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Soil aggregates are vital to soil structure, influencing grassland ecosystem health and sustainability. As a dominant land use in grasslands, grazing acts as a key driver of ecosystem structure and function, yet the responses of aggregate size distribution and stability to grazing intensity across soil depths remain insufficiently understood. Here, we conducted an eight-year sheep grazing experiment in a semi-arid steppe with four treatments: no grazing (NG), light (LG), moderate (MG), and heavy grazing (HG). Aggregate characteristics were assessed across four soil layers (topsoil: 0–10 cm, midsoil: 10–30 cm, subsoil: 30–40 cm, Whole soil: 0–40 cm) using dry- and wet-sieving. Results showed that dry-sieved aggregate size distribution was more sensitive to grazing than wet-sieved aggregates. HG dry-sieved >2 mm aggregates significantly increased by 4.98% in whole soil, with MG and HG enhancing large aggregates in topsoil (5.80% and 6.31%, respectively), while LG and MG < 0.25 mm aggregates increased by 8.28% and 11.01%, respectively, in the subsoil. HG had no significant effect on subsoil <0.25 mm aggregates. Aggregate stability was highest under HG, particularly in the subsoil, where both mechanical and water stability were significantly improved 0.14 mm and 0.32 mm, respectively. Soil aggregate stability varied notably with soil depth. Mechanical stability consistently increased with depth, irrespective of grazing intensity. In contrast, water stability displayed distinct patterns among treatments: a progressive increase with depth under NG, a topsoil minimum under LG and MG, and relatively constant values across depths under HG. Soil aggregate stability was jointly regulated by grazing intensity coupled with soil depth, significantly influenced by soil bulk density, microbial biomass carbon, and belowground biomass. Although higher grazing intensity can improve aggregate stability, it may also have adverse effects on soil porosity, bulk density, and belowground biomass. Thus, intermediate grazing is critical for maintaining aggregate stability and the long-term sustainability of typical steppe ecosystems.
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1 INTRODUCTION
Grasslands constitute the most extensively distributed and expansive terrestrial ecosystem, covering approximately 40% of the Earth’s land surface and storing nearly 10% of global soil organic carbon (Dlamini et al., 2016; Zhao et al., 2017; Buisson et al., 2022). As the predominant land-use practice in grasslands, grazing plays a pivotal role in shaping ecosystem structure and function (Wang et al., 2019b; Wan et al., 2020). However, excessive grazing has increasingly contributed to the degradation of soil quality and the decline of associated ecosystem services (Han et al., 2021; Hu et al., 2024b). Existing research on grazing effects in grassland ecosystems has predominantly focused on aboveground plant communities and soil nutrient dynamics (Jiang et al., 2023), while investigations into soil aggregate size distribution and stability remain relatively limited.
Soil aggregates are fundamental structural units and key indicators of soil quality and fertility (Singh and Singh, 1996; Even and Cotrufo, 2024). Particle size and distribution reflect the degree of aggregation and structural stability (Tisdall and Oades, 1982). Aggregate formation is primarily driven by soil organic carbon and microbial activity (Hannula et al., 2023), with microaggregates offering a more stable environment for long-term carbon sequestration (Puget et al., 2000). Aggregate stability is closely tied to soil structure and regulates processes such as water movement and retention (Dou et al., 2020), microbial activity, plant growth, and soil erosion resistance (An et al., 2008). Furthermore, Water-stable aggregates provide better physical protection for SOC than dry-sieved aggregates due to their greater stability and persistent microstructure (Li et al., 2025). Maintaining high soil aggregate stability is essential for improving windbreak and sand fixation, conserving water and soil, and promoting soil carbon sequestration. (An et al., 2013; Li et al., 2023). A deeper understanding of aggregate size distribution and stability under grazing is critical for sustainable grassland management and provides a solid basis for assessing soil health in grazed ecosystems.
Livestock directly and indirectly affect vegetation, soil physicochemical properties, and microbial communities through grazing, trampling, and urination, thereby influencing the formation of soil aggregates (Wiesmeier et al., 2012; Wen et al., 2016). Many studies have shown that grazing leads to the fragmentation of large soil aggregates under wet sieving, increases the proportion of microaggregates, and reduces overall stability (Zhou et al., 2010; Reszkowska et al., 2011). However, some research indicates that light grazing promotes the formation of >1 mm dry-sieved macroaggregates in alpine meadow grasslands, thereby enhancing aggregate stability (Wang et al., 2020; Zhang et al., 2022). Grazing prohibition has been found to improve the water stability of aggregates in semiarid grassland (Liu et al., 2021), while heavy grazing increases the proportion of >2 mm water-stable aggregates in desert steppes (Fan et al., 2021). Therefore, current conclusions about how grazing intensity affects soil aggregate size distribution and stability are still inconsistent. Additionally, some studies suggest that grazing may enhance the mechanical stability of aggregates in typical grasslands while reducing their water stability (Zhang et al., 2022). Research indicates that soil depth is a key driver of aggregate carbon (Pan et al., 2023). In alpine meadows, the influence of root biomass and microbial biomass carbon on aggregate-associated carbon diminishes with increasing soil depth (Pan et al., 2023). However, most previous studies have overlooked two key issues: (1) the divergent responses of dry-sieved aggregates reflecting mechanical stability and wet-sieved aggregates reflecting water stability to grazing; and (2) the depth dependent changes in aggregate composition and stability induced by grazing. This study investigates the effects of eight-year grazing treatments on soil aggregate composition and stability in Xilingol typical steppe. Based on preliminary results, we propose two hypotheses: (H1) Dry-sieved aggregates, whose stability depends primarily on physical binding, will be more resistant to grazing disturbance. (H2) Intermediate grazing will enhance the mechanical stability of dry-sieved aggregates by promoting compaction, while simultaneously reducing the water stability of wet-sieved aggregates. The research addresses two fundamental questions: (1) the differential response mechanisms of dry- versus wet-sieved aggregates to grazing, and (2) whether the contrasting effects of grazing intensity on aggregate composition and stability persist across soil-depth gradients.
2 MATERIALS AND METHODS
2.1 Study area
The study area is situated at the Xilinhot National Climate Observatory (44°08′N, 116°19′E, elevation 1,118 m, Figure 1A). The climate is semi-arid continental temperate, with an average annual precipitation of approximately 281 mm, over 85% of which occurs between May and September (Han et al., 2023). The average annual temperature is around 2.4 °C, and the soil is classified as Kastanozems (Wu et al., 2022). The vegetation is characteristic of a semi-arid Stipa grandis steppe, dominated by S. grandis and Leymus chinensis. The community is also composed of perennial herbs such as Cleistogenes squarrosa, Agropyron cristatum, and Anemarrhena asphodeloides, along with annual and biennial herbs such as Salsola collina, Dysphania aristata, and Chenopodium acuminatum.
[image: Map of China's northern region shows elevation with a color gradient. Beijing and Xilinhot are marked. Adjacent graphic outlines grazing patterns labeled NG, LG, MG, HG. Below, photos show landscapes for each pattern: NG, LG, MG, HG.]FIGURE 1 | Study area location and experimental design for grazing manipulation, including a landscape map: (A) shows study area location; (B) shows the randomized block grazing experiment designed with four treatments, namely no grazing (NG), light grazing (LG), moderate grazing (MG) and heavy grazing (HG). Each plot covered an area of 1.44 ha; (C) shows the landscape map of the four different grazing treatments.2.2 Grazing experiment design and sample collection
The grazing experimental area was established in a relatively flat region with uniform vegetation types. The experiment followed a completely randomized block design with four grazing treatments, each replicated three times: no grazing (NG), light grazing (LG), moderate grazing (MG), and heavy grazing (HG). The stocking rates were 0, 2, 4, and 8 sheep per hectare per day, respectively. Grazing intensity was regulated by adjusting the number of grazing days at a fixed stocking rate. Specifically, 28 two-year-old Ujumqin sheep grazed sequentially on 12 pasture plots for 0, 3, 6, and 12 days, with each grazing cycle lasting 21 days (Figure 1B). The grazing experiment began in 2013 and comprised four grazing periods each year, from early June to late September, between 07:00 and 18:00. Samples were collected in August 2020, the experiment's eighth year.
Based on vegetation characteristics, three sampling points were established per plot to collect soil samples from the 0–10 cm, 10–30 cm, and 30–40 cm depth intervals. Bulk density was determined using 5 cm diameter cutting rings, with samples oven-dried at 105 °C to constant weight. Undisturbed soil samples (10 × 10 × 10 cm aluminum boxes) were collected for aggregate analysis, manually fragmented to approximately 1 cm3 after removing visible roots and gravel, then air-dried. At each aggregate sampling location, duplicate 200 g soil samples were collected, one air-dried for physicochemical analysis (including C/N content) and the other sieved through a 2 mm mesh and stored at −4 °C for microbial biomass carbon determination. Root biomass was sampled using an auger, washed thoroughly, and oven-dried at 65 °C to constant weight. A total of 108 samples were collected for analyses of bulk density, aggregate stability, physicochemical properties, and below-ground biomass.
2.3 Soil aggregate size distribution and analysis
A dry-sieving method was used to quantify mechanically stable aggregates. Dry soil samples from each layer (200 g) were sieved through 2 mm, 1 mm, 0.5 mm, and 0.25 mm meshes at a frequency of 30 revolutions per minute for 2 min (Márquez et al., 2004). After sieving, the aggregates retained on each sieve were collected and weighed. The mass percentage of mechanically stable aggregates for each particle size was then calculated. A wet-sieving method was used to quantify water-stable aggregates. A 50 g subsample of each aggregate size fraction obtained by dry-sieving was immersed in distilled water for 5 min to displace trapped air (Dai et al., 2024). The analyzer was set at 50 cycles per minute with a 3 cm sieve movement. Aggregates were washed into aluminum boxes, dried at 65 °C to constant weight, and the mass percentage of water-stable aggregates was calculated.
This study selected the content of each particle-size aggregate Equation 1 and mean weight diameter (MWD) Equation 2 as evaluation indicators for soil aggregate composition and stability (He et al., 2021). The calculation formulas are as follows:
Content of each particle-size aggregate:
Wi=Weight of each aggregate sizeTotal weight of soil sample×100%(1)
Mean Weight Diameter (MWD):
MWD=∑i=1nWiX¯i∑i=1nWi(2)
where Wi denotes the dry weight of the ith level aggregate component (g); X¯i represents the average diameter of the ith level aggregate (mm).
2.4 Measurement of soil physico-chemical properties
In this research, we conducted systematic analyses on physicochemical soil samples. Specifically, soil pH was assessed employing the potentiometric method (soil: water = 1 : 2.5). Total soil carbon and nitrogen were quantified using an elemental analyzer (Elementar Vario MacroCube, Germany), and inorganic carbon content was measured via gas volumetric analysis. The organic carbon content in the soil was derived by subtracting inorganic carbon from the total soil carbon. Microbial carbon and nitrogen contents were determined through the chloroform fumigation-extraction technique.
2.5 Statistical analysis
First, one-way ANOVA and the LSD method were employed in SPSS 23.0 to analyze the effects of varying grazing intensities on belowground biomass, soil physicochemical properties, aggregate size distribution, and stability across different soil depths. Subsequently, Pearson correlation analysis was conducted in R 4.3.3 to examine the relationships between dry- and wet-sieved aggregate characteristics and environmental factors. Two-way ANOVA was applied to assess the effects of grazing intensity, soil depth, and their interaction on aggregate stability. Redundancy analysis (RDA) and hierarchical partitioning (HP) were performed to explore the associations between soil aggregate properties and physicochemical characteristics, followed by the selection of key environmental variables for structural equation modeling (SEM). Principal component analysis (PCA) was used to reduce the dimensionality of soil organic carbon and total nitrogen data, which served as indicators of soil nutrient status. Within the SEM framework, the direct and indirect effects of grazing intensity, soil depth, soil nutrients, microbial biomass carbon, bulk density, and belowground biomass on the mechanical and water stability of aggregates were assessed. All data were standardized prior to analysis.
3 RESULTS
3.1 Characteristics of soil aggregate composition under different grazing intensities
The response of dry-sieved and wet-sieved soil aggregates to grazing intensity follows a similar pattern, with a stronger effect on dry-sieved aggregates (Figure 2). In the whole soil (0–40 cm), heavy grazing (HG) significantly increased dry-sieved aggregates (>2 mm), but had no effect on wet-sieved aggregates (>2 mm). HG resulted in significantly higher dry-sieved and wet-sieved aggregates (>2 mm) compared to light grazing (LG) and moderate grazing (MG). All grazing intensities reduced dry-sieved 1–2 mm aggregates, and LG also decreased the wet-sieved 1–2 mm fraction. Both MG and HG reduced dry-sieved 0.5–1 mm aggregates, while only LG affected wet-sieved 0.5–1 mm aggregates (p < 0.05). MG and HG also reduced dry-sieved 0.25–0.5 mm aggregates, with all grazing intensities decreasing the corresponding wet-sieved fractions (p < 0.05). LG significantly increased dry-sieved <0.25 mm aggregates, but had no effect on wet-sieved <0.25 mm aggregates.
[image: Bar charts show dry-sieved and wet-sieved soil aggregate composition percentages across four soil depths: 0–10 cm, 10–30 cm, 30–40 cm, and 0–40 cm. Composition is categorized by aggregate sizes: greater than 2 mm, 1–2 mm, 0.5–1 mm, 0.25–0.5 mm, and less than 0.25 mm, color-coded green, purple, red, orange, and pink, respectively. Labels a, b, ab, and c indicate statistical groupings. Both charts compare four groups: NG, LG, MG, and HG.]FIGURE 2 | Responses of soil aggregates composition to grazing intensity in different soil layers: (A) dry-sieved soil aggregate composition, (B) wet-sieved soil aggregate composition. Note: NG, no grazing; LG, light grazing; MG, moderate grazing; HG, heavy grazing. Different letters indicate significant differences between different grazing intensities (p < 0.05).Differential responses of dry- and wet-sieved soil aggregate size distribution to grazing intensity across soil depths (Figure 2). In the topsoil (0–10 cm), both MG and HG significantly increased the proportion of >2 mm aggregates under both dry and wet sieving. All grazing intensities significantly reduced the proportion of 0.25–0.5 mm aggregates under dry sieving, with a significant reduction under wet sieving observed only under HG. No significant differences were found for <0.25 mm aggregates under either sieving method. The proportions of 1–2 mm and 0.5–1 mm aggregates showed no consistent response to grazing intensity under both sieving methods. In the midsoil (10–30 cm), there was no discernible pattern in the variation of aggregates of different particle sizes under varying grazing intensities. In the subsoil (30–40 cm), the proportion of >2 mm aggregates was significantly higher under HG than LG and MG, but not different from NG. All grazing intensities significantly reduced 1–2 mm dry-sieved aggregates, while only LG and MG reduced wet-sieved aggregates. MG and HG significantly decreased 0.5–1 mm dry-sieved aggregates, with no significant differences for wet-sieved aggregates. LG and MG significantly reduced 0.25–0.5 mm wet-sieved aggregates, but no significant differences were observed for dry-sieved aggregates. LG and MG significantly increased the proportion of <0.25 mm aggregates, while HG had no significant effect.
3.2 Characteristics of soil aggregate stability under different grazing intensities
The mechanical and water stability of soil aggregates exhibited generally consistent responses to grazing intensity. However, their stability characteristics differed significantly with changes in soil depth. Within the whole soil, HG exhibited higher mechanical and water stability of aggregates compared to other treatments (p > 0.05), with mechanical stability being significantly greater than under LG (Figures 3D,H). In the topsoil, both mechanical and water stability of soil aggregates showed an increasing trend with grazing intensity (p > 0.05; Figures 3A,E). Across all soil layers, HG enhanced the mechanical and water stability of soil aggregates compared to LG and MG (Figure 3). Specifically, In the subsoil, both mechanical and water stability under HG were significantly higher than LG (Figures 3A–C,E–G). Mechanical stability of soil aggregates consistently increased with increasing soil depth irrespective of grazing intensity (Figures 3A–C). In contrast, water stability varied distinctly with depth: it increased progressively under no grazing (NG), reached subsurface minima under light (LG) and moderate (MG) grazing, and remained largely invariant across depths under heavy grazing (HG) (Figures 3E–G).
[image: Box plots illustrating dry-sieved and wet-sieved mean weight diameter (MWD) in millimeters across various depths and grazing intensities. Panels A-D show dry-sieved MWD for depths 0-10 cm, 10-30 cm, 30-40 cm, and a combined 0-40 cm. Panels E-H show wet-sieved MWD for the same depths. Grazing intensities are categorized as NG (No Grazing), LG (Light Grazing), MG (Moderate Grazing), and HG (Heavy Grazing) with corresponding color codes. Statistical differences are indicated by letters above each box plot.]FIGURE 3 | Responses of the soil aggregates stability to grazing intensity in different soil layers: (A–D) dry-sieved MWD, (E–H) wet-sieved MWD. Note: NG, no grazing; LG, light grazing; MG, moderate grazing; HG, heavy grazing; MWD, mean weight diameter. Different uppercase letters indicate significant differences (p < 0.05) between soil depths within the same grazing intensity (p < 0.05). Different letters indicate significant differences between different grazing intensities (p < 0.05).3.3 Drivers of soil aggregate composition and stability under different grazing intensities
Both mechanical and water stability were strongly, negatively correlated with the <0.25 mm aggregate fraction and strongly, positively correlated with the >2 mm fraction. In dry-sieving, 1–2 mm aggregates are significantly associated with mechanical stability in topsoil and midsoil, while wet-sieving reveals significant positive correlations across midsoil, subsoil, and whole soil. Dry-sieved 0.25–0.5 mm aggregates show a significant negative correlation with mechanical stability, except in topsoil. Other size fractions exhibit weak or inconsistent associations with stability (Supplementary Figure S1).
Soil bulk density (BD) was positively associated with the content of wet-sieved macroaggregates (>2 mm) and their water stability (Figures 4A,B; Supplementary Figure S2). In contrast, aboveground biomass (AGB) and below-ground biomass (BGB) had a negative impact on aggregate size distribution and stability, showing inverse correlations with >2 mm fractions from both dry and wet sieving, as well as overall aggregate stability (Figures 5A,B; Supplementary Figure S2). Similarly, microbial biomass carbon (MBC) was negatively correlated with both mechanical and water stability, while also influencing wet-sieved aggregate size distribution (Figures 4A,B,D) In typical steppe ecosystems, grazing intensity indirectly influenced soil aggregate stability by significantly altering BD and BGB (Figure 5). However, BD was not significantly associated with mechanical stability (Figure 5A). Soil depth exerted direct but opposing effects on aggregate stability - enhancing mechanical stability while reducing water stability. Additionally, it indirectly influenced aggregate stability by mediating soil nutrient availability, bulk density (BD), belowground biomass (BGB), and microbial biomass carbon (MBC) (Figure 5; Supplementary Table S1).
[image: Four-panel figure with graphs showing statistical analysis results. Panel A and B are RDA biplots representing variance in soil properties under different grazing intensities with arrows indicating variables like SOC, TN, and pH. Panel C and D are radar charts displaying explained variation percentages for the variables. Panel C shows significant variations in BGB and pH, while Panel D highlights significant variations in BGB and MBC. Different colored arrows and sections indicate significance levels.]FIGURE 4 | Redundancy analysis (RDA) and hierarchical partitioning (HP) of soil aggregate characteristics in relation to soil properties in the 0–40 cm Soil Layer: (A) redundancy analysis of dry-sieved soil aggregate characteristics in relation to soil properties, (B) redundancy analysis of wet-sieved soil aggregate characteristics in relation to soil properties, (C) hierarchical partitioning of dry-sieved soil aggregate characteristics in relation to soil properties (D) hierarchical partitioning of wet-sieved soil aggregate characteristics in relation to soil properties Note: BGB, below-ground biomass; pH, soil acidity; BD, soil bulk density; TC, soil total carbon; SOC, soil organic carbon; MBC, microbial biomass carbon; TN, soil total nitrogen; MBN, microbial biomass nitrogen; MWD, mean weight diameter.[image: Structural equation models (A, B) and bar charts (C, D) show relationships between soil properties. A and B depict pathways affecting dry-sieved and wet-sieved MWD, respectively, with significant paths marked. C and D display standardized effects of variables like grazing intensity (GI) and soil depth (SD) on MWD. Colors indicate direct, indirect, and total effects.]FIGURE 5 | The structural equation model (SEM) depicts the direct and indirect effects of grazing intensity and soil depth on soil aggregate stability: (A) the direct and indirect effects of grazing intensity and soil depth on dry-sieved MWD, (B) the direct and indirect effects of grazing intensity and soil depth on wet-sieved MWD, (C) standardized effects of the dry-sieved MWD, (D) standardized effects of the wet-sieved MWD. Note: GI, grazing intensity; SD, soil depth; BGB, below-ground biomass; BD, soil bulk density; SOC, soil organic carbon; TN, soil total nitrogen; MBC, microbial biomass carbon.4 DISCUSSION
4.1 Grazing effects on soil aggregate composition and stability
This study found that MG and HG significantly increased >2 mm aggregates in both dry- and wet-sieving within the topsoil (Figure 2). Comparable studies have shown that moderate grazing boosts large aggregate content in soils of the Tibetan Plateau (Zhang et al., 2019). The composition, distribution, and stability of soil aggregates are crucial in forming optimal soil structure (Six et al., 2000). The size distribution of aggregates influences biogeochemical cycling and energy flow, while their stability dictates the soil’s resistance to erosion (Zhang et al., 2022; Peng et al., 2023). Higher macroaggregate (>0.25 mm) content and a larger mean weight diameter are positively associated with improved aggregate stability (Yang and Wander, 1998; Zhao et al., 2022). In this study, the content of >2 mm aggregates and the mechanical stability of aggregates under HG were significantly higher than those under LG in whole soil (Figures 2A, 3D). Heavy grazing, by promoting controlled soil compaction, improves soil aeration and permeability, thereby enhancing the content and stability of >2 mm soil aggregates (Reinhart et al., 2021). Across the whole soil profile, the 1–2, 0.5–1 and 0.25–0.5 mm aggregate fractions attained their highest contents under no grazing (NG) (Figure 2). This is likely due to the greater accumulation of surface litter, which enhanced organic binding agents and promoted the formation of larger aggregates (>0.25 mm) (Wang et al., 2020).
In this study, the content of wet-sieved aggregates <0.25 mm was consistently lower than that of dry-sieved aggregates in whole soil, with the disparity increasing significantly with soil depth (Figure 2). This pattern reflects the disintegration of unstable aggregates into <0.25 mm fractions during wet-sieving treatment, resulting in substantially higher proportions of smaller aggregates in the wet-sieved samples (Elliott, 1986; Sodhi et al., 2009). Our findings demonstrate that grazing intensity similarly influences both mechanical and water stability of soil aggregates in typical steppe ecosystems, with mechanical stability exhibiting greater sensitivity (Figure 3). This contrasts with previous studies reporting increased mechanical stability but decreased water stability under grazing (Zhang et al., 2022), suggesting these responses may be ecosystem-dependent, potentially due to differences in grassland types (Pérès et al., 2013). Our results revealed distinct depth-dependent patterns for the two aggregate stability metrics: mechanical stability consistently increased with soil depth (Figures 3A–C; Supplementary Table S1), while water stability followed a unimodal trend, initially increasing and then decreasing in deeper layers (Figures 3E–G). The decline in water stability with depth reflects the increasing proportion of non-water-stable mechanical aggregates, which disintegrate into smaller fractions during wet-sieving (Xiao et al., 2021), consistent with established pedogenic processes.
4.2 Factors affecting the stability of soil aggregates under grazing
Grazing influences soil aggregates by affecting soil pore volume, pore size, and connectivity (Parwada and Van Tol, 2019; Levi et al., 2020). Overgrazing reduces aboveground vegetation cover (Reszkowska et al., 2011), leading to soil compaction and a decrease in aggregate stability (Zhang et al., 2018; Zhang et al., 2022). In contrast, moderate grazing can enhance aggregate stability (Ju et al., 2023). In this study, grazing indirectly influenced soil aggregate stability by significantly affecting BD and BGB (Figure 5; Supplementary Figure S2; Supplementary Table S2). Moderate grazing increases soil bulk density and reduces erodible sediment content (Reinhart et al., 2021), thereby affecting aggregate stability. Soil aggregate stability is highly correlated with root activity (Obia et al., 2016), as dense root systems disrupt aggregates, leading to an increase in microaggregates (<0.25 mm) and a subsequent decrease in stability (Zhou et al., 2022). These findings are consistent with our results, such as the significant positive correlation between BD and the content and stability of >2 mm wet-sieved aggregates (Figures 5A,B; Supplementary Figure S2B). Additionally, in agroecosystems, soil aggregate stability has also been found to exhibit a significant positive correlation with soil bulk density (Dai et al., 2024). Conversely, BGB negatively correlates with the content and stability of >2 mm dry- and wet-sieved aggregates (Figures 4, 5A,B). The mean weight diameter (MWD) of water-stable aggregates was positively, though not significantly, correlated with soil carbon stock (Supplementary Figure S2B). While heavy grazing did not significantly enhance carbon stock, it consistently maintained higher levels across all soil depths compared to light and moderate grazing (Supplementary Table S2). Despite reduced carbon inputs from litter under heavy grazing (Wang et al., 2023; Wang et al., 2025), the concentrated deposition of organic matter via livestock excreta may have transiently enhanced the soil organic carbon pool (Fan et al., 2021), facilitating organic binding within aggregates and modestly improving their stability. Contrary to our findings, some studies have reported that high grazing intensity reduces soil carbon stocks by accelerating decomposition and disrupting carbon cycling (Wang et al., 2023). This discrepancy may stem from the relatively short grazing duration in our study, during which soils had not yet entered a degraded state. In this study, Microbial biomass carbon showed an significant negative correlation with soil aggregate stability (Figures 5A,B). It has been found that microaggregates sup-port more diverse microbial communities than macroaggregates (Bach et al., 2018; Hu et al., 2023). The increase in aggregate stability was mainly driven by > 2 mm aggregates (Supplementary Figures S1, S2), leading to a negative correlation between microbial biomass carbon and stability. Notably, a similarly significant negative correlation has been observed between enhanced macroaggregate stability and microbial carbon use efficiency in calcareous karst soils (Hu et al., 2024a).
Although numerous studies have shown that overgrazing reduces vegetation cover and disrupts biological soil crusts (Thomas, 2012), leading to a significant decrease in large aggregates and an increase in microaggregates, thereby lowering aggregate stability (Wang et al., 2019a; Zhang et al., 2022), our study found that in whole soil layer, both dry- and wet-sieved >2 mm aggregates were highest under HG, while <0.25 mm aggregates (microaggregates) were highest under LG (Figure 2). Other studies have also reported that 15 years of heavy grazing in desert grasslands increased >2 mm soil aggregates (Fan et al., 2021). Our results showed no significant differences in the mechanical and water stability of soil aggregates across treatments in the 0–30 cm layer. However, both mechanical and water stability were significantly higher under HG compared to LG in subsoil (Figures 3C, G, p < 0.05). This indicates a notable variation in the response of aggregate stability to grazing intensity across soil depths. Similarly, a previous study found that soil organic carbon in deeper layers (30–50 cm) responded more significantly to light grazing than in surface and midsoil layers (Wu et al., 2022). Our study shows that after 8 years of grazing, aggregate size is more sensitive to grazing intensity than stability. Higher grazing intensity significantly increases the content of large aggregates and shows a trend toward enhanced stability, whereas lower grazing intensity increases the content of microaggregates in deeper soil layers and tends to reduce stability. Heavy grazing is generally associated with reduced soil aggregate stability due to nutrient depletion (Zhou et al., 2017; Hu et al., 2023). However, in this study, 8 years of heavy grazing did not significantly reduce key soil nutrients such as organic carbon and total nitrogen (Supplementary Table S2). Although vegetation cover declined and biomass decreased, the lack of appreciable nutrient losses indicates that the soil had not become degraded. This may explain the slight but positive short-term effect of heavy grazing on aggregate stability, likely reflecting a temporary response rather than long-term improvement.
Despite the observed trends, this study has two main limitations. First, the single 8-year evaluation lacks temporal resolution to assess the progressive impacts of grazing on aggregate formation. Second, the absence of particle-size-specific analyses of organic carbon and microbial communities within aggregates limits our understanding of underlying mechanisms. Future research should adopt chronosequence designs and incorporate size-specific biogeochemical and microbial analyses to better reveal how grazing intensity shapes soil aggregate dynamics over time.
5 CONCLUSION
Investigations of soil aggregate characteristics in a typical Inner Mongolian steppe under varying grazing intensities revealed distinct depth-dependent responses. HG significantly increased dry-sieved aggregates >2 mm (whole soil) but showed no effect on wet-sieved counterparts. Grazing consistently reduced 1–0.25 mm aggregates across all treatments. Notably, MG and HG enhanced >2 mm aggregates in topsoil, while LG and MG increased <0.25 mm aggregates in subsoil. Aggregate mechanical stability increased with soil depth, whereas water stability followed a unimodal pattern. HG consistently improved both stability metrics, particularly showing significant enhancement in subsoil compared to LG. These findings demonstrate the dual regulation of aggregate stability by grazing intensity and soil depth. In the typical steppe, 8 years of heavy grazing degraded plant community structure and reduced biomass, yet the soil itself had not entered a degraded state; as a result, heavy grazing produced a modest, short-lived increase in soil aggregate stability. We recommend layer-specific assessments of aggregate properties under different grazing regimes, with particular consideration given to the temporal dynamics and cumulative effects of grazing management.
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