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Abstract


Livestock production systems can negatively affect soil structure, resulting in negative changes in physical–hydraulic properties, compromising soil functioning and productivity. This research aimed to evaluate the effects of rotational silvopastoral systems on soil physical–hydraulic functioning in their second year of implementation. The study was performed under Oxisol soil with a loamy sand texture in Southeast Brazil. We considered four grazing systems: an intensive silvopastoral system with Panicum maximum in consortium with Leucaena leucocephala (ISPS + L), an intensive silvopastoral system with Panicum maximum in consortium with Tithonia diversifolia (ISPS + T), an silvopastoral system with Panicum maximum (SPS) with tree row (TRs), and open pasture under a rotational grazing system with Panicum maximum (OP). The treatments ISPS + L, ISPS + T, and SPS had tree rows (TRs) every 20 m composed of Khaya ivorenses, Leucaena leucocephala, Eucalyptus urograndis, Acacia mangium, and Gliricidia sepium. Nine physical–hydraulic indicators were evaluated in the first 0.40 m of depth: bulk density (Bd), total porosity (TP), macroporosity (MaP), microporosity (MiP), field capacity (FC), permanent wilting point (PWP), available water content (AWC), total soil aeration capacity (ACt), and S-index. The soil physical–hydraulic properties were sensitive to the effects of the livestock systems. The use of silvopastoral systems in consortium with grass (ISPS + L and ISPS + T) allowed for better soil water retention, resulting in higher FC and AWC than the OP, SPS, and TR. The indicators Bd, ACt, MaP, FC, MiP, and S-index presented the greatest variance; however, FC, ACt, MaP, and MiP enabled the greatest differentiation among systems. Therefore, these properties are important in studies on soil physical quality since they provide information about the soil porous status and its ability to retain water and exchange soil air and gases. Therefore, enhancing the physical–hydraulic attributes of the soil in silvopastoral systems with shrub species is crucial for ensuring long-term productive sustainability and strengthening environmental resilience against future climate challenges.
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1. Introduction


The beef agro-industrial sector generated US $179.20 billion in 2023, accounting for 8.2% of the Brazilian Gross Domestic Product (GDP) [1]. Brazil possesses the largest commercial cattle herd globally, at 197.20 million head, and is the world’s leading beef exporter, with 10.60 million tons of carcass-equivalent meat exported [1]. However, Brazil’s prominent role in global beef production contrasts sharply with the widespread degradation of its pasturelands. Pasture degradation is a critical factor compromising both the sustainability of livestock production [2] and environmental integrity [3], leading to soil and water degradation [4,5]. Brazilian pastures cover approximately 177 million hectares, of which 41% have moderate vegetative vigor and signs of degradation, while 21% are classified as severely degraded, characterized by low vegetative vigor [6].



The main cause of pasture degradation in Brazil is inadequate grazing management, which results in animal stocking rates higher than the pasture carrying capacity and insufficient nutrient replenishment [2,7]. According to [8], trampling density increases at a rate of 0.47 m2 ha−1 for each 1 cm reduction in pasture height. Pasture degradation begins with a decline in forage vigor and availability, leading to reduced stocking capacity and animal weight gain. In more advanced stages, or occurring simultaneously with these phenomena, this can lead to infestations of invasive plants, the occurrence of pests, and soil degradation [2,9]. The advanced stages of pasture degradation, in irreversible cases, can cause the disruption of natural resources, manifesting ing soil degradation with changes in its structure as a result of compaction, which affects its physical and hydraulic quality, thus leading to erosion and the siltation of water sources [2,10].



For exposed soils, compaction and surface sealing compromise their physical quality [11], reduce water infiltration, and increase erosion, promoting soil degradation and fertility decreases [12,13,14]. In addition, grass monocultures subject to conventional grazing display greater compaction, higher soil bulk density, and lower total porosity and infiltration than soils in forests and agroforestry systems [15,16]. Most of the compactions caused by cattle hooves occur in the first 5–10 cm depth [17].



Given this scenario, alternatives in the management of livestock production are needed to reduce the degradation of pastures and the soil physical quality. An alternative is the rotational system (RS), which involves dividing the pasture area into plots, respecting the occupation and rest period of the pasture, and allowing the recovery of forage between grazing periods, thus offering quality forage at the right time and greater animal carrying capacity. Nevertheless, a major problem with the RS is the great seasonality of the carrying capacity, with high forage production and stocking in summer (6.0 UA ha−1), and low production in the winter period (1.0 UA ha−1 year−1) [18]. Moreover, this system provides only a few improvements in the quality of soil physical–hydraulic properties of degraded pastures [3].



Integrated crop–livestock systems have contributed to reducing the problems of the seasonality of forage supply and overgrazing [8]. The silvopastoral system (SPS) integrates silvicultural production (forest production) and pasturing (livestock production). These two components can be implemented simultaneously or the forest component can be introduced in already established pastures [16,19]. Furthermore, in intensive silvopastoral systems (ISPs), in addition to having the tree component in rows every 13 to 20 m, there are forage shrubs in consortium with the pasture between the rows [20] and in which grazing is rotated.



Silvopastoral and mixed grass–legume systems are a promising alternative for restoring soil ecological functions [21]. These systems support production through agroecological processes with the high biological fixation of atmospheric nitrogen; the cycling of nutrients, especially phosphorus; high soil protection against erosion; and the provision of habitats for natural enemies of grass pests, cattle ectoparasites, and several other functional groups of biodiversity such as birds, small mammals, ants, beetles, and earthworms, among others [22,23]. However, despite these recognized benefits, there is limited knowledge regarding their impact on soil physical–hydraulic properties.



High-quality soil functions as a medium for plant growth, regulates the distribution of water in the environment, and acts as a buffer for the attenuation and degradation of pollutants. Soil quality depends on intrinsic characteristics, interactions with the ecosystem, and management, socio-economic and political priorities [24]. Therefore, proper management helps to ensure the maintenance of the potential to provide environmental services and the productive capacity of soils [25]. Thus, the use of soil physical quality indicators linked to water and gas functions may enable us to assess the impact of agricultural practices [26]. Positive results were observed in the assessment of soil physical properties in agroforestry systems, where the presence of the tree component enhanced water infiltration rates and improved soil quality, such as soil porosity and water holding capacity [27,28,29].



Several indicators of soil physical quality can be derived from the soil water retention curve, including macroporosity, microporosity, field capacity, permanent wilting point, and available water content [26]. Moreover, the parameters obtained from the van Genuchten model [30] for the soil water retention curve allow for the determination of the S-index [31,32]. The S-index represents the slope at the inflection point of the retention curve and serves as a sensitive indicator of soil structural quality. This index is highly sensitive to different management systems and is strongly correlated with key soil properties such as bulk density, total porosity, macroporosity, and organic matter [33,34,35].



Considering this, extensive field studies are crucial to establishing the most sustainable management practices that enhance soil water retention, plant-available water, and soil porosity, thereby optimizing landscape management [36,37]. In this context, and considering the potential of silvopastoral systems to improve soil quality, this study aimed to assess the effects of rotational silvopastoral systems in their second year of implementation on soil physical quality through analyses of soil physical–hydraulic properties.




2. Materials and Methods


2.1. Location and Description of the Study Area


This study was conducted under field conditions at Takaoka Farm (22°52′ S, 49°09′ W at 641 m a.s.l.) in the municipality of Iaras, state of São Paulo, Southeast Brazil (Figure 1). According to Köppen’s classification, the climate at this site is subtropical (Cfa) [38], with cold and dry winters and hot and rainy summers, with an average annual rainfall of 1237 mm and an average temperature of 20.3 °C.



The soil was classified as an Oxisol [39] with a loamy sand texture (Table 1). Before the establishment of the experiment, the area was occupied by pasture for over 20 years until 2014, when it was occupied with sugarcane (Saccharum officinarum) under conventional management with mechanized harvesting. In 2016, the land use transitioned to an organic production system, which was eradicated in June 2018.




2.2. Design and Conduction of the Experiment


The experimental design used was completely randomized, with four livestock production systems and four replications (Figure 2). The evaluated systems were as follows: ISPS + L—intensive silvopastoral system with grass Panicum maximum (cv. BRS Zuri), in consortium with Leucaena leucocephala (cv. Cunningham) and rows of tree species every 20 m; ISPS + T—an intensive silvopastoral system with the grass Panicum maximum (cv. BRS Zuri), in consortium with Tithonia diversifolia and rows of tree species every 20 m; SPS—a silvopastoral system with grass Panicum maximum (cv. BRS Zuri) and rows of tree species every 20 m; and OP—a system of open pasture under rotational, with the grass Panicum maximum (cv. BRS Zuri). The rows of tree species (TR) in systems ISPS + L, ISPS + T, and SPS were composed of the following forest species: Khaya ivorenses, Leucaena leucocephala (cv. Cunningham), Eucalyptus urograndis, Acacia mangium, and Gliricidia sepium. Each system has an extension of 11 ha, divided into 16 plots of 0.66 ha, thus resulting in a total area of 44 ha.



In November 2018, the soil was plowed for livestock establishment (Tatu brand ATCR 32) by destroying the sugarcane ratoons. For systems ISPS + L, ISPS + T, and SPS, in the rows of tree species, which occur every 20 m, before planting, 15 kg ha−1 of Crotalaria juncea and 10 kg ha−1 of millet Pennisetum glaucum cv. ADR300 were sown. Subsequently, the fully bloomed crotalaria was incorporated with an intermediate plowing grid, immediately before livestock system implementation.



In the ISPS + L system, Leucaena leucocephala (cv. Cunningham) was sown using a Kuhn continuous-flow seeder, ensuring a row spacing of 1.53 m and a seeding depth of 0.025 m. The consortium of Leucena and Panicum maximum (cv. BRS Zuri) was established between tree rows spaced 20 m apart (Figure 2). The spontaneous plants were controlled with a mechanical cultivator and manual weeding during the first 45 to 50 days, until the Leucena plants reached 0.60 m in height. Subsequently, Panicum Maximum (cv. BRS Zuri) was sown at a rate of 12 kg ha−1, accompanied by the application of 300 kg ha−1 of Gafsa reactive natural phosphate. In the ISPS + T system, Tithonia diversifolia was established through stem cutting, with grooves opened at a depth of 0.20 m and spaced 3 m apart. The consortium of Leucena and Zuri grass was also implemented between tree rows spaced 20 m apart. SPS and OP were sown with grass Panicum Maximum (cv. BRS Zuri) using a continuous-flow seeder with 29 rows, spaced 0.17 m apart (Kuhn brand). The seeding rate was 12 kg ha−1, and 300 kg ha−1 of Gafsa reactive natural phosphate was applied in the rows.



In systems ISPS + L, ISPS + T, and SPS, the following tree species were planted to establish the tree rows (TRs): Mahogany (Khaya ivorenses), Leucena (Leucaena leucocephala), Eucalyptus (Eucalyptus urograndis), Acacia (Acacia mangium), and Glyricidia (Gliricidia sepium). These species were arranged in rows spaced 20 m apart (Figure 2), with a planting density of one tree per linear meter. All systems were managed in a rotational grazing system with Bos indicus (Nellore breed) cattle. Grazing began in May 2019, following a system where animals occupied each paddock for a maximum of three days, with a minimum pasture recovery period of 45 days before re-entry.




2.3. Soil Sampling


Soil sampling was carried out in May 2020, 18 months after the establishment of the experiment. Undisturbed soil samples were collected for the determination of physical properties and soil water retention in stainless steel rings of 5 cm in height and diameter. Samples were taken in the center of the 0.00–0.05, 0.05–0.10, 0.10–0.20, and 0.20–0.40 m soil depths. In systems ISPS + L and ISPS + T, samples were taken from the Leucaena and Tithonia rows and the interrow regions occupied by grasses. In systems SPS and OP, sampling was conducted in the grass-covered areas, while in the tree rows, samples were collected exclusively from the tree row itself.




2.4. Determination of Soil Water Retention Curve and Physical–Hydraulic Properties


Undisturbed soil samples were initially saturated by capillary rises and subsequently subjected to different matric potentials (Ψ). The matric potential was described in terms of water tension (h), defined as its absolute value (h = |Ψ|). Thus, the samples were subjected to water tensions of 2 and 6 kPa on the tension table and at 10, 33, 100, 300, 500, and 1500 kPa in Richard pressure chambers with porous plates. Afterward, the samples were dried in an oven at 105 °C to determine the dry mass. Bulk density (Bd) was calculated using the ratio between the dry soil mass (Mds) and the sample volume (Vs). Total porosity (TP) was calculated as the volumetric water content at saturation, microporosity (MiP, pores < 50 µm) was calculated as the volumetric water content retained at h = 6 kPa, and macroporosity (MaP, pores ≥ 50 µm) was calculated using the difference between total porosity and microporosity (MaP = TP − MiP); all methodologies were pefromed according to [40].



The soil water retention curves were determined by fitting the volumetric water content (  θ  ) obtained in the different water tensions (h) to the van Genuchten model [30] (Equation (1)). The parameter estimation was performed using the least squares method with the Soil Water Retention Curve software (version 3.00) [41].


  θ = θ r +      θ s − θ r         1 +     α × h     n       m       



(1)




where   θ   = soil water content (m3 m−3);   θ r   = residual water content (m3 m−3);   θ s   = water content at saturation (m3 m−3); h = soil water tension (kPa); and α (kPa−1), n and m = model parameters, being m = 1 − 1/n, according to [42].



The soil water retention curves were used to determine key hydraulic properties. Field capacity (FC) and permanent wilting point (PWP) were used as the volumetric water content at the tension of 10 end 1500 kPa. Available water capacity (AWC) was calculated as the difference between FC and PWP. Total soil aeration capacity (ACt) was determined as the difference between   θ s   and   θ  10kPa, according to [26]. Additionally, S-index was determined as the slope of the water retention curve at its inflection point, as described by [31] (Equation (2)).


  S = − n      θ s − θ r   D s          1 +    1   m        −   1 + m      



(2)




where m and n = van Genuchten model [30] parameters;   θ r   = residual water content (m3 m−3);   θ s   = water content at saturation (m3 m−3); amd Bd = bulk density (Mg m−3). Considering that the S-index is always negative, the module was used in the results, as suggested by [31,32].




2.5. Statistical Analysis


Soil physical–hydraulic indicators (Bd, TP, MaP, MiP, FC, PWP, AWC, ACt, S-index) were compared for each soil layer and submitted to analysis of variance (ANOVA) to assess the effects of different management systems on the evaluated properties. When the F-test was significant, the means were compared by Tukey’s test at a 5% probability level. Subsequently, a multivariate approach was used, including principal component analysis and canonical discriminant analysis. Moreover, canonical discriminant analysis was performed to group and reduce the original variables into canonical variables and examine the relationships between the variables and the differences in the treatments in a multivariate approach. The mean values of the canonical variables for each treatment were compared using confidence ellipses for the mean vectors at 95%. All statistical analyses were performed using the free version of SAS 3.8 software. Principal component analysis and canonical discriminant analysis were conducted using the PRINCOMP and CANDISC procedures of SAS following the methodology described by [43].





3. Results


Regardless of the livestock production system, bulk density (Bd) showed higher values in the 0.10–0.20 m soil layer, with significant differences between treatments only observed in this layer (Figure 3a). The highest Bd values were obtained in SPS and ISPS + T (1.74 and 1.72 Mg m−3, respectively), while ISPS + L presented the lowest value (1.61 Mg m−3). Differences in Bd in these soil layer influenced total porosity (TP, Figure 3b) and macroporosity (MaP, Figure 3c). However, microporosity (MiP) remained unaffected by the treatments, as no significant differences were observed (Figure 3d). High Bd values in SPS and ISPS + T resulted in low TP (0.29 and 0.30 m3 m−3) and MaP values (0.11 and 0.12 m3 m−3), whereas the low Bd values in ISPS + L resulted in higher TP (0.36 m3 m−3) and MaP values (0.17 m3 m−3). MiP had a uniform behavior in all soil layers, ranging from 0.16 to 0.23 m3 m−3. Except for OP, all treatments exhibited a lower Bd value in the surface layer (0.00–0.05 m).



The soil water retention curves for the different treatments across soil layers are presented in Figure 4, while the van Genuchten model fitting parameters [30] are listed in Table 2. All retention curves showed a high coefficient of determination (R2 > 0.92), indicating good data fitting to the model. The surface layer (0.00–0.05 m) had the highest   θ s   values (water content at saturation), with the greatest values observed in treatments ISPS + L and ISPS + T, respectively.



In the 0.00–0.05 m soil layer, ISPS + T had higher water retention among all tensions studied (Figure 4a). The greatest differences between the treatments were observed within the 1–100 kPa tension range, which resulted in differences between the treatments, where ISPS + T showed significantly higher field capacity (FC = 0.203 m3 m−3) compared to SPS (0.152 m3 m−3) and TR (0.158 m3 m−3) (Figure 4a and Figure 5a).



In the 0.05–0.10, 0.10–0.20, and 0.20–0.40 m soil layers, the greatest differences in water retention were obtained in the low-tension range (Figure 4b–d). These differences influenced the MaP (Figure 3c), FC (Figure 5a), available water content (AWC, Figure 5c), and total soil aeration capacity (ACt, Figure 5d). In all soil layers, the treatments showed very close water retention values in the high-tension region of the retention curves (above 500 kPa) (Figure 4b–d); therefore, no significant differences were found between the treatments for the permanent wilting point (PWP, Figure 5b). In the 0.20–0.40 m layer, FC was higher in ISPS + L and ISPS + T (0.163 and 0.161 m3 m−3) and lower in TR and OP (0.139 and 0.141 m3 m−3) (Figure 5a). AWC showed significant differences between the treatments in all layers except for the 0.10–0.20 m layer, with reduction in the sequence 0.00–0.05 m > 0.05–0.10 m > 0.20–0.40 m (Figure 5c). In the 0.00–0.05 m layer, the highest AWC values were obtained for ISPS + T and ISPS + L (0.129 and 0.121 m3 m−3), whereas the lowest values corresponded to TR and SPS (0.081 and 0.089 m3 m−3). This behavior persisted at the 0.05–0.10 m layer, with OP also exhibiting high AWC values (0.102 m3 m−3).



Higher ACt values were observed in the 0.00–0.05 m layer; however, significant differences between treatments were only found in the 0.10–0.20 m layer, where ISPS + L and TR had higher values (0.201 and 0.200 m3 m−3), while SPS and ISPS + T presented the lowest values (0.140 and 0.152 m3 m−3) (Figure 5d). These values for SPS and ISPS + T were the lowest obtained throughout the entire assessed depth.



The S-index, derived from the soil water retention curve, was sensitive to changes in soil structure in the 0.00–0.05 and 0.10–0.20 m layers, caused by the livestock production management systems (Figure 5e). However, different effects were found in these two layers: ISPS + L enhanced the S-index in both the 0.00–0.05 m (0.040) and 0.10–0.20 m (0.047) layers, whereas SPS reduced the S-index from 0.059 in the 0.00–0.05 m layer to 0.032 in the 0.10–0.20 m layer.



Significant positive correlations (p < 0.05) were observed among the evaluated soil physical–hydraulic attributes, particularly between TP and MaP and ACt, MaP and ACt, FC and AWC, and ACt and the S-index (Table 3). Conversely, significant negative correlations were found between Bd and TP and ACt, as well as between FC and ACt. To eliminate redundancy and enhance the distinction between unique and overlapping information, the indicators TP and AWC, identified as the properties most strongly correlated with other attributes, were excluded from the dataset before we applied multivariate techniques. This step was necessary to prevent variable redundancy and improve data interpretation.



In the principal component analysis, the selection of principal components (PCs) followed the Kaiser criterion (Kaiser, 1958), which considers eigenvalues greater than one. Based on this criterion, the first two principal components, PC1 and PC2, were retained. PC1 accounted for 59.12% of the total variance, while PC2 explained an additional 28.13%, cumulatively capturing 87.25% of the total variability in the original dataset (Figure 6 and Table 4). The discriminatory power of each variable within each PC was assessed by the linear correlation coefficients between each variable and the respective principal component (Table 4). Among the seven properties selected for the analysis, all were retained in PC1; however, the ones that contributed the most, in order of relevance, were Bd, ACt, and MaP (Table 4). In PC2, three properties were retained: FC, MiP, and S-index.



From the biplot graph, the dispersion of the treatments in the different soil layers is observed by the two-dimensional representation according to the score of the first two components (Figure 6). The results obtained from PC1 indicated an inverse relationship between Bd and PWP on the one hand, and MaP, ACt, and S-index on the other. Specifically, higher Bd and PWP values were observed in the subsurface layers of ISPS + T (0.10–0.20 and 0.20–0.40 m) and in the 0.10–0.20 m layer of SPS, resulting in lower ACt, MaP, and S-index values, while lower Bd and PWP values were obtained in the superficial layer (0.00–0.05 m) in all treatments and in the 0.05–0.10 m layer of OP, reflecting higher values of ACt, MaP, and S-index. PC2 revealed the existence of an inverse relationship between the S-index and FC and MiP. Higher values of FC and MiP were observed in the surface layers (0.00–0.05 m) of ISPS + L, ISPS + T, and OP, indicating lower values of S-index, and higher values of S-index were obtained in TR (0.20–0.40 and 0.10–0.20 m), SPS (0.00–0.05 m), and OP (0.20–0.40 m), indicating that there were lower FC and MiP values in these treatments. A high degree of correlation was established between the MaP, ACt, and S-index, and between FC and MiP.



Figure 7 shows the contribution of the original variables (physical–hydraulic attributes) to the formation of the first two new canonical variables (CAN1 and CAN2) obtained from the canonical discriminant analysis, in which it was possible to retain 89% of the experimental variability, with 54% retained in CAN1 and 35% retained in CAN2. Thus, the seven original variables (Bd, MaP, MiP, FC, PWP, ACt, and S-index) were reduced to only two (CAN1 and CAN2). It was verified that, among the two canonical variables, the original variables MaP, MiP, FC, and ACt were important sources of variation, demonstrating that these variables were important to both discriminate and to classify the treatments, although the variables CAN1 and CAN2 are not correlated (Figure 8). Furthermore, the MaP and MiP variables were contrasted with the FC and ACt variables.



Figure 8 shows the 95% confidence intervals (ellipses) for the mean vectors of the treatments in the new canonical variables, CAN1 and CAN2. In CAN1, the highest values of the middle classes were obtained for ISPS + T and ISPS + L (0.929 and 0.605, respectively). In contrast, the lowest values were found in TR, OP, and SPS (−0.675, −0.469, and −0.469, respectively). The dispersion of the coefficients for the original variables, which relate the changes in CAN1 and CAN2 to the treatments, indicates that higher values of FC and ACt were associated with ISPS + T and ISPS + L, while TR, OP, and SPS expressed higher MaP and MiP values.




4. Discussion


Livestock production management systems significantly influence soil physical and hydraulic properties. Bd was important in the characterization of treatments (Figure 6). Higher Bd values were obtained in the 0.10–0.20 and 0.20–0.40 m layers in all treatments and in the 0.05–0.10 m layer in SPS (Figure 3 and Figure 6). In these cases, Bd exceeded the critical value of 1.60 Mg m−3 for a sandy soil according to [22]. However, the main alterations in soil physical properties (Bd and MaP) occurred in the 0.10–0.20 m layer, where Bd reached its highest values, with significant differences seen among treatments. The integration of Leucena with grasses in ISPS + L promoted the lowest Bd value in this layer, leading to the highest TP and MaP values. In contrast, ISPS + T and SPS exhibited the highest Bd values, consequently leading to low MaP. Intensive silvopastoral systems incorporating shrubs in consortium with grasses prevent animals from transiting across large areas, maintaining low bulk density and enhancing soil water infiltration [22,23].



The changes observed in the soil physical–hydraulic attributes, such as the reduction in soil bulk density, the increase in macroporosity, and the enhancement of water retention capacity in intensive silvopastoral systems with shrub consortia, indicate significant improvements in soil health [22,44]. Lower soil compaction and greater water availability promote root development, creating a more favorable environment for nutrient uptake and plant growth [45,46]. These improved physical conditions may increase the productivity of forage grasses, the carrying capacity of livestock systems, and the resilience of pastures to drought periods, thereby contributing to the sustainability of production systems in tropical regions [22,47].



Although the results demonstrated better soil physical–hydraulic performance in the system intercropped with Leucaena leucocephala (ISPS + L) compared to the system with Tithonia diversifolia (ISPS + T), explanations for these differences remain limited. Studies suggest that Leucaena has a deeper and more aggressive root system, capable of exploring subsurface soil layers and contributing to the formation of biopores, thereby enhancing water infiltration and soil aeration [48,49]. Moreover, the high biological nitrogen fixation capacity of Leucaena may improve soil organic matter quality and stimulate microbial activity, both of which positively influence soil physical structure [50].



In contrast, Tithonia diversifolia presents a predominantly shallow root system and a more ephemeral aboveground biomass production, which may limit its ability to promote long-lasting structural changes in the soil [51]. Thus, although both shrub species are useful in integrated systems, the more consistent positive effects observed in systems intercropped with Leucaena may be related to the greater depth and persistence of its root impacts, as well as to the superior physical protection of the soil provided by its canopy architecture. Nevertheless, long-term studies are required to fully elucidate the mechanisms involved and to better understand the interactions between these shrub species and soil physical–hydraulic properties.



Bd is a key indicator of soil physical quality. For the same soil class, higher Bd values are directly associated with structural degradation, leading to a reduction in MaP [44]. Similarly, ref. [52] reported higher Bd values in degraded pastures compared to integrated crop–livestock systems. Although high Bd values were obtained in the 0.10–0.20 m layer and despite the differences in MaP between treatments, MaP was not compromised. In all treatments, MaP exceeded 0.10 m3 m−3 (Figure 3c), which is indicated as the critical threshold for adequate soil aeration and gas exchange necessary for root system development [53,54]. Nevertheless, the SPS, ISPS + T, and OP, which presented MaP values between 0.11 and 0.14 m3 m−3, show potential susceptibility to structural degradation.



Proper soil aeration is fundamental for root development; therefore, properties such as MaP and ACt are crucial for assessing this condition [22]. Although this study focused on the initial phase of the establishment of the different livestock systems, the importance of these properties was corroborated in the results, which showed these important properties in both the characterization (PC1) and in the discrimination (CAN1 and CAN2) of treatments (Figure 6 and Figure 7). Similar findings were reported by [55] in long-term experiments in Italy, where different soil tillage strategies and crop residue management practices were evaluated to identify the most effective indicators for detecting changes in soil physical quality. ACt is also strongly related with oxygen supply to plant roots [22], with minimum values for adequate aeration ranging between 0.10 and 0.15 m3 m−3 [56]. Therefore, regardless of treatment, this indicator was not compromised, although values close to critical were obtained in the 0.10–0.20 m layer in ISPS + T, SPS, and OP (Figure 5d), indicating a high risk of functional impairment in the soil. Studies have shown that soil management practices produce the largest spatial changes in MaP, but have limited effects in MiP at depth [45,46], agreeing with the results of this study.



Despite microporosity (MiP) not showing significant differences among the management systems evaluated in the univariate analysis, its prominent role in the multivariate analysis highlights its ecological and functional relevance. MiP is crucial for soil water retention, especially at tensions associated with plant-available water [22]. Micropores store water that remains accessible to roots between field capacity and the permanent wilting point, directly contributing to plant survival during periods of water deficits [44]. Furthermore, the stability of MiP across treatments suggests a degree of resilience in the soil’s ability to maintain essential water storage functions, an aspect that is fundamental for the sustainability of pasture systems under variable climatic conditions.



Although changes in Bd, TP, MaP, and ACt, caused by the treatments, occurred in the 0.10–0.20 m layer, the properties associated with soil water retention such as FC and AWC were not changed in this layer and in the remaining depths (0.00–0.05 and 0.20–0.40 m and 0.00–0.05, 0.05–0.10, and 0.20–0.40 m). FC was also important in the characterization by principal component analysis (PC2) and in the differentiation of treatments by canonical discriminant analysis (CAN 1 and CAN 2). FC is important in establishing the initial conditions for hydrological and agronomic applications and in determining the water available in the soil for plants [57].



AWC was not considered in the multivariate analysis due to its linear effect with FC (AWC = FC − PWP), as demonstrated by the high Pearson linear correlation (0.819); however, in the univariate approach, AWC reflected the effects of the treatments on FC, since PWP did not present differences between treatments in all soil layers due to the similar behavior of retention curves at high tensions (Figure 5). According to [58], the variation range between the water retention curves decreased (Figure 1), which is attributed to the fact that, at a high water content, the characteristic curve depends on the arrangement and dimensions of the pores, becoming a function of soil density and porosity. In contrast, at low water content, the matric potential is more strongly influenced by soil texture and mineralogy. In addition, sandy soil has larger pores, and thus it loses water more easily under low tensions, resulting in less water being retained at low potentials, factors which are responsible for the presence of water in the soil due to capillary forces [59].



AWC is important for root growth, chemical reactions, movement, and nutrient uptake by plants [59]. Thus, higher AWC values in ISPS + L and ISPS + T, except for the 0.10–0.20 m layer, indicate better water availability for the plants when compared to SPS and OP, as well as to TR (Figure 5c). Notably, in the 0.10–0.20 m layer, there were no differences in AWC between the treatments, possibly because it is the most compacted layer of the soil and due to the absence of differences in the retention curve (Figure 4c); thus, FC and PWP also did not present differences between the systems (Figure 5a,b).



By using the S-index in the evaluation of soil physical quality, high correlations were observed with PC1 and PC2, and it made a large contribution to the variance explained in PC2, although this indicator did not make a significant contribution to the formation of canonical discriminant functions. The index was sensitive to the effects of soil management, allowing us to confirm the changes in water dynamics by management systems, since significant differences were obtained in the 0.00–0.05 and 0.10–0.20 m layers. As the S-index represents the slope of the retention curve at the inflection point, it is sensitive to the change in the shape of the soil water retention curves [60].



For soils of the Brazilian Cerrado, ref. [61] suggested using an S-index threshold of 0.045 to differentiate soils with good structural quality from those prone to degradation, with values below 0.025 indicating severe physical degradation. Based on this criterion, all treatments presented at least one layer with a tendency to degrade (0.025 < S-index < 0.045). Notably, ISPS + L, ISPS + T, and SPS had three out of four layers with S-index values below 0.045. Thus, higher S-index values in OP and TR may be attributed to the strong positive correlation between this index and ACt. That is, it may be associated with the larger pores that contribute to aeration and water movement in the soil. The S-index is mainly associated with structural porosity (such as microcracks, cracks, biopores, and structures formed by tillage), and it is therefore a key indicator of soil physical quality. Soils with only textural porosity tend to have poor physical quality, being difficult to manage and showing low water infiltration rates. Thus, structural pores and high S-index values are essential for good soil quality [31,61]. Ref. [34] found, in pasture areas, the lowest S-index value (0.066 and 0.063) in the 0.00–0.10 and 0.20–0.30 m layers, indicating a decrease in soil physical quality due to the disproportionate distribution of pore size.



The canonical discriminant analysis showed that, considering all the properties analyzed in all soil layers, there was a distinction between the ISPS + L and ISPS + T treatments and the SPS, OP, and TR treatments. ISPS + L and ISPS + T present better soil physical quality, and share similar characteristics such as the use of grass + shrub consortium; in turn, SPS and OP are characterized by the absence of consortium; thus, grazing occurs only in the grassy area. These results agree with the findings of [52], who found better physical soil quality in eucalyptus silvopastoral systems with three to four years of implementation in 3 m rows and crop–livestock integration when compared to degraded pasture.



Although there were some differences in the properties evaluated in this study between the treatments, these were not as significant as expected; this may be due to the rotational grazing in the different treatments, which, according to [62], reduces changes in physical properties and does not cause any damage to the pasture or subsequent crops when the animal load is managed properly. However, it is expected that as the years increase and the systems are established more, the forest component and the consortia of the silvopastoral systems may further present advantages in improving the physical–hydraulic quality of the soil.



The results obtained in this study corroborate observations from previous research conducted in silvopastoral and agroforestry systems in tropical regions. Refs. [22,23] reported that the integration of trees and shrubs into animal production systems reduces the impact of grazing on soil structure, favoring water infiltration and the preservation of functional porosity. Similarly, studies conducted in the Cerrado biome, such as that by [63], demonstrated that silvopastoral systems promote lower soil bulk density values and higher levels of available water when compared to conventional pastures, results that align with the effects observed for the ISPS + L and ISPS + T management systems in this study.



Moreover, meta-analyses such as the one conducted by [47] reinforce the evidence that tree-based agroforestry systems improve soil physical quality, with significant enhancements in macroporosity, water retention capacity, and structural stability, especially under tropical and subtropical climate conditions. According to these authors, the integration of trees can enhance soil aggregate stability and water infiltration, factors that are essential for environmental resilience in productive systems.



The physical–hydraulic improvements observed in silvopastoral systems with shrub consortia have important practical and ecological implications. Increased soil water retention and improved soil structure contribute to enhancing pasture resilience under climatic variability [46,47]. The presence of shrubs such as Leucaena leucocephala also favors carbon sequestration and promotes biodiversity [16,22], reinforcing the sustainability of production systems. Thus, intensive silvopastoral systems represent an efficient strategy for sustainable livestock production and environmental conservation in tropical regions.



The findings of this study have important practical implications for land use management in tropical regions. The adoption of intensive silvopastoral systems, particularly those involving grass and shrub consortia, has demonstrated potential to improve soil physical–hydraulic quality by promoting greater water retention, enhanced aeration, and reduced compaction. These improvements are essential for sustaining pasture productivity and increasing the resilience of production systems in the face of climatic variability. Therefore, land use decisions that prioritize the implementation of shrub–grass consortia in livestock systems may contribute to mitigating soil degradation, conserving water resources, and maintaining long-term productive capacity. Encouraging the adoption of integrated practices, such as the use of species like Leucaena leucocephala, may represent an efficient strategy to promote more sustainable production systems adapted to climate change.




5. Conclusions


This study showed, in a short-term evaluation, that the soil physical–hydraulic properties were sensitive to the effects of livestock management systems. The use of intensive silvopastoral systems with grasses in consortium with shrub species of Leucena and Tithonia presented a higher field capacity and available water content than the non-consortium systems of grasses (i.e., silvopastoral system and open pasture). Nevertheless, a long-term evaluation should be carried out to assess the effects of these systems on soil physical–hydraulic quality. The indicators examined, namely bulk density, soil aeration capacity, macroporosity, field capacity, microporosity, and S-index, showed the greatest variation between the evaluated systems; however, field capacity, soil aeration capacity, macroporosity, and microporosity allowed for the greatest differentiation between the treatments. Therefore, these properties are important in studies of soil physical quality, since they bring information about the porous state of the soil and its ability to retain water and exchange air and gases in the soil.



Despite the positive results observed, it is important to recognize that factors such as soil type, climatic conditions, topography, and seasonal variation may have influenced the physical–hydraulic attributes independently of the evaluated management systems. Although the study was conducted under controlled field conditions, these variables represent inherent sources of variability. Additionally, the short evaluation period and methodological limitations, such as the number of soil samples and variability in soil structure measurements, should be considered when interpreting the results.



The findings provide consistent evidence that silvopastoral systems with shrub consortia can improve the physical–hydraulic quality of the soil and contribute to sustainable land management strategies in tropical regions. Long-term studies, encompassing different environmental and seasonal conditions, are recommended to validate and expand the conclusions of this work.
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Figure 1. Location of experimental area in Iaras, São Paulo, Brazil. ISPS + L = intensive silvopastoral system in consortium with Leucena; ISPS + T = intensive silvopastoral system in consortium with Tithonia; SPS = silvopastoral system; OP = open pasture. 
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Figure 2. Design of crop–livestock systems evaluated in experimental area in municipality of Iaras, state of São Paulo, Brazil. ISPS + L = intensive silvopastoral system in consortium with Leucena; ISPS + T = intensive silvopastoral system in consortium with Tithonia; SPS = silvopastoral system; OP = open pasture under rotational grazing system. 
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Figure 3. Bulk density and porosity in different layers for Oxisol with a loamy sandy texture under different livestock production systems: (a) bulk density−Bd; (b) total porosity−TP; (c) macroporosity−MaP; (d) microporosity−MiP; ISSP + L = intensive silvopastoral system with Leucena; ISSP + T = intensive silvopastoral system with Tithonia; SPS = silvopastoral system; OP = open pasture; TR = tree row. Different letters indicate significant differences among treatments in the same soil layer as determined using Tukey’s test at a 5% significance level; ns = treatments in the same soil layer are not statistically different, as determined using Tukey’s test. 
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Figure 4. Soil water retention curves in different layers for Oxisol with a loamy sandy texture under different livestock production systems at the 0.00–0.05 (a), 0.05–0.10 (b), 0.10–0.20 (c), and 0.20–0.40 m (d) soil layers. ISSP + L = intensive silvopastoral system with Leucena; ISSP + T = intensive silvopastoral system with Tithonia; SPS = silvopastoral system; TR = tree row; OP = open pasture;   θ   = volumetric soil water content (m3 m−3); h = soil water tension (kPa); FC = field capacity; PWP = permanent wilting point. 
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Figure 5. Soil physical–hydraulic properties and S-index in different layers for Oxisol with loamy sandy texture under different livestock production systems. (a) Field capacity—FC; (b) permanent wilting point—PWP; (c) available water content—AWC; (d) total aeration capacity—ACt; (e) S-index; ISSP + L = intensive silvopastoral system with Leucena; ISSP + T = intensive silvopastoral system with Tithonia; SPS = silvopastoral system; TR = tree row; OP = open pasture. Different letters indicate significant differences among treatments in the same soil layer as determined by Tukey’s test at 5% significance level; ns = treatments in the same soil layer are not statistically different using Tukey’s test. 
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Figure 6. Biplot chart (PC1 and PC2) of soil properties and livestock production management systems. ISPS + L = intensive silvopastoral system with Leucena; ISPS + T = intensive silvopastoral system with Tithonia; SPS = silvopastoral system; OP = open pasture; TR = tree row; Bd = bulk density; TP = total porosity; MaP = macroporosity; MiP = microporosity; FC = field capacity; PWP = permanent wilting point; AWC = available water content; ACt = total aeration capacity; S = S-index. 
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Figure 7. Coefficients of the canonical variables (CAN1 and CAN2) associated with the soil properties of the different livestock production systems. Bd = bulk density; MaP = macroporosity; MiP = microporosity; FC = field capacity; PWP = permanent wilting point; ACt = total aeration capacity; S = S-index. 
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Figure 8. The 95% confidence intervals for the mean vectors of the canonical variables (CAN1 and CAN2) associated with the soil properties of the different livestock production systems. ISPS + L = intensive silvopastoral system with Leucena; ISPS + T = intensive silvopastoral system with Tithonia; SPS = silvopastoral system; OP = open pasture; TR = tree row. Numerical values followed by + and * indicate the means of the treatments in the canonical variables CAN1 and CAN2, respectively. 
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Table 1. Granulometric distribution of soil in experimental area in municipality of Iaras, São Paulo State, Brazil.
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Layers (m)

	
Sand (53–2000 µm)

	
Silt (2–53 µm)

	
Clay (<2 µm)

	
Texture




	
g kg−1






	
0.00–0.05

	
824.5

	
45.9

	
129.6

	
Loamy Sand




	
0.05–0.10

	
820.6

	
49.1

	
130.3

	
Loamy Sand




	
0.10–0.20

	
825.6

	
43.9

	
130.6

	
Loamy Sand




	
0.20–0.30

	
820.9

	
46.8

	
132.2

	
Loamy Sand




	
0.30–0.70

	
821.0

	
45.9

	
133.1

	
Loamy Sand











 





Table 2. Adjustment parameters of soil water retention curve by van Genuchten model [30] [  θ   =   θ r   + (  θ s   −   θ r  )/[1 + (α × h)n]m] for Oxisol with loamy sand texture under different livestock production systems.
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Soil Depth (m)

	
Treatment

	
Adjustment Parameters

	
R2




	
   θ r    (m3 m−3)

	
   θ s    (m3 m−3)

	
α (kPa−1)

	
m

	
n






	
0.00–0.05

	
ISPS + L

	
0.037

	
0.402

	
1.629

	
0.235

	
1.307

	
0.966




	
ISPS + T

	
0.050

	
0.400

	
0.886

	
0.272

	
1.373

	
0.946




	
SPS

	
0.059

	
0.392

	
0.834

	
0.373

	
1.594

	
0.955




	
OP

	
0.058

	
0.385

	
0.884

	
0.299

	
1.425

	
0.971




	
TR

	
0.074

	
0.371

	
0.584

	
0.413

	
1.705

	
0.919




	
0.05–0.10

	
ISPS + L

	
0.057

	
0.371

	
0.934

	
0.297

	
1.422

	
0.960




	
ISPS + T

	
0.044

	
0.371

	
1.228

	
0.266

	
1.362

	
0.944




	
SPS

	
0.069

	
0.338

	
1.194

	
0.315

	
1.461

	
0.947




	
OP

	
0.053

	
0.377

	
1.030

	
0.306

	
1.440

	
0.958




	
TR

	
0.071

	
0.368

	
0.743

	
0.389

	
1.637

	
0.926




	
0.10–0.20

	
ISPS + L

	
0.084

	
0.357

	
0.759

	
0.393

	
1.648

	
0.932




	
ISPS + T

	
0.091

	
0.305

	
0.559

	
0.414

	
1.706

	
0.931




	
SPS

	
0.081

	
0.289

	
0.627

	
0.375

	
1.601

	
0.958




	
OP

	
0.075

	
0.313

	
0.656

	
0.383

	
1.620

	
0.965




	
TR

	
0.075

	
0.343

	
0.875

	
0.385

	
1.625

	
0.960




	
0.20–0.40

	
ISPS + L

	
0.056

	
0.337

	
1.287

	
0.272

	
1.374

	
0.970




	
ISPS + T

	
0.075

	
0.310

	
1.057

	
0.297

	
1.423

	
0.949




	
SPS

	
0.080

	
0.330

	
1.161

	
0.332

	
1.497

	
0.955




	
OP

	
0.084

	
0.336

	
0.595

	
0.451

	
1.823

	
0.971




	
TR

	
0.094

	
0.348

	
1.416

	
0.394

	
1.651

	
0.942








Notes: ISSP + L = intensive silvopastoral system with Leucena; ISSP + T = intensive silvopastoral system with Tithonia; SPS = silvopastoral system; TR = tree row; OP = open pasture;   θ r   = residual water content;   θ s   = saturation water content; R2 = coefficient of determination; α, m, and n = model parameters.













 





Table 3. Pearson’s correlation matrix of soil physical–hydraulic indicators.
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	Bd
	TP
	MaP
	MiP
	FC
	PWP
	AWC
	ACt
	S





	Bd
	
	*
	*
	*
	ns
	*
	ns
	*
	*



	TP
	−0.826
	
	*
	*
	ns
	*
	ns
	*
	*



	MaP
	−0.517
	0.723
	
	*
	*
	*
	*
	*
	*



	MiP
	−0.318
	0.254
	−0.484
	
	*
	ns
	*
	ns
	*



	FC
	0.126
	−0.110
	−0.403
	0.426
	
	*
	*
	*
	*



	PWP
	0.428
	−0.250
	−0.249
	0.034
	0.485
	
	ns
	*
	*



	AWC
	−0.142
	0.040
	−0.295
	0.462
	0.819
	−0.103
	
	*
	*



	ACt
	−0.762
	0.905
	0.794
	0.034
	−0.522
	−0.419
	−0.319
	
	*



	S
	−0.548
	0.485
	0.245
	0.272
	−0.434
	−0.255
	−0.321
	0.601
	







Notes: Values below the diagonal represent Pearson’s linear correlation coefficients. Bd = bulk density; TP = total porosity; MaP = macroporosity; MiP = microporosity; FC = field capacity; PWP = permanent wilting point; AWC = available water content; ACt = total soil aeration capacity; S = S-index; * = significant at 5% significance level; ns = not significant.













 





Table 4. Eigenvalues, explained variance, eigenvectors, and correlation coefficients between soil properties of different livestock production systems and first two principal components (PC1 and PC2).
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PC1

	
PC2






	
Eigenvalues

	
4.138

	
1.969




	
Explained variance (%)

	
59.12

	
28.13




	
Eigenvectors




	
Bd

	
−0.480

	
0.049




	
MaP

	
0.419

	
0.316




	
MiP

	
0.296

	
−0.517




	
FC

	
0.277

	
−0.569




	
PWP

	
−0.364

	
0.189




	
ACt

	
0.433

	
0.296




	
Index S

	
0.332

	
0.429




	
Correlation of the original variables with the principal components PC1 and PC2




	
Bd

	
−0.98 *

	
0.07




	
MaP

	
0.85 *

	
0.44




	
MiP

	
0.60 *

	
−0.73 *




	
FC

	
0.56 *

	
−0.80 *




	
PWP

	
−0.74 *

	
0.27




	
ACt

	
0.88 *

	
0.42




	
Index S

	
0.68 *

	
0.60 *








Note: * Pearson correlation coefficients at 5% significance level.
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