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Abstract

:

Integrated production systems composed of trees, crops and pastures have shown good results in improving soil quality and the capacity to store carbon in the soil, being efficient in mitigating greenhouse gas emissions. Despite this, changes in carbon stocks and soil organic matter fractions in the initial stages of implementing an agroforestry system remain unclear. This study evaluated the carbon balance and the dynamics of soil organic matter fractions in an agroforestry system conducted over a decade. Total carbon, labile carbon, carbon from particulate organic matter, organic carbon associated with minerals and inert carbon were determined at depths 0–10 cm, 10–20 cm and 20–40 cm. Soil carbon stocks were also estimated for the 0–40 cm depth. Total carbon increased in the agroforestry system compared with a low-productivity pasture. The total carbon stock in the last growing season (68.57 Mg ha−1) was close to the original soil stocks under native Cerrado vegetation (76.5 Mg ha−1). After 10 years, there was a positive balance in the soil carbon stock of both the total carbon and the soil organic matter fractions. The successional agroforestry system is a good alternative to increasing soil total carbon stocks and labile and non-labile fractions of soil organic matter.
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1. Introduction


The increase in greenhouse gas (GHG) emissions in recent decades is one of the biggest current concerns for researchers, governments and society, mainly due to the relationship between these gases and global environmental changes. Among GHGs, the increase in CO2 emissions caused by changes in land use, including deforestation and conventional tillage systems, requires urgent changes in the way agricultural land is used [1]. The current agricultural model, characterized by intense land use and low diversity of plant species, results in physical, chemical and biological degradation of the system, consequently lowering carbon (C) stocks and reducing the contribution of agriculture to mitigating GHG emissions [2,3].



Global concern about the degradation of agricultural soils has motivated the creation of several initiatives focused on sustainable development through the adoption of the principles of regenerative and more productive agriculture. These initiatives promote the adoption of agricultural practices that increase the accumulation of C in the soil. An example is the international “4 per 1000” Initiative, which aims to show that agricultural soils have an important role in food security and global climate change through C sequestration. The Cerrado is the second largest Brazilian biome with 205 million hectares. Part of the Cerrado has been used as Brazil’s great agricultural frontier, normally associated with the degradation of natural resources. Approximately 39% of Cerrado pastures, which cover 18.2 million hectares, are degraded [4,5], highlighting the need for effective management practices that minimize soil degradation.



Integrated and diversified production systems, such as agroforestry that integrate crop, livestock and forestry components in the same area, are considered a good example of land use with potential for mitigating GHG emissions. These systems have the potential to sequester CO2 both in the above-ground biomass, mainly in the arboreal component, and in the soil, increasing the soil C stock at greater depths when compared with conventional agricultural systems [6,7,8,9].



Soil organic matter (SOM) is considered a key component of ecosystems and includes a continuum of materials comprising rapidly decomposed material, such as labile organic C, to very recalcitrant fractions, for example, non-labile C. The specific characteristics of the different components of the system influence the supply of SOM, increasing the production of organic compounds of different chemical natures and promoting an increase and diversification of the soil microbiota [10,11,12].



Several factors influence both the accumulation and spatial distribution of soil C, which can highlight climatic conditions, mainly temperature and precipitation, soil characteristics such as texture, soil structure and the type of vegetation [13,14]. Vegetation favors the entry of decomposing plant biomass, especially in the surface layer of the soil (0–30 cm) [14]. Hence, the importance of using agroforestry systems with long-cycle tree components. Several studies have demonstrated an increase in C stock in integrated production systems when compared with conventional agriculture [3,7,10,11,15]. Freitas et al. [16] evaluated C stocks in well-managed pastures and agroforestry systems in the Brazilian Cerrado and reported that these systems promoted faster recovery of soil C stocks at all depths, reaching values similar to those in the Cerrado under natural vegetation, in addition to improving other soil properties.



The objective of this study was to evaluate, throughout different phases of an agroforestry system conducted for a decade, (i) the dynamics of total C and labile and non-labile fractions of SOM fractions and(ii) the impact of suspending maize cultivation of agroforestry system on soil total C stocks. For this, the following hypotheses were tested: (i) the use of an agroforestry system with maize, Panicum maximum and Gliricidia sepium increases the total C and labile and non-labile fractions of SOM and (ii) soil C stocks are kept at least for four years after the suppression of the agricultural component (maize) from the agroforestry system.




2. Materials and Methods


2.1. Experimental Area


The experiment was carried out at the Água Limpa Experimental Farm of the University of Brasília, Federal District, Brazil (latitude of 15°56′ S, longitude of 47°56′ W and altitude of 1090 m above mean sea level) (Figure 1). The region’s climate is classified as Humid Tropical—Cwa, according to Köppen’s classification [17], with average annual precipitation of 1439 mm (distributed between October and March) and average annual temperatures varying from 16.7 °C to 22.4 °C.



The soil in the experimental area is classified as Red Oxisol according to the Brazilian soil classification system [18] or Ferralsol Gibbsic [19]. Table 1 presents the chemical and physical attributes of the soil before the implementation of the experiment (T0) and after the last harvest (T4).




2.2. History of Conducting the Experiment


The experiment was set up in 2013 in an area characterized as a low-productivity pasture (T0). Before installing the agroforestry system, liming was carried out to increase base saturation to 50% by applying 1.5 t ha−¹ of dolomitic limestone, and fertilization was carried out with the application of 87 kg ha−1 of P2O5, in addition to plowing and harrowing to the 0–20 cm layer.



In the first phase of the experiment, in January 2013, maize (hybrid AG 1051) was sown under no-tillage with rows spaced 0.9 m apart, totaling approximately 60,000 plants ha−1, which is equivalent to 5.4 plants/linear meter (T1). Maize fertilization was based on soil chemical analysis and the specific needs of the crop [20], and the following rates were applied to the maize planting furrow: 20 kg N ha−1 + 100 kg P2O5 ha−1 + 84 kg K2O ha−1. Fertilizer rates applied throughout the growing seasons are presented in Table 1. One day after planting the maize, the forage component was also planted, which was the perennial grass—Panicum maximum cv. Massai (10 kg of seeds ha−1).



In December 2014, gliricidia (Gliricidia sepium) was planted as a tree component. Gliricidia was planted in an alley cultivation arrangement with a row spacing of 5 m and 1.5 m between plants, totaling 1333 plants ha−1. This phase of the experiment was identified as T2. The three components (maize, Panicum maximum and Gliricidia sepium) were grown in an intercropping system until the third harvest of the 2015/2016 cropping season (T3). To control (but not kill) the growth of the perennial grass in the cropping seasons of 2014/2015 and 2015/2016, agricultural practices such as mowing and reduced doses of herbicide containing paraquat and/or glyphosate were used. Other than that, only manual practices were used to control weeds. The experiment was carried out under rainfed conditions without supplementary irrigation.



In order to simulate the impacts of removing the agricultural component from the integrated system, from the 2016/2017 harvest onwards, the system was conducted only with the arboreal (G. sepium) and forage (P. maximum) components. After 7 years of being conducted with only these two components, an evaluation of the system was carried out to understand how the removal of the agricultural component (maize) influences the C stock and SOM fractions. This phase was identified as T4. Table 2 summarizes the treatments, fertilization and operations carried out in the different phases of this study.




2.3. Soil Sampling


Soil samples were collected in the 0–10 cm, 10–20 and 20–40 cm layers over four harvests as follows: October 2012, when the area was under the low-productivity pasture (T0); March 2014 (T1); March 2015, at the time of full maize flowering, intercropped with P. maximum and G. sepium (T2); March 2016, intercropping maize, P. maximum and G. sepium (T3) and November 2023, with only the cultivation of G. sepium and P. maximum (T4).



Samples were collected in five plots measuring 50 m2 (10.0 m × 5.0 m) within the experimental area to ensure that soil samples were always collected nearby in all harvest seasons. Five composite samples were collected in each phase of the experiment. Each composite sample was formed from six subsamples (2 samples from the maize row and 4 samples from the maize between rows in two different locations within the delimited sample plots) that were taken from the middle of the plots (approximately 2.50 m perpendicular to the line of the trees). For samples collected at time T0 (under the low-productivity pasture), six subsamples were collected randomly in the plot to form the composite samples.




2.4. Determination of Total Organic C Content and C in Fractions of Organic Matter and Other Soil Attributes


Total organic carbon (TC) content was determined by the dry combustion method using a CHN elemental analyzer (model PE 2400, series II CHNS/O, PerkinElmer, Norwalk, CA, USA). For this, the soil samples were previously ground and passed through a sieve (<0.150 mm).



The physical granulometric fractionation of SOM was determined according to Cambardella and Elliott [21]. A 20 g soil sample was placed in a flask with 70 mL of sodium hexametaphosphate (5 g L−1) and shaken for 15 h on an orbital shaker at 150 rpm. The soil suspension was then sieved through a 53 μm mesh sieve with distilled water. The material retained on the sieve, considered particulate organic matter (>53 μm), was dried in an oven at 60 °C until constant weight. The soil sample was then ground in a porcelain mortar and passed through a 0.149 mm sieve. Carbon in particulate organic matter (CPOM) was also obtained by dry combustion using the same CHN elemental analyzer used for TC. The organic C associated with minerals (MAOC) was calculated by the difference between CT and CPOM.



Soil inert carbon (IC) was determined according to Jackson [22] with adaptations made by Jantalia et al. [23]. First, 1.0 g of soil was placed in a 100 mL glass bottle and 10 mL of hydrogen peroxide was added. The flask was then placed on a hot plate at 100 °C until boiling dry. Another volume of 5 mL of hydrogen peroxide was added to the flask (at 100 °C) and left until there was no effervescence. The flask and soil were dried in an oven at 100 °C for 12 h. After cooling, they were weighed and then ground to pass through a 0.149 mm sieve. To measure total C, an elemental analyzer was used, and the IC was calculated based on these results and the mass of the soil after peroxidation.



The C of the labile fraction of organic matter (LC) was determined by oxidation with potassium permanganate (KMnO4), following Shang [24]. Air-dried soil samples were passed through a 0.5 mm mesh sieve. A 1 g soil sample was oxidized with 25 mL of KMnO4, stirred for one hour at 60 rpm and then centrifuged for 5 min at 7.000 rpm. A 1 mL aliquot was taken from each sample and added to a 250 mL flask and distilled water was added. An aliquot was again removed from the vial and its absorbance was measured at 565 nm using a spectrophotometer (Biospectro, model SP220, São Paulo, Brazil).



To evaluate soil density and moisture, soil samples were collected in volumetric rings (100 cm3) in the 0–10 cm, 10–20 and 20–40 cm layers and at the same time interval as the soil samples for C measurement to calculate inventory C for T0, T1, T2, T3 and T4 [25].




2.5. Statistical Analyses


During the ten-year field experiment, we measured the temporal variability in the soil variables in the same experimental area during 5 phases of the agroforestry system (T0, T1, T2, T3 and T4–fixed and dependent factor). When evaluating the autocorrelation of the data using the “itsadug” package in the acr-residue (Auto- and Cross-Covariance and -Correlation Function Estimation) function in R, no dependence (or cumulative effect) between the treatments was observed. We also evaluated the Durbin–Watson test using the dwtest function in the lmtest package, and the result was close to 2, indicating no data autocorrelation. Therefore, the data were analyzed considering an incomplete randomized design with repeated measures in time for each soil layer. To evaluate the statistical differences between the depths in the variables studied in the 5 phases of the experiment (treatments), we used a generalized linear model in the software R (version 4.3.0) with post hoc comparison using the Tukey test (p < 0.05). For this, the package “lme4”- “emmeans” was used. The generalized linear model (GLM) was described in the following way: model < -glm (Variable~ Trat*Depth, data = df, family = Gamma (link = “identity “)). Sigmaplot version 10 software was used to create the graphs.





3. Results and Discussions


3.1. Total Organic Carbon


In general, there was a reduction in TC levels with increasing soil depth in all phases of the system (p < 0.05) (Figure 2). This TC stratification demonstrates that surface C inputs still represent the main form of C accumulation in the Cerrado soils.



Throughout the phases of the agroforestry system, TC increased at all depths evaluated (Figure 2). In the 0–10 cm layer, T0, characterized as a low-productivity pasture, had the lowest TC value (18.90 g kg−1). From the second year onwards, the TC increased, remaining constant throughout the other phases of the system.



Adopting the agroforestry system also promoted TC gains in the 10–20 cm and 20–40 cm layers. These two layers were more sensitive to express changes in TC contents in the different phases of the system. In the 10–20 cm layer, the most complete phase of the system (T4) had a higher TC content than T0 and T1 and was similar to the other phases (T2 and T3). Interestingly, the results indicate that even with the removal of maize from the system from 2016 onwards, there was no reduction in TC at any depth evaluated. The TC gains at depth 20–40 cm were greater in T2, the phase in which the arboreal component was inserted, with an increase of 5.70 g kg−1 compared with T0 (p < 0.05). This increase in TC promoted by the arboreal component remained even after the suppression of the agricultural component (maize). This maintenance of deep C stocks can be justified by lower CO2 emissions from the soil promoted by lower temperatures in systems with an arboreal component [26].



In general, the complexity of the system over time promoted a greater accumulation of C, contributing to the reduction in GHG emissions into the atmosphere. Several factors contribute to the greater storage of C in agroforestry systems, including the intense biological activity of microorganisms, root exudates, humus formation and greater decomposition of litter [12,27,28]. Soil organic carbon is the main component of C in terrestrial ecosystems and an indicator of soil quality [29].



Vegetation plays a fundamental role in the stock and distribution of C in the soil, favoring the entry of decomposing plant biomass, especially in the surface layer of the soil (0–30 cm) [26]. The higher TC values in T4, including in the 0–10 cm layer, can be attributed to the contribution of gliricidia in the system. Although maize was suppressed from the system, gliricidia maintained the C input in the soil, probably because of the large production of litter, increasing the TC not only in the deeper layers but also in the superficial layers, because of the large input of material plant generated by the above-ground biomass. An 11-year-old maize–gliricidia consortium also exhibited a notable increase in soil carbon content in the surface layers (0–20 cm), when compared with maize monoculture [30]. In another 14-year study conducted in a semi-arid region of South Africa, the intercropping of gliricidia with maize once again showcased a positive impact on soil C content [31]. These findings collectively underscore the potential of gliricidia to sequester C, particularly in the uppermost layers of the soil. The high TC value in the deepest layer (20–40 cm) can be attributed to the root system that reaches greater depths and consequently greater TC in the system. A positive point when inserting long-cycle tree components into the system is that perennial woody vegetation continually returns litter to the soil, and tree removal occurs less frequently when compared with the annual harvest of short-cycle components [15]. Other studies have also shown the efficiency of systems that use the arboreal component as strategies for accumulating higher levels of carbon in the soil [11,16,32,33].




3.2. Labile Fractions of Soil Organic Matter


In general, labile fractions were more sensitive than TC to express differences between soil depths and phases of the agroforestry system (Figure 3). Except for T4, the TC drastically reduced in depth in all phases of the system. The high content of labile fractions of soil organic matter supports the biological activity of the soil and, therefore, the high level of soil fertility [34].



The LC had the following variations: 1.21–2.30 g kg−1, 0.95–2.00 g kg−1 and 0.66–1.69 g kg−1 at depths 0–10 cm, 10–20 and 20–40 cm, respectively (Figure 3A). The LC is considered the most reactive part of SOM, which makes this fraction highly sensitive to changes in the environment, in addition to playing a fundamental role in the soil microbiota and, consequently, in nutrient cycling [35]. LC levels are essential for supplying nutrients to plants through mineralization and providing energy for microbial activity, in addition to promoting the formation of aggregates and protecting SOM [36,37]. The LC increased at all depths in the phases with the greatest number of components in the system, indicating that the components contributed to a greater addition of SOM and greater LC content. Ferreira et al. [38] evaluated system under monoculture and Sorghum bicolor–Urochloa ruziziensis intercropping systems and reported increased carbon stock, with the presence of more labile organic fractions with the use of a greater number of crops in the system (Intercropping of S. bicolor and U. ruziziensis). This can be attributed to the greater amount of U. ruziziensis straw since the labile fraction is directly related to the plant material recently added to the soil.



At all depths, CPOM increased from T0 to T3 (Figure 3B). The suppression of corn reduced CPOM levels in T4 compared with T3. Despite this, the CPOM in T4 was still higher than T0 and similar to T1 and T2. These results demonstrate that the removal of a component from the agroforestry system can reduce the entry of the particulate fraction of SOM, which is highly related to the quantity and quality of biomass that enters the system. CPOM consists of one of the labile fractions of organic matter, associated with the sand fraction (>53 μm) and, therefore, not protected by mineral interactions; it is commonly related to the entry of C by agricultural systems, i.e., plant residues [39]. CPOM is also highly sensitive to management practices, and changes in this fraction are generally perceived in the short term [37,40,41].



It is also possible to observe that T3 presented a high CPOM content in all layers but with greater emphasis on the 0–10 cm layer. This fact can be attributed to the maize root system, which contributed to the greater annual addition of plant residues to the soil surface, as CPOM is directly related to the plant material recently added to the soil and which is quickly decomposed by microorganisms. Rossi et al. [41] evaluated the different fractions of SOM in distinct management systems and reported that CPOM is an effective parameter in demonstrating differences in management among systems, presenting higher levels in systems with greater biomass input.



The relatively higher CPOM in the soil in phases 3 and 4 suggests the favorable condition that helps in the building up of an active carbon pool [42]. Following the findings of Ramesh et al. [42], CPOM revealed a decrease with depth; however, the increased concentration of CPOM with the evolution of the system compared to T0 (Pasture characterized as low productivity) indicated that the CPOM pool of carbon is a reflection of the root-derived product. The SOM labile fractions are characterized by easy oxidation and a high decomposition rate [43].



According to Kalambukattu et al. [44], the tannins and lignin constituents formed from the decomposition of leaf litter and the root biomass of trees in agroforestry systems can protect the C from rapid decomposition and thus preserve it in the aggregates. The recently added litter and root biomass favors rapid biological decomposition, leading to less CPOM accumulation.



Higher CPOM values were also found by Nanzer et al. [45] in the surface layer of soil in management systems with Brachiaria brizantha pasture cultivated for 30 years when compared with other systems such as no-tillage, pastures with 3 years, integrated systems with rubber trees and pineapple and planting rubber tree soil. This higher CPOM content was attributed to the greater amount of residues originating from the root system of pasture grasses in the most superficial soil layers.



The sensitivity of the particulate fraction of SOM demonstrates that this fraction can be used as a good indicator of soil quality to evaluate newly implemented management systems, in which changes in CPOM have not yet been of great magnitude.




3.3. Non-Labile Fractions of Soil Organic Matter


Surprisingly, IC showed similar behavior to the labile fractions of MOS (Figure 4). The IC increased from the degraded area to T3 when the system had all components. In T4, with the removal of maize, there was a reduction in the IC content. When compared with low productivity pasture (T0), T3 added 5.67 g kg−1, 7.40 g kg−1 and 2.04 g kg−1 of IC in layers 0–10 cm, 10–20 and 20–40 cm, respectively (Figure 4). It is important to highlight that T4 was evaluated in 2023, seven years after T3, therefore without the contribution of C from maize.



The MAOC ranged from 13.90 to 20.20 g kg−1 in the 0–10 cm layer; 15.60 to 22.30 g kg−1 in the 10–20 cm layer and 12.40 to 16.90 g kg−1 in the 20–40 cm layer. When evaluating the MAOC throughout the system phases, it was noted that from T0 to T4, there was an increase over time in the 0–10 cm and 20–40 cm layers (Figure 5).



IC and MAOC are the non-labile fractions of SOM. During the 7-year interval between T3 and T4, the maize component was removed in T3, but there was no soil disturbance. This fact may have contributed to greater stabilization of organic matter in the mineral fraction. MAOC is less sensitive to short-term system management and is considered a fraction with an advanced degree of humification, being mainly composed of humic substances with an important role in stabilizing microaggregates [21,41].



When analyzing the results of CPOM (Figure 3B) and MAOC (Figure 5) in phases T3 and T4, it is observed that the values have opposite behavior. The CPOM was higher in T3 than in the other phases, while in this phase, the MAOC had lower values. In T4, there was a reduction in CPOM and an increase in MAOC. These results indicate that the maize component in T3 was probably contributing to increasing the more labile fractions of SOM. The higher CPOM of T3 is associated with the system’s ability to provide greater addition of residues to the soil surface, with a C/N and lignin/N ratio favorable to mineralization [46].



T4, composed only of the gliricidia and brachiaria components, presented a higher MAOC value, indicating slower MOS cycling with less decomposition and greater stabilization of MOS [47]. Tree roots can promote the formation of aggregates, increase microbiota activity and, consequently, increase soil C stability [48,49]. Furthermore, the grasses represented here by the brachiaria component contribute a large amount of C through the root system, resulting in the stabilization of C by increasing its content in the non-labile carbon [50].




3.4. Soil Carbon Stocks and Balance


It is possible to observe that after 10 years, the balance in the C stock was positive for both the SC and the SOM fractions studied (CPOM, MAOC and LC) (Figure 6). From T0 to T4, the system obtained a gain of 16.57 Mg ha−1, 6.82 Mg ha−1, 9.2 Mg ha−1 and 2.82 Mg ha−1 for SC, CPOM, MAOC and LC, respectively. This positive balance shows the high efficiency of the agroforestry system in sequestering C in the soil.



Before implementing the experiment, the CS of the soil under degraded pasture was 52.54 Mg ha−1, and in T4, it was 68.57 Mg ha−1 (Figure 7). The C gains observed in the present study are higher than those normally promoted by conservation systems without the arboreal component in the Cerrado [51]. It is possible to observe that although there is a tendency for CS to increase at all depths, in T4, there is a greater emphasis on the 20–40 cm soil layer. This result can be attributed to the greater carbon gain from the gliricidia root system in the deeper layers of the soil.



Suárez et al. [29], after comparing the SOC stock in the different soil uses evaluated, found that pastures presented a low accumulation compared with agroforestry systems, which was attributed to the effect of timber tree species that have influenced the contribution of leaf litter [52]. Other studies have also reported that agroforestry systems with Theobroma grandiflorum associated with shade species such as Gliricidia sepium have increased carbon stocks [53,54].



Compared with the native Cerrado, the area under degraded pasture (T0) presented a loss of 23.96 Mg ha−1 of soil C. From T1 onwards, the system had already achieved C gains of 5.76 Mg ha−1 compared with T0. It can be seen that the phase of the experiment that had the greatest increase in C was from T1 to T2, which had a gain of 9.5 Mg ha−1 (Figure 7). At this stage, the system was complete with the three cultivated components (gliricidia, grass and maize). From T2 onwards, stocks remained stable. Interestingly, even with the suppression of the agricultural component, the system still maintained high carbon stocks in the soil over 7 years (from T3 to T4).



Studies carried out by Chen et al. [55] in agroforestry with Hevea brasiliensis showed significantly increased soil organic carbon (SOC) and N contents, enhancing the formation of macroaggregates compared with a rubber monoculture treatment. The authors attributed this result to constant leaf litter fall, and extensive root systems in agroforestry systems improved the C and N accumulation rates. The carbon stock can be influenced by several factors such as the biomass of leaves and roots, the soil density and texture and the litter decomposition in the profile [37]. It was observed that after almost a decade, the system in T4 with 68.57 Mg ha−1 almost recovered the original C stocks from the native Cerrado that had 76.5 Mg ha−1. Freitas et al. [16] demonstrated that the C stock was recovered after 3 years in the conversion of low-productivity pastures into agroforestry systems in the Cerrado region. On the other hand, Vergutz et al. [56] reported that the introduction of the agroforestry system only restored soil C stocks 12 years after the adoption of good management practices.



In addition to the factors already mentioned, this continuous increase in C stock can also be attributed to the specific characteristics of the system components. Studies show that species characteristics and age are factors that influence the carbon balance [57,58]. When comparing soil carbon stocks in stands with two tree species, including an Acacia legume and Eucalyptus, Zhang et al. [12] reported that both age and species showed different results, where the tree legume, Acacia, had greater carbon accumulation in the soil when compared with non-legumes represented by eucalyptus. In addition, they showed a strong correlation between C and nitrogen storage in forestry plantations.



In the present study, the tree component used, gliricidia, is also a legume, which shows that nitrogen-fixing species are efficient in increasing the C stock in the soil, probably because of the characteristics of the species, composition and quantity of litter, nutrient cycling and the speed of the decomposition rate of these materials [12,59]. The fact that the C stock remained high in T4, after 7 years without the corn component, indicates that in addition to the characteristics of the species, the age of the tree component may also have influenced the accumulation of C in the soil since at the time in which it was evaluated (T4), the gliricidia trees were at more advanced ages with high biomass production in both the aerial part and the root system, resulting in a greater amount of litter in the soil.





4. Conclusions


The results of the present study show changes in C stocks and soil organic matter fractions in the successional phases of an agroforestry system. The results confirm the first hypothesis that the agroforestry system promotes an increase in C levels in both labile and non-labile fractions of soil organic matter. Furthermore, it is possible to conclude that labile fractions are more sensitive to demonstrate soil C gains in the different phases of adopting the integrated production system. As a response to the second hypothesis, it is possible to conclude that the suppression of the agricultural component (maize) did not reduce soil C stocks. The results also indicate that after ten years of adoption, the agroforestry system presented a positive balance of total C, with gains of 16 Mg ha−1 of CT in the soil. It is concluded that the adoption of integrated production systems is an excellent alternative to increase C stocks in the soil, reducing the negative impacts of agriculture on climate change. Measurements of CO2 emissions would be essential to better estimate the C balance in an agroforestry system. Therefore, further studies should be carried out to understand the performance of agroforestry systems in the gains and losses of C to the atmosphere.
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Figure 1. Location map of the experimental area located at Fazenda Água Limpa, Brasilia, Federal District, Brazil. 
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Figure 2. Soil total carbon (TC) in 5 phases (T0: November 2012; T1: March 2014; T2: March 2015; T3: March 2016; T4: June 2023) of an agroforestry system at depths 0–10 cm, 10–20 and 20–40 cm. For each depth, means with different lowercase letters present statistically significant differences between phases according to the Tukey test (p < 0.05). In each phase of the system, means with different capital letters present statistically significant differences between depths according to the Tukey test (p < 0.05). 
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Figure 3. Labile carbon (LC) (A) and particulate carbon of organic matter (CPOM) (B) in 5 phases (T0: November 2012; T1: March 2014; T2: March 2015; T3: March 2016; T4: June 2023) of an agroforestry system at depths 0–10 cm, 10–20 and 20–40 cm. For each depth, means with different lowercase letters present statistically significant differences between phases according to the Tukey test (p < 0.05). In each phase of the system, means with different capital letters present statistically significant differences between depths according to the Tukey test (p < 0.05). 
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Figure 4. Inert carbon (IC) in 5 phases (T0: November 2012; T1: March 2014; T2: March 2015; T3: March 2016; T4: June 2023) of an agroforestry system at depths 0–10 cm, 10–20 and 20–40 cm. For each depth, means with different lowercase letters present statistically significant differences between phases according to the Tukey test (p < 0.05). In each phase of the system, means with different capital letters present statistically significant differences between depths according to the Tukey test (p < 0.05). 
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Figure 5. Mineral-associated organic carbon (MAOC) in 5 phases (T0: November 2012; T1: March 2014; T2: March 2015; T3: March 2016; T4: June 2023) of an agroforestry system at depths 0–10 cm, 10–20 and 20–40 cm. For each depth, means with different lowercase letters present statistically significant differences between phases according to the Tukey test (p < 0.05). In each phase of the system, means with different capital letters present significant statistical differences between depths according to the Tukey test (p < 0.05). 
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Figure 6. Balance of total carbon stocks and fractions of SOM between the degraded pasture phase (T0) and the agroforestry system (T4). 
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Figure 7. Soil carbon stock (CS) in 5 phases (T0: November 2012; T1: March 2014; T2: March 2015; T3: March 2016; T4: June 2023) of an agroforestry system at depths 0–10 cm, 10–20 and 20–40 cm. Means with different letters present statistically significant differences according to the Tukey test (p < 0.05). 
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Table 1. Soil chemical and physical properties before establishing the agroforestry system (T0) and T4 at the 0–20cm layer.
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Time

	
Available P

	
pH

	
Available K+

	
Ca2+

	
Mg2+

	
H + Al

	
SB

	
V

	
m

	
Sand

	
Silt

	
Clay




	
mg dm−3

	
(H2O)

	
cmolc dm−3

	
%

	
g kg−1






	
T0

	
1.4

	
5.20

	
0.10

	
2.6

	
1.0

	
4.8

	
3.6

	
42.7

	
2.5

	
45

	
360

	
595




	
T4

	
2.0

	
5.06

	
0.08

	
3.3

	
0.73

	
2.66

	
4.03

	
59.6

	
0

	
45

	
360

	
595








Available P and K: extracted with Mehlich−1 (HCl 0.05 mol L−1 + H2SO4 0.0125 mol L−1); Ca and Mg: extracted with KCl 1 mol L−1; H + Al: extracted with calcium acetate buffer solution at pH 7.0; SB = sum of bases; V: base saturation; m: aluminum saturation.













 





Table 2. Description of treatments and soil sampling times in the different phases of the agroforestry system. T0: November 2012; T1: March 2014; T2: March 2015; T3: March 2016; T4: June 2023.
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	Treatment/Year
	Description of System Components
	Data Collection Date
	Fertilization a





	T0
	Pasture characterized as low productivity
	October 2012
	-



	T1—2013/2014
	Insertion of the maize and forage components
	March 2014
	Planting: 30 kg N ha−1 + 120 kg ha−1 P2O5 + 64 kg ha−1 K2O;

Top dressing: 130 kg N ha−1 + 65 kg K2O ha−1



	T2—2014/2015 b
	Insertion of the arboreal component (G. sepium), cultivated along with maize and P. maximum
	March 2015
	Planting: 20 kg N ha−1 + 150 kg ha−1 P2O5 + 80 kg ha−1 K2O;

Top dressing: 140 kg N ha−1 + 60 kg K2O ha−1;



	T3—2015/2016
	G. sepium + Maize + P. maximum
	March 2016
	Planting: 30 kg N ha−1 + 150 kg ha−1 P2O5 + 50 kg ha−1 K2O;

Top dressing: 150 kg N ha−1 + 90 kg K2O ha−1



	T4—2022/2023 c
	G. sepium + P. maximum. From 2016 onwards, the system was driven only with these 2 components (tree and grass)
	June 2023
	-







a Fertilization applied to maize; b G. sepium was planted with 50 g of single superphosphate + 25 g de KCl and 10 g of FTE BR12 (1.8% boron, 0.8% copper, 2.0% manganese, 0.1% molybdenum, 3% iron and 9% zinc) by plant. c From the 2015–2016 to 2020/2023 cropping seasons, no fertilizer was applied.
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