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Abstract

:

The Pantanal has a high diversity of native pastures that provide food for many wild and domestic animals. Pantanal cattle raising is practiced in an extensive grazing-based system that varies according to the flood levels in the area. This study aimed to evaluate the fractions of soil organic matter in areas of native pastures under different uses and to quantify C and N stocks in sandy soils of the Pantanal. Soil samples from three native pastures differentiated by the predominance of Hymenachne amplexicaulis, Axonopus purpusii, and Mesosetum chaseae under different land use systems (continuous grazing and no grazing for five years) were collected and used to quantify the contents of carbon, nitrogen, and humic fractions. The dynamics of SOM are modified in grazed areas of the Pantanal, with influence on C and N, including their stocks. Native pastures of Axonopus purpusii and Hymenachne amplexicaulis showed an increase in organic matter after five years without grazing, while Mesosetum chaseae showed lower soil density and nitrogen levels. The highest C stock was observed in ungrazed areas of H. amplexicaulis (127.41 Mg ha−1 in the 0–40 cm layer). The dynamics of nitrogen in Pantanal pastures are influenced by the type of vegetation and land management, with higher nitrogen content in the surface layer (0–10 cm) and an increasing C/N ratio with soil depth, indicating lower nitrogen availability.
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1. Introduction


With agriculture and livestock expansion, concerns about the growing emissions of greenhouse gases, mainly CO2, from cultivation practices and soil management in production systems are intensifying [1]. However, soils can also function as a carbon (C) sink, as they have a high potential to sequester C and mitigate climate change [2,3,4,5]. The soil can be a source or sink of carbon depending on its management [1,6], and the most sustainable management practices must necessarily be adapted to the specific characteristics of each biome or region [5], aiming to benefit from increased soil fertility and higher nutrient availability, better conditions for soil organic matter (SOM), improved physical attributes, and higher potential to sequester C [3].



According to MapBiomas [7], the Brazilian Pantanal, recognized as a Biosphere Reserve and World Heritage Site, has 65% of its territory in the State of Mato Grosso do Sul and the second lowest mean soil carbon stock relative to the other biomes in Brazil. According to the survey, while Brazilian soils hold a total of 37 billion tons of organic carbon, averaging 45 tons per hectare, the Pantanal averages 38 tons per hectare, just above the Caatinga’s 31 tons. The Pantanal stores a total of 0.6 gigatons of soil organic carbon, with 0.5 gigatons in natural areas and 0.1 gigatons in anthropic areas, whose original vegetation has been altered [7]. Given this panorama, understanding the characteristics of this important ecosystem is fundamental for the adoption of management practices that improve the understanding of the dynamics of carbon capture and emission in the soil and the monitoring of the impact and implementation of low-carbon agriculture practices in Brazil.



The Pantanal is the largest continuous floodplain on the planet and has extensive areas of native pastures that constitute the food base for wild herbivores and domestic animals used for livestock production [8]. However, despite the richness and diversity of its ecosystems, this region has high environmental fragility mainly because it depends on the flood regime to maintain ecological processes, as this is one of the factors that govern biodiversity in the Pantanal [9,10], and due to the little knowledge about the functioning of their ecosystems [11].



The Pantanal has, in some areas, sandy soils with low nutrient contents, with SOM being of fundamental importance for the sustainability of these systems. In this region, SOM can be decomposed at an accelerated rate due to high mean temperatures and precipitation [12]. Therefore, special care must be prioritized for the maintenance and storage of SOM in the Pantanal, as the maintenance of this biome is associated with vegetation cover and soil biogeochemical processes [9].



The reduction in SOM contents influences several soil properties, such as water and nutrient retention capacity, aggregation, aggregate stability, and soil aeration. SOM can be used as an indicator of soil quality [13], but its fractions are often more sensitive to environmental changes [14]. The SOM fractions can be divided into C-fulvic acid fraction (C-FAF), C-humic acid fraction (C-HAF), and C-humin fraction (C-HuF), the latter showing high molecular weight and resistance to biodegradation, accumulating C in the soil for long periods [14,15]. SOM distribution in fractions varies depending on the type of soil, vegetation, and use and management [16]. Humic fractions play an important role in providing nutrients to crops, cation retention, complexation of toxic elements and micronutrients, aggregate stability, and influencing microbial activity and biomass [12,14].



Soils accumulate more C than vegetation [17]. However, forests tend to accumulate more C in the shoot [18] and pastures in the root system [19]. Pastures can accumulate more C than forests due to denser root systems [20], litter accumulation, availability of more recalcitrant waste [21], and the return of OM and nutrients in feces and urine released by animals [22].



The tropical region presents controversies regarding the dynamics of SOM under pastures. Thus, SOM stocks can be maintained or increased after pasture cultivation in the Brazilian Cerrado region compared to native vegetation [23]. Roscoe et al. [24] reported that SOM contents after 23 years of pasture cultivation remained the same as those in native areas in the first 100 cm of soil depth in the Brazilian Cerrado. On the other hand, Detwiller [25] and Houghton et al. [26] estimated losses in C content between 20% and 25%, respectively, in areas cultivated with pastures. In the Pantanal, few studies have shown changes in SOM in pasture areas. Cardoso et al. [9] identified a reduction in C stock after the conversion of native forest to pasture and exposure of native pasture to continuous grazing. In this biome, Fernandes et al. [27] identified that the total organic C content of the soil decreased significantly in the area under pasture cultivated for 20 years relative to the native Cerrado in the 0–40 cm layer. Kaschuk et al. [28] identified a reduction in SOM through meta-analyses of several studies for the Pantanal after the conversion of forests into pastures.



Despite the richness and importance of ecosystems for maintaining biodiversity, the Pantanal is still an under-researched biome, especially regarding its abiotic aspects. Therefore, this study aimed to evaluate the fractions of soil organic matter in areas of native pastures under different uses and to quantify C and N stocks in sandy soils in the Pantanal.




2. Materials and Methods


2.1. Characterization of the Areas under Study


The study was conducted on the Embrapa Pantanal experimental farm (latitude 18°59′06″ and 19°00′06″ S and longitude 56°39′40″ and 55°40′40″ W), in the Pantanal of Nhecolândia, Mato Grosso do Sul, Brazil. The regional climate is classified as sub-humid tropical (Köppen’s Aw), with a dry winter, rain in the summer, annual rainfall between 1000 and 1400 mm, and air temperatures with annual means of 26 °C. The altitude varies between 100 and 120 m [29], and the soil in the sampled area is an Entisol (Neossolo Quartzarênico órtico), classified in the sandy textural class [30].



The areas under study were represented by native pastures located in three distinct topographic gradients and differentiated in terms of the predominance of certain grasses, all of which were subjected to the continuous grazing system and no grazing, being: (i) native pasture characterized by the predominance of Hymenachne amplexicaulis, located in a lowered area and subject to seasonal flooding (Ha-G—under continuous grazing; Ha-N—no grazing for five years); (ii) native pasture characterized by the predominance of Axonopus purpusii, located in an area of intermediate elevation (topographic position slightly higher than the previous one) and subject to occasional flooding (Ap-G—under continuous grazing; Ap-N—no grazing for five years); and (iii) native pasture with a predominance of Mesosetum chaseae, located in an area with a higher elevation (topographic position slightly higher than the previous one) and free from flooding (except for large floods) (Mc-G—Mesosetum chaseae under continuous grazing; Mc-N—no grazing for five years). The areas are grazed freely by various herbivores of different sizes that live in the Pantanal biome, in addition to cattle that are raised in the extensive production system. The non-grazed areas consist of 10 × 10 m plots fenced with wire, which prevents animals from entering.




2.2. Determination of Soil Attributes


Soil sampling was conducted in six native pasture use systems across three soil layers (0–10 cm, 10–20 cm, and 20–40 cm). Undisturbed samples collected using rings of known volume were used to determine soil bulk density [31], which was then used to calculate soil C and N stocks. The same soil bulk density value determined in the respective no-grazing ecosystem was adopted in grazed ecosystems to prevent soil compaction in pasture ecosystems caused by trampling by animals from resulting in higher stock values [9,32].



Organic carbon in humic fractions was quantified at the Federal University of Lavras using dry combustion in a Vario TOC Elementar analyzer coupled to an analytical balance [33,34]. The construction of the carbon standard curve used pure samples for analysis of PHP (potassium hydrogen phthalate, 47.05% C) and sucrose (42.1% C). Fulvic acid (C-FAF), humic acid (C-HAF), and humin (C-HuF) were obtained through chemical fractionation, according to the method proposed by the International Humic Substances Society (IHSS) [35]. The C-HAF/C-FAF and (C-HAF + C-FAF)/C-HuF ratios were calculated. The nitrogen content was determined using the TruMac CN equipment at USDA—Purdue University, where the samples were weighed, deposited in ceramic containers, and oxidized in a chamber with a controlled atmosphere. The homogenized gases were analyzed using a thermal conductivity cell to detect N2, and the nitrogen concentration was quantified and corrected for the temperature, pressure, and mass of the sample.




2.3. Data Processing and Analysis


The data were initially subjected to analysis of variance in a completely randomized experimental design with a triple factorial setup and three replications, according to the procedures of the statistical software Sisvar, version 5.6 [36]. The Scott–Knott test at the 5% probability was used to compare the means of different pastures and depths.



Subsequently, the data were subjected to exploratory multivariate cluster analyses using the hierarchical method and principal components. Cluster analysis using the hierarchical method is an exploratory multivariate technique that aims to gather sampling units into groups in such a way that there is homogeneity within the group and heterogeneity between them. The cluster structure contained in the data is seen in a graph called a dendrogram, constructed with the similarity matrix between samples [37,38]. The similarity matrix was constructed using Euclidean distance, and the clusters were linked using Ward’s method.



Principal component analysis is a technique that condenses the information contained in a set of original variables into a smaller set composed of new latent variables, preserving a relevant amount of the original information. The new variables are the eigenvectors (principal components) generated by linear combinations of the original variables, constructed with the eigenvalues of the covariance matrix [38]. The principal components whose eigenvalues were higher than unity were considered in the analysis according to the criterion established by Kaiser [39]. The coefficients of linear functions, which define the principal components, were used to interpret their meaning, using the sign and relative size of the coefficients as an indication of the weight to be assigned to each variable. Only coefficients with high values were considered for interpretation, usually those higher than or equal to 0.70 in absolute value. All statistical procedures were conducted in the R software, version R 4.1.2 [40].





3. Results


3.1. Effect of Pastures on Soil Carbon Content and Stock


The surface layer was the most influenced by the forms of use. The native pastures dominated by A. purpusii, H. amplexicaulis, and M. chaseae showed a high variation in C content in the soil, with values between 2.66 and 129.67 g kg−1 in the 0–10 cm layer. C values for the 20–40 cm layer varied between 5.03 and 0.91 g kg−1 (Table 1).



The pastures with a predominance of H. amplexicaulis presented higher C contents than the other pastures, as they are in areas located on the edges of bays and which, depending on the flood intensity, may remain submerged for a few months, with the deposition of a large number of plant residues that accumulate after flooding. Similarly, the areas of H. amplexicaulis with no grazing had higher C contents than grazed areas for the 0–10 and 10–20 cm layers but with similar contents for the 20–40 cm layer (Table 1).



The C content in pastures dominated by M. chaseae was higher in the surface soil layer of grazed environments compared to non-grazed areas (Table 1), indicating that grazing promotes greater C accumulation in the surface layer. This may occur because areas with more intensive grazing show infestations of other plant species, which contribute more C to the soil than M. chaseae. An indicator of species invasion in grazed areas is the higher N content observed in these systems compared to no-grazing areas. No-grazed and grazed areas had equal C contents at depths of 10–20 and 20–40 cm, which shows that the effect of maintaining the area as a reserve or degraded is more pronounced in the surface soil layer (Table 2).



Soil bulk density values showed high variability between pastures, with values of 0.48 kg dm−3 for H. amplexicaulis areas, which have high C contents, up to 1.33 kg dm−3, in grazed areas of M. chaseae (Table 1). Among the areas with A. purpusii, the grazed system presented a higher soil bulk density than the no-grazed area for the surface soil layer (0–10 cm). Grazed and non-grazed areas showed similar soil bulk density values at depths of 10–20 and 20–40 cm. The different management systems of Mesosetum pastures resulted in minor changes in soil bulk density, which ranged from 1.25 to 1.33 kg dm−3 (Table 1).



Soil C stocks reduced as depth increased for all pastures (Table 1). Continuous grazing in H. amplexicaulis areas did not change the C stock compared to the area not grazed for five years, regardless of the analyzed depth. This pasture presents a high reduction in C stock for the 20–40 cm layer, but it has a high capacity to retain C, storing 92.98 and 127.41 Mg ha−1 in the 0–40 cm depth for grazed and no-grazed areas, respectively. The highest C stock in M. chaseae pastures occurred in the grazed system for the surface soil layer. However, this system presented a C stock similar to no-grazed areas for the deeper soil layers.




3.2. Effect of Pastures on N Content and Soil C/N Ratio


In the studied areas, the N content varied from 0.38 to 13.06 g kg−1 in the surface layer of M. chaseae and H. amplexicaulis pastures, respectively (Table 2). No-grazed A. purpusii and M. chaseae pastures had lower N contents than the grazed systems for the surface soil layer. However, the N content for the 10–40 cm layers was similar between the two land use systems (Table 2).



Soil N stock showed high variation, with the lowest value observed for the no-grazed area in the A. purpusii pasture (0.74 Mg ha−1) and the highest values for the no-grazed area of H. amplexicaulis (5.97 Mg ha−1) in the surface soil layer (Table 2).



The C/N ratio of SOM showed no changes among the grazed and no-grazed systems for the 0–10 and 10–20 cm layers (Table 2). The C/N ratio in the 20–40 cm layer was lower only in the no-grazed A. purpusii pasture than in the grazed area.




3.3. SOM Fractionation and Relationships among Fractions


C in the humin fraction (C-HuF) was the SOM fraction with the highest occurrence in the soil, with mean matches of 81.8, 73.8, and 70.1% for H. amplexicaulis, A. purpusii, and M. chaseae pastures, respectively (Table 3). The grazed A. purpusii pasture system presented higher contents of C-FAF and C-HAF than the other systems, but the contents of C-HuF were similar to those in the no-grazed area.



All C fractions in the no-grazed H. amplexicaulis pasture were higher than the grazed area for the 0–10 cm surface soil layer, with a reduction in the concentration of organic fractions as soil depth increased. After 5 years without grazing by cattle and large native herbivores, the C-FAF and C-HAF contents in the grazed area were similar between the 0–10 and 10–20 cm layers, which indicates that labile SOM is incorporated beyond the surface where leaf deposition occurs, in H. amplexicaulis cultivation areas.



The no-grazed M. chaseae pasture presented a higher amount of C-FAH and C-HuF for the surface soil layer, but this system showed a high reduction with increasing soil depth for C-HuF. Therefore, this system has a recent deposition of organic material on the soil surface, which occurs due to the absence of grazing (Table 3).



As for humification, which refers to the breakdown of organic materials in soils and composts leading to the formation of humus [41,42,43], all studied pastures presented a reduction in the C-HAF/C-FAF ratio with increasing soil depth (Table 4), which shows a higher persistence of C-FAF in the deeper layers. Therefore, the 20–40 cm layer had a lower humification rate than the 0–10 cm layer for all analyzed pastures.



The ratio between the sum of humic and fulvic acids by the humin ((C-FAF+C-HAF)/C-HuF) indicates the proportion of SOM humification. Therefore, values lower than 1, as found in the studied areas (Table 4), represent soils with a higher proportion of the humin fraction, which is more stable in the soil. However, the ((C-FAF+C-HAF)/C-HuF) values increased for the deeper soil layers, which represents a reduction in the most stable fractions at depth for all analyzed grasses.




3.4. Interdependence Relationship among Pastures, SOM Fractions, and C and N Stocks


Multivariate analysis may be a very promising technique when considering that the fractions associated with the degree of SOM humification can indicate which natural pasture system has the highest potential to store carbon or nitrogen. It allows the identification of natural correlations and multiple influences on the behavior of the sample to be evaluated, that is, natural Pantanal pastures in the case of the present study.



The first (Dim1) and second (Dim2) principal components explained 94.9% (0–10 cm), 91.9% (10–20 cm), and 85.8% (20–40 cm) of the total variation in the original data when evaluated at different depths (Figure 1 and Table 5). The first component (Dim1) is the most important for the study, as it retains the highest percentage of variation and, consequently, the largest number of variables.



SOM fractions at a depth of 0–10 cm are directly associated with soil C stock but not associated with N stock, which is retained in the second principal component (Dim2), which is orthogonal to the first component and, therefore, independent.



Confidence ellipses are used in this study as statistical tools for multivariate analysis. They help to visualize the accuracy and variability of data in multidimensional space (biplot graph—Figure 1). Confidence ellipses are used to compare groups represented in this study by pastures. If there is an overlap of the ellipses, there is no difference between the pastures; if there is no overlap, there is a difference between these pastures within a 95% confidence interval.



The confidence ellipses (95% confidence) show that pastures with H. amplexicaulis grazing and H. amplexicaulis no-grazing differ from each other at the first depth, as the ellipses do not overlap, and both stand out from the other pastures, which are grouped on the left side of the biplot. Also, the scattering of points and width of the ellipses show higher variability in the area under grazed H. amplexicaulis pasture than the scattering under the no-grazing management. However, both areas are associated with higher carbon stocks and SOM fractions (fulvic and humic acids and humin), and these characteristics are shared among the H. amplexicaulis pasture regardless of the management. In contrast, the SOM fractions at a depth of 10–20 cm are related to both the C stock and the N stock but associated only with the grazed H. amplexicaulis pasture.



The correlation index of the attributes at a depth of 20–40 cm decreased when compared to the first two depths (Table 5), but the A. purpusii and M. chaseae pasture clusters stand out (Figure 1). At this depth, grazed and no-grazed H. amplexicaulis pastures do not differ from each other (overlapping ellipses) when the attributes are evaluated together. However, the soil under H. amplexicaulis still showed a higher concentration of SOM fractions (humic acid and humin) and carbon stock when compared to the other natural pastures.





4. Discussion


4.1. Soil Carbon and Nitrogen Dynamics in Natural Pastures


The higher C content in the 0–10 cm layer determined under the no-grazed pasture condition compared to the grazed area occurred due to the higher growth of A. purpusii vegetation cover in the no-grazed area, absence of cattle and horses grazing in this area, and higher nutrient cycling favored by maintaining biomass on site. Importantly, small wild animals feed in no-grazed areas [44], but these animals did not reduce the vegetation cover provided by this pasture. Our results are consistent with Moreira and Siqueira [45], who observed that areas with higher moisture and lower oxygen availability in the soil provide reduced decomposition of organic materials and higher C accumulation.



In general, the C contents found in areas that do not undergo annual flooding, characterized by A. purpusii and M. chaseae pastures, were close to those determined by Neill et al. [46] and Victoria et al. [47], who studied pastures in the Amazon and the Brazilian Pantanal, respectively. The H. amplexicaulis areas present high C contents due to the annual flooding and values similar to those determined by Ceballos et al. [48] for flooded areas. Thus, flooded areas can be considered C sinks [49] and represent the largest reservoirs of this element in the soil, contributing decisively to the global C cycle [50]. Xavier et al. [51] indicated that soil management practices that increase SOM content are important strategies for increasing fertility, especially in sandy soils, such as those found in the Pantanal of Nhecolândia, as they have low cation exchange capacity and little nutrient availability for plants.



Grazing also impacts soil bulk density, but this effect in well-managed pastures can also be beneficial for plant root growth [52]. Increases in SOM can be made through the deposition of animal urine and manure [22]. In our study, all areas presented soil bulk density values lower than those found by Reichert et al. [53] and Cardoso et al. [9]. However, grazed and degraded areas presented higher soil bulk density values for the surface soil layer (Table 1), as constant animal trampling reduces soil porosity in these areas [54].



In the present study, the grazed system presented higher soil bulk density, which is due to animal trampling, causing an increase in soil bulk density and changes in soil pore space [46]. Possibly, the high-density values in the no-grazed area are due to the grazing that occurred in the previous grazing period and the higher predisposition to soil moistening and drying cycles, as highlighted by Oliveira et al. [55].



Soil bulk density in the H. amplexicaulis pasture was lower in the grazed area than in the no-grazed area only for the surface soil layer (Table 1). This phenomenon, which occurs in the opposite way to what was expected, is possibly related to the fact that the grazed area has been disturbed by wild animals (feral pigs), which are common in these areas and turn over the soil in search of roots to feed on [44]. Thus, soil disturbance leads to a constant inversion of particles and a reduction in soil bulk density. Soil bulk density increases in deeper layers, regardless of the land use system, which is related to the substantial decrease in SOM content that occurs in H. amplexicaulis pastures at depth. Bulk density values in the 20–40 cm layer are the same between the different M. chaseae systems, which indicates that the effect of animal grazing is restricted to the first few centimeters of the soil [56].



The highest C stocks in the surface soil layer of A. purpusii pastures were found in the grazed area due to the higher soil bulk density values in this area than in the no-grazed area (Table 1). The increase in soil bulk density provides a higher soil C stock, as the amount of soil mass per volume in this situation is higher and represents higher C contents [57].



The C stock values in H. amplexicaulis areas exceed the values found by [46], Cardoso et al. [9], and Maia et al. [58] for pastures in Brazil and occurred due to the annual flooding to which they are subjected.



Thus, the higher C stock in the surface layer of M. chaseae pastures is possibly related to the high soil bulk density and the growth of other plant species, which develop in the area due to the degradation caused by grazing.



Soil C stock tends to increase with increasing soil clay content due to the physical and chemical protection that this soil fraction provides to organic matter [59,60]. Zinn et al. [61] showed that sandy soils in Brazil accumulate less C than clay soils, which is attributed to the easy dispersion of soil aggregates and exposure of organic matter, in addition to reduced adsorption and stabilization of organic derivatives generated by SOM decomposition. This reduction in C stock in sandy soils is of paramount importance in regions with a hot climate [62], such as the Pantanal of Nhecolândia.



Thus, the A. purpusii and M. chaseae pastures, not undergoing annual flooding, accumulated lower amounts of C than the tropical pastures studied by Carvalho et al. [63] and Moraes et al. [64] due to the high temperature in the region and high sand content in the soils of the Pantanal of Nhecolândia. However, Frazão et al. [65] studied pastures on sandy soils in Brazil and determined C stocks close to those found in soils where these grasses grow. Importantly, pastures that receive the addition of fertilizers and limestone tend to accumulate higher amounts of C in the soil [6], which is not the case observed in the pastures of the Pantanal of Nhecolândia.



Nitrogen is an important SOM fraction, and variation in its content depends on the type of organic material deposited on the soil [12]. The high variation in nitrogen content is a function of the type of vegetation, soil, degree of SOM decomposition, and land use [66]. Possibly, the higher SOM and soil moisture availabilities for the H. amplexicaulis area are the factors that provided the high N values. The 0–10 cm soil layer stores higher N contents than the other depths, as the surface layer has a higher deposition of organic material, which presents higher N content due to the low degree of decomposition.



Assessment of the C/N ratio of this soil is essential to understanding the C and N dynamics in the ecosystem. The C/N ratio is an index that allows the evaluation of the degree of SOM evolution and the biological activity of the soil depending on its capacity to produce assimilable nitrogen forms [67]. The lower the C/N ratio, the higher the N availability in SOM and the higher the SOM decomposition rate in the short term [2]. The C/N ratio in the deeper soil layers of all pastures was higher than in the surface layer (Table 2), which indicates a concentration of C relative to N and, indirectly, reflects the higher SOM recalcitrance, as C assimilation by decomposing microorganisms is accompanied by the simultaneous N assimilation [68].




4.2. SOM Humification in Native Pasture Areas


Our results show that the C in the humin fraction (C-HuF) was the SOM fraction most present in the soil (Table 3). The humin fraction is the most significant in terms of organic carbon reserves in soils, arising from the production, incorporation, decomposition, and mineralization rates of SOM, thus playing a crucial role in the carbon cycle [69]. C-HuF tends to accumulate in soils, as this is the most stable C fraction, especially lignin [35]. Furthermore, Moraes et al. [69] indicated that C-HuF has a high association with the mineral soil fraction, which increases the preservation of this organic fraction.



Higher concentrations of fulvic acid (C-FAF) and humic acid fractions (C-HAF) in the grazed system (A. purpusii pasture) (Table 3) probably occurred because C-FAF and C-HAF are less stable and represent the more recent processes that occur in soils, such as the deposition of waste by animals, reflecting to a lesser extent ancient processes [35]. The incorporation of labile SOM deep into the soil in the grazed area (Table 3) may reflect the activity of wild animals, which turn over the soil in these areas to feed on plant roots and seeds [44].



In general, maintaining high C contents in C-FAF and C-HAF becomes complex for hot regions and sandy soils [70], as is the case in the Pantanal. Thus, the high sand content in the soils of the Pantanal of Nhecolândia leads to reduced protection of SOM by this mineral fraction and, consequently, C-HuF accumulation, which is the most stable. This fraction represents a large part of the humified C in most tropical soils and can constitute up to 2/3 of the C, in addition to remaining in the soil for a long time. Differences in the composition of humic substances in the absence of soil disturbance are regulated mainly by microbial activity [58], and humification and the formation of molecules with higher molar mass are favored under this condition.



The C-HAF/C-FAF ratio is considered an indicator of the soil humification process and reflects the mobility of organic C in the soil [70]. Thus, values higher than 1 indicate a more advanced stage of MOS transformation, with a predominance of C-HAF [48]. C-HAF is considered the most important source of cation exchange in organic matter, and its presence in the soil can contribute to increasing the cation exchange capacity and nutrient cycling [71].



Guimarães et al. [70] reported that a C-HAF/C-FAF ratio higher than 1 indicates loss of the highest lability fraction, represented by C-FAF, which is a common situation in sandy soils. This rate higher than 1 was found in all pastures of the Pantanal, regardless of the system. However, the areas with higher moisture, represented by H. amplexicaulis, presented the highest values for all analyzed soil layers. According to Canellas et al. [72], these values may indicate high interaction between SOM and the mineral phase, which results in high SOM stability and higher concentration of humic fractions.



The relationships between SOM fractions and the soil C and N stock potential under different pastures (Figure 1) showed that the highest soil C stock in H. amplexicaulis pastures is directly associated with the highest C concentration in the humin fraction, and humic and fulvic acids, and these characteristics differentiate them from other pastures (Figure 1). As already discussed, the annual flooding that occurs in these areas possibly causes this C accumulation in the soil [55]. The M. chaseae and A. purpusii pastures did not differ from each other when SOM fractions and C and N stocks were analyzed together (Figure 1) at all depths, regardless of the use system. The similarity shown between these pastures is justified by their similar position in the landscape, that is, subject to occasional flooding and free from floods, showing lower intensity than in H. amplexicaulis when this occurs [73]. Thus, the frequency of flooding is possibly the main factor responsible for differentiating these pastures relative to C concentrations in the soil.



According to Couto and Oliveira [8], most soils in the Brazilian Pantanal have low fertility with reduced organic matter contents. In this biome, the maintenance of soil fertility depends mainly on the flooding of rivers, which are responsible for the annual contributions of SOM [74], and variations in relief, which lead to soil flooding and sediment accumulation [75].





5. Conclusions


	
Native pastures characterized by the predominance of Axonopus purpusii and Hymenachne amplexicaulis presented an increase in soil organic matter content when subjected to the absence of grazing for five years. The native pasture of Mesosetum chaseae had lower soil bulk density and lower contents of organic matter and nitrogen when subjected to the absence of grazing than under continuous grazing. The native pasture of Hymenachne amplexicaulis exhibited higher organic matter content due to its occurrence in a lower position in the landscape;



	
The dynamics of nitrogen in the soil of natural pastures in the Pantanal are strongly influenced by the type of vegetation and land management. The highest nitrogen contents are found in the surface layer (0–10 cm) due to the greater deposition of organic matter with a low degree of decomposition. As soil depth increases, the C/N ratio also increases, indicating a lower availability of assimilable nitrogen;



	
Continued monitoring of carbon and nitrogen stocks is crucial to assess the long-term impacts of land-use changes. Future research should focus on how agricultural intensification and different cropping systems can be adjusted to maximize carbon capture and nitrogen retention, thus contributing to the sustainability of Pantanal ecosystems.
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Figure 1. Biplot showing the interdependence relationship between carbon fractions, C and N stocks in pastures, and confidence ellipses (95% confidence) from the multivariate test for clusters. C-Fulvic = carbon in the fulvic acid fractions; C-humin = carbon in the humin fractions; C-humic = carbon in the humic acid fractions; N-Stock = nitrogen stock; C-Stock = carbon stock. Pastures evaluated: Axonopus purpusii grazing; Axonopus purpusii no-grazing; Hymenachne amplexicaulis grazing; Hymenachne amplexicaulis no-grazing; Mesosetum chaseae grazing; Mesosetum chaseae no-grazing. 
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Table 1. Total carbon, soil bulk density, and carbon stock in soils under native pastures in the Pantanal of Nhecolândia, MS, Brazil.
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Pasture

	
Total Carbon (g kg−1)

	
Soil Bulk Density (kg dm−3)

	
Carbon Stock (Mg ha−1)




	
0–10

	
10–20

	
20–40

	
0–40

	
0–10

	
10–20

	
20–40

	
0–40

	
0–10

	
10–20

	
20–40

	
0–40






	
Ap-G

	
8.62 Ba

	
4.61 Ab

	
1.01 Ac

	
14.24

	
1.28 Ab

	
1.37 Aa

	
1.35 Aa

	
4.00

	
13.19 Aa

	
6.35 Ab

	
0.68 Ac

	
21.15




	
Ap-N

	
10.36 Aa

	
3.78 Ab

	
1.81 Ac

	
15.95

	
1.17 Bb

	
1.38 Aa

	
1.33 Aa

	
3.88

	
10.12 Ba

	
5.16 Ab

	
1.21 Ac

	
20.11




	
Ha-G

	
80.6 Ba

	
55.56 Bb

	
4.57 Ac

	
140.73

	
0.48 Bc

	
0.88 Ab

	
1.44 Aa

	
2.80

	
55.13 Aa

	
48.51 Ab

	
3.3 Ac

	
92.98




	
Ha-N

	
129.67 Aa

	
68.91 Ab

	
5.03 Ac

	
203.61

	
0.68 Ac

	
0.75 Ab

	
1.43 Aa

	
2.86

	
61.27 Aa

	
51.75 Aa

	
3.6 Ab

	
127.41




	
Mc-G

	
7.51 Aa

	
3.31 Ab

	
2.75 Ab

	
13.57

	
1.33 Aa

	
1.33 Aa

	
1.31 Aa

	
3.97

	
10.01 Aa

	
4.41 Ab

	
1.8 Ac

	
20.66




	
Mc-N

	
5.64 Ba

	
3.56 Ab

	
2.52 Ab

	
11.72

	
1.25 Ba

	
1.30 Aa

	
1.26 Aa

	
3.81

	
7.02 Ba

	
4.62 Ab

	
1.59 Ac

	
20.38








Ap-G—grazed Axonopus purpusii; Ap-N—no-grazed Axonopus purpusii; Ha-G—grazed Hymenachne amplexicaulis; Ha-N—no-grazed Hymenachne amplexicaulis; Mc-G—grazed Mesosetum chaseae; Mc-N—no-grazed Mesosetum chaseae. Means followed by the same uppercase letter in the column for each pasture and lowercase letter in the row for each attribute do not differ by the Scott-Knott test at a 5% probability.













 





Table 2. Total nitrogen (TN), nitrogen stock, and C/N ratio in soils under native pastures in the Pantanal of Nhecolândia, MS, Brazil.
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Pasture

	
Total Nitrogen (g kg−1)

	
Nitrogen Stock (Mg ha−1)

	
C/N




	
0–10

	
10–20

	
20–40

	
0–40

	
0–10

	
10–20

	
20–40

	
0–40

	
0–10

	
10–20

	
20–40

	
20–40






	
Ap-G

	
0.78 Aa

	
0.34 Ab

	
0.06 Ac

	
1.18

	
1.00 Aa

	
0.47 Ab

	
0.15 Bc

	
1.62

	
13.17 Ab

	
13.62 Ab

	
18.26 Aa

	
45.05




	
Ap-N

	
0.63 Ba

	
0.27 Ab

	
0.12 Ac

	
1.02

	
0.74 Ba

	
0.38 Ab

	
0.33 Ab

	
1.45

	
13.15 Ac

	
13.93 Ab

	
15.29 Ba

	
42.37




	
Ha-G

	
7.63 Ba

	
5.43 Bb

	
0.29 Ac

	
13.35

	
5.07 Ba

	
4.97 Aa

	
0.83 Ab

	
10.87

	
10.10 Ab

	
10.01 Ab

	
16.55 Aa

	
36.66




	
Ha-N

	
13.06 Aa

	
6.57 Ab

	
0.30 Ac

	
19.93

	
5.97 Aa

	
4.74 Ab

	
0.85 Ac

	
11.56

	
10.12 Ab

	
10.38 Ab

	
16.95 Aa

	
37.45




	
Mc-G

	
0.56 Aa

	
0.25 Ab

	
0.19 Ab

	
1.00

	
0.75 Aa

	
0.34 Ac

	
0.49 Ab

	
1.58

	
12.56 Ab

	
13.93 Aa

	
15.02 Aa

	
41.51




	
Mc-N

	
0.38 Ba

	
0.27 Ab

	
0.17 Ac

	
0.82

	
0.48 Ba

	
0.35 Ab

	
0.45 Aa

	
1.28

	
13.11 Aa

	
13.80 Aa

	
14.10 Aa

	
41.01








Ap-G—grazed Axonopus purpusii; Ap-N—no-grazed Axonopus purpusii; Mc-G—grazed Mesosetum chaseae; Ha-G—grazed Hymenachne amplexicaulis; Ha-N—no-grazed Hymenachne amplexicaulis; Mc-N—no-grazed Mesosetum chaseae. Means followed by the same uppercase letter in the column for each pasture and lowercase letter in the row for each attribute do not differ by the Scott-Knott test at a 5% probability.













 





Table 3. Carbon in the humic acid, fulvic acid, and humin fractions in soils under native pastures in the Pantanal of Nhecolândia, MS, Brazil.






Table 3. Carbon in the humic acid, fulvic acid, and humin fractions in soils under native pastures in the Pantanal of Nhecolândia, MS, Brazil.





	
Pasture

	
C-Fulvic Acid (g kg−1)

	
C-Humic Acid (g kg−1)

	
C-Humin (g kg−1)




	
0–10

	
10–20

	
20–40

	
0–40

	
0–10

	
10–20

	
20–40

	
0–40

	
0–10

	
10–20

	
20–40

	
0–40






	
Ap-G

	
0.62 Aa

	
0.39 Ab

	
0.30 Ac

	
1.31

	
2.29 Aa

	
0.67 Ab

	
0.17 Ac

	
3.13

	
7.45 Aa

	
3.55 Ab

	
0.54 Ac

	
11.54




	
Ap-N

	
0.51 Ba

	
0.36 Ab

	
0.24 Ac

	
1.11

	
1.49 Ba

	
0.62 Ab

	
0.20 Ac

	
2.31

	
6.61 Aa

	
2.79 Ab

	
1.37 Ac

	
10.77




	
Ha-G

	
1.12 Ba

	
1.27 Aa

	
0.36 Ab

	
2.75

	
12.82 Ba

	
15.60 Aa

	
1.69 Ab

	
30.11

	
66.66 Ba

	
38.69 Bb

	
2.53 Ac

	
107.88




	
Ha-N

	
2.20 Aa

	
1.22 Ab

	
0.34 Ac

	
3.76

	
16.13 Aa

	
7.41 Bb

	
2.34 Ac

	
25.88

	
111.34 Aa

	
60.27 Ab

	
2.35 Ac

	
173.96




	
Mc-G

	
0.50 Aa

	
0.39 Ab

	
0.34 Ac

	
1.23

	
1.68 Aa

	
0.10 Bb

	
0.17 Bb

	
1.95

	
5.33 Aa

	
2.82 Ab

	
2.24 Ab

	
10.39




	
Mc-N

	
0.48 Aa

	
0.39 Aa

	
0.35 Ab

	
1.22

	
1.23 Ba

	
0.56 Ab

	
0.36 Ac

	
2.15

	
3.94 Ba

	
2.62 Ab

	
1.81 Ab

	
8.37








Ap-G—grazed Axonopus purpusii; Ap-N—no-grazed Axonopus purpusii; Ha-G—grazed Hymenachne amplexicaulis; Ha-N—no-grazed Hymenachne amplexicaulis; Mc-G—grazed Mesosetum chaseae; Mc-N—no-grazed Mesosetum chaseae. Means followed by the same uppercase letter in the column for each pasture and lowercase letter in the row for each attribute do not differ by the Scott–Knott test at a 5% probability.













 





Table 4. Relationship between the carbon of the humic acid (C-HAF), fulvic acid (C-FAF), and humin fractions (C-HuF) in soils under native pastures in the Pantanal of Nhecolândia, MS, Brazil.






Table 4. Relationship between the carbon of the humic acid (C-HAF), fulvic acid (C-FAF), and humin fractions (C-HuF) in soils under native pastures in the Pantanal of Nhecolândia, MS, Brazil.





	
Pasture

	
C-HAF/C-FAF

	
C-HAF+C-FAF/C-HuF




	
0–10

	
10–20

	
20–40

	
0–10

	
10–20

	
20–40






	
Ap-G

	
3.68 Aa

	
1.70 Ab

	
0.57 Ac

	
0.39 Ab

	
0.30 Ab

	
0.87 Aa




	
Ap-N

	
2.92 Ba

	
1.73 Ab

	
0.95 Ac

	
0.30 Aa

	
0.36 Aa

	
0.32 Ba




	
Ha-G

	
11.64 Aa

	
12.50 Aa

	
5.21 Ab

	
0.21 Ab

	
0.45 Ab

	
0.87 Aa




	
Ha-N

	
7.40 Aa

	
6.04 Ba

	
7.26 Aa

	
0.17 Ab

	
0.15 Bb

	
1.14 Aa




	
Mc-G

	
3.38 Aa

	
0.27 Bb

	
0.51 Bb

	
0.42 Aa

	
0.18 Aa

	
0.23 Aa




	
Mc-N

	
2.59 Ba

	
1.44 Ab

	
1.05 Ab

	
0.45 Aa

	
0.37 Aa

	
0.39 Aa








Ap-G—grazed Axonopus purpusii; Ap-N—no-grazed Axonopus purpusii; Ha-G—grazed Hymenachne amplexicaulis; Ha-N—no-grazed Hymenachne amplexicaulis; Mc-G—grazed Mesosetum chaseae; Mc-N—no-grazed Mesosetum chaseae. Means followed by the same uppercase letter in the column for each pasture and lowercase letter in the row for ea