gkg") (Fig. 3a). There was an overlap in
BSR data, suggesting that there is no difference in BSR for the land uses (Fig. 3b). As pasture showed higher concentrations
of C-SBM, lower coefficient metabolic (qCO,) values were observed in this study area (0.020 mg CO,g" day-1) (Fig. 3¢).
Higher microbial coefficient (qQMic = 7.2%) was found in the pasture area compared to other land uses (Fig. 3d), converging
with the results of C-SBM and qCO,,.
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Figure 3. Mean + confidence interval (a = 0.05) of (A) microbial biomass carbon, (B) basal soil respiration, (C) metabolic coefficient, and (D)
microbial coefficient in land use systems in the Cerrado-Amazon ecotone.

In the soil layers 0.00-0.10, 0.20-0.30. and 0.30-0.50 m there was no difference in bulk density between land use
systems. In the 0.10-0.20 m layer, there was only a difference between bulk density under pasture and ICLF-I. In this case,
pasture had a lower bulk density (Fig. 4a). TOC decreased with increasing soil depth. The intercropping and ICLF-I had
lower TOC for the 0.00-0.10 layers, and these values were similar to those in the pasture area. In the layers 0.10-0.20 and
0.30-0.50 m, only the intercropping and ICLF-I treatments were different, and at 0.10-0.20 m, intercropping showed a
higher TOC, but in the 0.30-0.50 layer, the opposite result was observed (Fig. 4b). The SCS did not respond to the land use
systems under study (Fig. 4c).
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Figure 4. Mean + confidence interval (a = 0.05) of (A) soil bulk density, (B) total organic carbon, and (C) carbon stock of soil layers of land
use systems in the Amazon-Cerrado ecotone.

The result of the physical fractionation of soil carbon in land use systems is presented in Fig. 5. There is similarity in
the concentration of POC in the 0.00-0.10 m layer between the systems. In contrast, in deeper layers, a decline in POC
concentration of ICLF-I and II is observed in comparison to intercropping. This decrease in POC for ICLF-I corresponded
to 57 (0.10-0.20 m), 56 (0.20-0.30 m), and 44% (0.30-0.50 m). In ICLF-II, the reduction corresponded to 53 (0.10-0.20 m),
69 (0.20-0.30 m), and 87% (0.30-0.50 m).

MAOC concentration differed between systems. In the upper layer, ICLF-II (8.09 + 0.93 g-kg!) contributed with a higher
concentration of MAOC compared to intercropping (6.63 + 0.20 g-kg') and ICLF-I (6.90 + 0.18 g'kg"), but did not differ
from pasture (6.88 + 0.98 g'kg!). At greater depth (0.30-0.50 m), higher MAOC concentration was observed in ICLF-I
(3.25+0.52 gkg™) and I (3.84 + 0.85 g'’kg™) compared to intercropping (1.66 + 0.75 g'kg™).

(1)
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Figure 5. Mean + confidence interval (a = 0.05) of mineral associated organic carbon (MAOC) and particulate organic carbon (POC) of soil
layers from land use systems in the Amazon-Cerrado ecotone.

Figure 6 presents the results of the chemical fractionation of soil carbon according to land use systems. The HUM fraction
responded similarly to the systems. The FA and HA fractions converged with the same response in the 0.00-0.10 m layer. In this
layer, ICLF-I (2.84 + 0.29 gkg"') showed a lower FA concentration compared to pasture (3.67 + 0.34 gkg™), intercropping (3.87
+0.29 gkg"), and ICLF-II (3.47 + 0.27 gkg"). Likewise, ICLF-I (0.81 + 0.06 gkg") also presented a lower concentration of HA
in relation to pasture (1.03 + 0.13 g-kg"), intercropping (1.13 + 0.18 gkg"), and ICLF-II (1.01 £ 0.12 gkg™). In the 0.10-0.20 m
layer, only intercropping (0.59 + 0.06 gkg') was superior to the ICLF-II (0.39 + 0.08 g’kg™) in terms of FA.
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Figure 6. Mean + confidence interval (a = 0.05) of humic acid (HA), humin (HUM) and fulvic acid (FA) of soil layers from land use systems
in the Amazon-Cerrado ecotone.

Total carbon stocks (0.0-0.50 m) were similar between land use systems (Fig. 7). Conventional pasture, maize + ‘Massai’
intercropping, ICLF-I (maize - ‘Marandu’ -eucalyptus), and ICLF-II (maize - ‘Massai’ - babassu palm) contributed to the
storage of 40 + 8,40 + 4, 38 + 1, and 43 + 6 Mg of C ha!, respectively.
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Figure 7. Mean + confidence interval (a = 0.05) of carbon stock accumulated in the 0.0-0.5 m layer depending on land use systems in the
Amazon-Cerrado ecotone.
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The PCA carried out for the soil layers under study suggests that the sum of components 1 and 2 explained 78.55, 95.16,
99.24, and 85.43% of the total variance of the attributes studied for the respective layers: 0.00-0.10, 0.10-0.20, 0.20-0.30,
and 0.30 -0.50 m (Fig. 8). In the 0.00-0.10 m layer, there was a high positive correlation between soil attributes, forming
three sets of variables: the first composed of POC, HA, FA, and bulk density; the second by SCS and TOC; and the third
by HUM and MAOC. Positive correlation between FA and POC, SCS and TOC, and HUM and HA was inferred in layers
0.20-0.30 and 0.30-0.50 m.
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FA: fulvic acid; HA: humic acid; POC: particulate organic carbon; BD: bulking density; SCS: soil carbon stock; TOC: total organic carbon; HUM: humin; MAOC:
mineral associated organic carbon.

Figure 8. Biplot graphs of the principal components and grouping of soil attributes of different depths in land use systems in the Amazon-
Cerrado ecotone.

When analyzing the grouping of systems, it is possible to separate two distinct groups for different layers. In the two most
superficial layers, the ICLF-I system differed from the group formed by pasture, intercropping and ICLF-II, while in the
0.20-0.30 m layer the ICLF-II system differed from the others. In the last layer analyzed, there was the formation of group
1, pasture and intercropping, and group 2, ICLF-I and ICLF-II. It can also be seen that in the 0.00-0.10 m layer, the ICLF-II
favored the MAOC and HUM fractions, while in the 0.10-0.20, 0.20-0.30, and 0.30-0.50 m layers, the close relationship
between the systems intercropping and pasture stands out, with an increase in the POC and FA fractions.

DISCUSSION

The results of this study show how land use systems drive changes in soil carbon compartments. In a simplified context,
cultivated area with pasture increases C-SBM and qMic, while decreasing qCO,. Based on available literature (Freitas et al.
2020, Sarto et al. 2020), grazing favors the accumulation of microbial biomass in stabilized organic C compared to other
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land uses. This result is an indication of soil health in which pasture with ‘Marandu’ increases microbial metabolic efficiency
(Ashraf et al. 2022) by improving the use efficiency of the substrate by microbial biomass, promoting lower loss of CO,
through microbial respiration (Santos et al. 2021) and greater incorporation of soil C into the biomass of microorganisms. In
the intercropping, ICLF-I and ICLF-II, the soil was disturbed with the implementation of maize. These possible indications
of microbial stress observed in integrated systems can be attributed to mechanical interventions that affected the growth
of microbial biomass (Bastos et al. 2023).

Tillage (plowing and harrowing) causes losses of organic matter, which may have impacted other ecosystem services
and increased the vulnerability of the systems (Siqueira-Neto et al. 2022). This revealed that the increase in soil C is easily
influenced by soil management, even in conservation systems (Barbosa et al. 2022). However, in the long term (after six years),
the establishment of ICLF-II in a plinthosol increased TOC levels in relation to conventional pasture and intercropping. These
results can be attributed to the initial establishment of the system, which is composed of native babassu palm vegetation
integrated with maize intercropped with ‘Massai’ grass.

The progressive increase in the accumulation of babassu palm litter enabled the incorporation of large amounts of organic
matter and increased TOC levels. Additionally, the roots of agricultural and forage crops may add a large amount of plant
residue to soil, significantly increasing soil C levels, which can even reach levels similar to those in native vegetation areas
(Signor et al. 2018). Bieluczyk et al. (2023) revealed that soil C sequestered by 8- to 15-year forest restorations represented
at most 78% of the amount stored in primary forest. These results highlight the critical importance of preserving native
forests because they achieve ecosystem stability and C storage potential for thousands or even millions of years (FAO and
UNEP 2020).

Compared to the other systems, the increase in TOC in the 0.00-0.10 m layer under ICLF-II is related to a greater amount
of MAOC. In general, the MAOC fraction is insoluble and resists biodegradation, which is promoted by the formation
of stable clay-humic complexes. These organomineral complexes are formed due to the mineralogical composition of the
evaluated soil, dominated by Fe and Al oxides and hydroxides (Soares et al. 2020). This increase in the MAOC fraction in
ICLF-II may also be associated with adequate conditions for the decomposition of particulate materials with an increase
in the MAOC fraction (Silva et al. 2022), not only on the surface, but also at depth. This effect is possibly attributed to the
root system of the native tree species, which encourages the process of aggregation of soil particles through the cementing
action of the roots that incorporates C into the MAOC fraction at depth (Freitas et al. 2020).

In fact, the PCA of the 0.30-0.50 m layer supports this observation, in which there was a positive correlation between
land use systems that contain the tree component (eucalyptus and babassu palm) with the MAOC fraction. Furthermore,
it must also be considered that the effects obtained may be supported by decomposition. The newly incorporated litter was,
however, more associated with minerals or with microaggregates, which improved the protection of this new litter assembly
and resulted in a relative change from the active C to a slower decomposing C (Ma et al. 2019), finding a positive correction
with the chemical fractions HA and HUM.

The physical fractionation of C revealed that the POC fraction had a higher proportion in the intercropping compared
to the integrated systems (ICLF-I and II). Bahadori et al. (2021) indicated that grasses have more labile C fractions when
compared to tree components that have more recalcitrant C fractions. In this way, the role of maize residue and the root
system of the tropical forage grass used in the intercropping system seems to provide plant material more quickly (Rego et
al. 2023), thereby speeding up the decomposition by microorganisms, with a consequent increase in POC (Sato et al. 2019).

There was a close correlation between MAOC and HUM, mainly in topsoil, which also had high correlations with the
C stock. This can be explained by the low mobility of MAOC in soil and the structural complexity of its molecules. Just as
we found for the integrated systems, Almeida et al. (2021) showed that increases were observed in C associated with the
humid fraction in responses to soil management in integrated crop-livestock systems, after 11 years of implementation.
This result indicated that, under the edaphoclimatic conditions of the study region, the accumulation of TOC depends on
the increase in MAOC and HUM contents. This condition, combined with the use of residues with different organic and
structural properties, allows for a balance of labile and recalcitrant organic matter compartments, thus ensuring an increase
in complexity and maintenance of carbon in the soil (Iwata et al. 2021). Furthermore, the absence of observed differences
between land use systems in terms of the HUM fraction indicates that the systems studied can be considered effective in
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the process of sequestering C in the soil (Mi et al. 2019), representing main models of C preservation in anthropized soils
(Marinho Junior et al. 2021).

The presence of palm trees in the ICLF-II area represents an important tool to mitigate CO, emissions (Bieluczyk et
al. 2020, Bieluczyk et al. 2023), as wood biomass has a high potential for C accumulation, mainly in its recalcitrant forms
(Conceigéo et al. 2017). Moreover, even under the condition of disturbance applied in the study, babassu palm was not
subject to high rates of decomposition. Frazio et al. (2013), studying soil C stocks as a function of oil palm cultivation
(Elaeis guineensis Jacq.) in the Amazon region, found that the soil close to palm trees had a high C content, due to the
contribution of plant roots, with the high levels being maintained in the soil in the long term. This contribution of palm
trees to the maintenance of stable C fractions in the soil may explain the little effect of disturbance on the promotion of
TOC decomposition in the ICLF-II area. Thus, the presence of babassu palm in the area provides a positive effect in the
accumulation of C in the soil.

Furthermore, the differential results obtained between the integration areas that have a forest component can be
attributed to the time it took to implement eucalyptus (three years) in relation to babassu palm (native vegetation). Trees
complement the litter input in the upper layer and therefore increase root renewal (Almeida et al. 2021), resulting in an
increase in C due to implementation time. This factor helps us elucidate how implementation time can be crucial in terms
of the benefits obtained by using the system, including limiting a possible increase in HA and FA fractions. In addition, it
is speculated that this negative result in the first years after the change in land use may be a reflection of the initial plowing
and harrowing process during mechanized soil preparation.

Reforestation with eucalyptus species can provide or supplement efficiently increase C stocks in soil (Almeida et al.
2021). However, our findings indicated that the decomposition/humification of eucalyptus biomass (i.e., due to the presence
of aromatic compounds and lignin) impairs these climatic conditions in the short term (Gmach et al. 2018). ICLF-I is also
composed of M. maximus, different from the other land use systems, which may exhibit different straw decomposition.

The decomposition rate of straw is determined by the C:N ratio of plants residues (Prescott and Vesterdal 2021), which,
associated with the greater or lesser lignin content and lignin/N ratio, becomes important from the point of view of controlling
the persistence of plant residue as soil cover, especially when the region has high temperatures, accelerating decomposition (Das
et al. 2023). Visually, eucalyptus has a low net primary production in this region, with low leaf density. Consequently, during
the period of semideciduous canopy renewal, relatively small amounts of organic material are deposited on the soil surface.

Soil C dynamics can be altered over time due to the greater sustainability conferred by the system, resulting from greater
interactions of plant and animal components with the soil and influencing soil carbon stocks (Zhang et al. 2022). The results
found in this study, after six years of implementation of the agroforestry system (ICLF-II), confirm the potential accumulation
of C in soil, although in this case, it was not sufficient to promote an increase in stocks comparable to other systems. In
agreement with the results found by Almeida et al. (2021) evaluating different compositions of agroforestry systems, soil C
stocks in the mineral soil surface are more responsive to changes in the type of land cover. Therefore, continuous monitoring
is necessary to verify medium- and long-term C accumulation in deep layers. Even so, the results obtained indicate that
the SCS of the evaluated land use systems is higher when compared to the plinthosol under secondary forest in the eastern
Amazon biome (Signor et al. 2018).

The use of conservation techniques is important for maintaining carbon stocks in the soil. In an evaluation carried
out in the Cerrado of Maranhao, the conversion of native vegetation to soybean cultivation reduced carbon stock by 35%
(after 8 and 15 years of cultivation), labile carbon was reduced by 20 and 40%, while microbial C decreased by 20 and
60% (Siqueira-Neto et al. 2022). On the other hand, in the same region as reported by Siqueira-Neto et al. (2022), the use
of integrated systems promotes an increase in carbon levels and stocks. However, the carbon stock in the soil in systems
that have an animal component depends on the time of entry of these animals. For example, maize-forage intercropping
and a two-, four- and eight-year-old off-season cattle system increased the carbon stock up to 0.5 m depth by 14.5, 23.4,
and 10.0%, respectively, in relation to the no-till system with soybeans and millet in the Cerrado of Maranhédo (Barbosa
et al. 2022). For the present study, however, the recent entry of animals made it difficult to verify the possible potential for

accumulation of carbon stocks in the soil.
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The SCS in continuous pasture is characterized as an unexpected result. This is because integrated systems were
expected to stand out in terms of SCS. This result may converge with Oliveira et al. (2022), who observed that degraded
pastures may present greater accumulation of C stocks, since the soil remains intact. Despite this, the conversion
of degraded pasture areas to integrated systems with the presence of a native woody component present in the area
minimizes the impacts when the soil is disturbed for the establishment of agricultural and forage crops. Long-term
evaluation of the adoption of integrated systems with the minimization of soil disturbance is necessary to verify the
systems’ capacity to store C in the soil. Therefore, the adoption of a tree component with no-till practice is essential
to make it easier the positive effects of adopting crop-livestock-forest integration. Furthermore, Pinheiro et al. (2021)
report that pastures showed higher SCS mainly in the shallower soil layers, which calls for additional studies to
better understand the dynamics of such systems, such as the C contributions by C3 versus C4 plants and the role of
diversification on C sequestrations dynamics.

The use of manure is an important strategy to increase the levels of SCS. A meta-analysis indicated that the use of manure
in well management pastures can increase SCS between 7.4 to 8.9 Mg Cha’!, in relation to degraded pastures (Li et al., 2021).

Because livestock were not present in the experimental plots during the evaluation period, the contribution of manure
to the SCS in the present study was negligible. However, future studies should evaluate the contributions of manure and

land use patterns on SCS, microbial activity, and nutrient cycles.

CONCLUSION

Conventional pasture consisting of Urochloa brizantha cv. Marandu contributes to greater conservation and improved
management of soil organic carbon, with increased immobilization of soil carbon in microbial biomass. Soil disturbance
for the implementation maize-forage grass intercropping results in negative changes in the chemical and physical
carbon compartments of the soil. The presence of a native tree component, babassu palm, minimizes the impacts of soil
disturbance for the cultivation of maize-grass on the physical and chemical compartments of soil carbon in the Amazon-
Cerrado ecotone.
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