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Stony soils are very widely distributed and contain abundant rock fragments (>2 mm), which impose major effects on soil properties and plant growth. However, the role of rock fragments is still often neglected, which can lead to an inadequate understanding of the interaction between plants and soil. Undisturbed soil columns were collected from three alpine grasslands on the Qilian Mountain, and the X-ray computed tomography method was applied to investigate the characteristics of rock fragments. The results showed there was significant difference in number density, volumetric content and surface area density of rock fragment among the three grasslands, and followed the order of alpine meadow > alpine steppe > alpine desert steppe. In addition, the soil organic carbon, total nitrogen, total phosphorus, available phosphorus, N-NH4+, and N-NO3− contents in fine earth all increased with increasing number density, volumetric content and surface area density but to different degrees. Furthermore, positive correlations were observed between the rock shape factor and belowground biomass (R2 = 0.531, p < 0.05), between the rock volumetric content and aboveground biomass (R2 = 0.527, p < 0.05), and between number density and Simpson’s index (R2 = 0.875, p < 0.05). Our findings suggest that within a certain range, the increase in rock fragment content is conducive to soil nutrient accumulation and soil water storage and circulation and changes plant features, which contributes to the growth of plants. In addition, rock fragments should be given more consideration when investigating the relationships between soil and vegetation and their response to climate change in future studies.
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INTRODUCTION
Stony soils differ from non-stony soils by the substantial content of rock fragments (soil mineral particles larger than 2 mm in diameter, including gravels, cobbles, stones, and boulders), and widely distributed across global terrestrial ecosystems (Novák and Hlaváčiková, 2019). Stony soils contain abundant rock fragments as a result of both natural soil forming processes and human activities, and the presence of the two qualitatively different components of stony soil (fine earth and rock fragments) creates a heterogeneous soil structure (Zhang et al., 2016a). Stony soils are very widely distributed worldwide and occur in many forested, mountainous and even agricultural regions. For example, approximately 30% of the areas in Western Europe and up to 60% of Mediterranean are covered with stony soils (Poesen and Lavee, 1994), and soils with a high rock fragment content also cover 18% of the land surface of China (Ma and Shao, 2008). Especially, soils are typically characterized by the presence of rock fragments in most areas, such as the Qinghai-Tibetan Plateau (Qin et al., 2015) and karst regions (Shen et al., 2020). Despite the widespread occurrence of rock fragments in soils, little attention has been paid to their ecological and environmental effects.
It is known that rock fragments impose major effects on hydrological processes and soil physicochemical properties (Poesen and Lavee, 1994; Zhang et al., 2016b). The spatial distribution, size, shape, weathering degree, and quantity of the rock fragments in the soil profile significantly regulate water retention, infiltration and gas exchange processes, and increase the complexity of soil hydraulic properties and also influence the soil organic carbon, nutrient dynamics, and susceptibility to erosion (Sauer and Logsdon, 2002; Zhou et al., 2011; Rabot et al., 2018; Ceacero et al., 2020). In addition, rock fragments regulate plant root systems and influence plant growth (De Baets et al., 2007; Estrada-Medina et al., 2013). However, the attention and interest of pedologists and ecologists are mainly focused on the fine soil properties in stony soil, and often ignore the impact of rock debris on soil physicochemical properties and plant growth. As a result, this may lead to an inadequate understanding of soil properties and interaction between plants and soil (Hlaváčiková et al., 2015; Comino et al., 2017; Ilek et al., 2019).
Recently, more attention has been paid to the rock fragments in stony soils (Chen et al., 2011; Ceacero et al., 2012; Du et al., 2017; Hlaváčiková et al., 2019). For example, Tetegan et al. (2015) demonstrated that the rock fragments in soil could act as water reservoirs for plants, and as mulch, rock fragments contributed to evaporation reduction. The effects of rock fragments on soil hydraulic properties are inconsistent under different climatic and specific soil conditions, either revealing reduced infiltration and increased runoff or the opposite effects (Tetegan et al., 2012; Ceacero et al., 2020). However, great difficulties remain in the determination of rock fragment characteristics, includs the type, fraction, size, spatial distribution and porosity (Coppola et al., 2013), and few studies have investigated changes in these features, especially in alpine ecosystems (Mi et al., 2016).
Methods of testing stony soils are constantly being developed, which may help with the former conundrum. At first, due to the limitation of sampling and analysis methods of stony soil, the representative element volume theory at that time recommend the separate measurement of the properties of the rock fragment and fine earth fractions of stony soils (Novák and Hlaváčiková, 2019). After that, combined tracers of dye and iodine (Wang and Zhang, 2011), tension infiltrometers (Zhang et al., 2016a), numerical estimations (Hlaváčiková et al., 2016), and field spatial electrical resistivity measurements are commonly used (Tetegan et al., 2012). In recent years, with the development of scanning technology, X-ray computed tomography (CT) imaging techniques have become more widely used in soil research and are excellent direct, quantitative and visual evaluation methods of soil morphological and topological descriptors from 3D images without damaging the soil structure (Wildenschild and Sheppard, 2013; Helliwell et al., 2014; Callow et al., 2018; Reyes et al., 2018).
Tibetan alpine grassland is one of the most sensitive and vulnerable ecosystems to regional climate change and human activities (Xu et al., 2010; Nie et al., 2021). Alpine grassland soil exhibits distinct stony characteristics, and rock fragments of different sizes widely occur (Qin et al., 2015). However, studies concerning the interactions among rock fragments and soil physicochemical properties and alpine vegetation growth are rare, particularly for the alpine ecosystems on the Tibetan Plateau. More efforts are required to examine rock fragments to determine their possible influence on soil physicochemical properties and plant growth and to assess their ecological function in maintaining the sustainable development of the natural grassland ecosystems on the Tibetan Plateau. We hypothesized that 1) the soil rock fragments will differ among the three grassland types on the Qinghai-Tibet Plateau; and 2) these differences indirectly affect the growth of vegetation through changes in soil physical and chemical properties. Therefore, the objective of this study was to apply CT imaging techniques to quantify the rock fragment features of three types of alpine grasslands on the northeastern Tibetan Plateau and provide a better understanding of the interaction between the soil properties and plant growth.
MATERIALS AND METHODS
Study Sites
This study was conducted on the northeastern edge of the Tibetan Plateau in the Tianzhu alpine grassland (37°17’N, 102°43’E) in Gansu Province, China. The mean annual temperature is −0.1°C, ranging from −18.3°C in January to 12.7°C in July, and the average annual precipitation is 425 mm, while approximately 70–80% of the annual precipitation occurs in July, August, and September (Wang et al., 2019). This region is characterized by a long and cold winter, as well as a short and mild summer, which is a typical continental plateau climate. The plant growth period lasts approximately 120–140 days (Li et al., 2017).
In July 2019, we designed a set of field measurements based primarily on our previous vegetation sampling sites. In previous studies, differences in vegetation traits (aboveground biomass (AGB), number of species, and cover) reflecting the vegetation conditions across Tianzhu County were obtained (Yunfei et al., 2019). The dominant steppe types include alpine steppe, alpine meadow, and alpine desert steppe. We selected three sites as sampling areas in each steppe type. Landscapes of the three steppe types are shown in Figure 1. At Site 1, the main species were Stipa capillata L., Artemisia frigida Willd., and Euphorbia fischeriana Steud. At Site 2, the main species were Potentilla bifurca L., Kobresia myosuroides (Villars) Fiori, and Carex moorcroftii. At Site 3, the main species were Agropyron cristatum (L.) Gaertn., Achnatherum splendens (Trin.) Nevski, and Stipa capillata L. These sites were chosen with similar aspect and topography conditions, and the vegetation at these sites was prolific. The specific sampling site information is listed in Table 1.
[image: Figure 1]FIGURE 1 | Study area (red circle) and sampling sites (orange hollow dots). The landscapes of the field sampling sites of the alpine desert steppe (ADS), alpine steppe (AS), and alpine meadow (AM).
TABLE 1 | Site information under three vegetation types.
[image: Table 1]Vegetation Investigation and Soil Sampling
At each sampling site, three 50 × 50 cm quadrats were established, and the abundance plant species was investigated, which was used to calculate the plant diversity (Simpson’s index). The aboveground parts of plant were cut off along the ground to calculate the aboveground biomass (AGB), and the soil profile was determined below the quadrat to measure the belowground biomass (BGB) in the depth range from 0 to 30 cm. The aboveground and underground parts of all species in each quadrat were harvested and oven dried at 65°C for 48 h to determine the AGB and BGB respectively. The data for three quadrats were averaged to describe each site.
To investigate the 3-D characteristics of rock fragment, soil samples were collected at depths from 0 to 30 cm for ADS and AS and at depths from 0 to 20 cm for AM (because the rock fragment content in the AM soil was very high, and only 0–20 cm soil columns could be obtained). The soil column sampling plots are distributed around the vegetation survey quadrats, 50 cm apart from the vegetation survey quadrats. Nine intact soil columns were collected at the three sites, with three replicates per site. Polyvinyl chloride (PVC) cylinders (with 3-mm thick walls, 11 cm in diameter, and 30 cm in length) with a beveled bottom edge were used to house the soil columns. Shrubs and grasses were carefully clipped and removed to the ground level under minimal disturbance before original soil column sampling. The soil column extraction followed the procedure of Sammartino et al. (2012). The soil columns were sealed with gauze and plastic film, wrapped with sponge and packed with wheat straw, and carefully transported to avoid any compaction and evaporation. In addition, on the profile generated after sampling of each soil column, three replicate soil samples (0–10, 10–20, and 20–30 cm) were collected to analyze soil physicochemical properties. Undisturbed 100-cm3 soil cores (50.46 mm in diameter and 50 mm in height) with three replicates were collected from each soil layer.
Analysis of the Soil Samples
The undisturbed soil cores were oven dried at 105°C for 48 h to measure the soil bulk density (BD) based on the dry weight of each core (Wilson et al., 2013). The total porosity was calculated as (1-BD/particle density) ×100 (Allen et al., 2007). Generally, the particle density of most soils is 2.65 g cm−3 (Zhen et al., 2017), which was used in our calculations. The field water holding capacity (FC) was also measured by the undisturbed soil cores using cutting-ring method (Zhen et al., 2017). The soil samples were air dried at room temperature before sieving through 2 mm sieves for analysis of the soil particle distribution. The soil particle size distribution was determined with a laser particle size meter (Mastersizer 2000; Malvern), and the grading standards for the soil particle size fraction were retrieved from the United States Department of Agriculture (Zhen et al., 2017). For the determination of the soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), total potassium (TK) and the contents of other available nutrients, subsamples were air dried and ground to pass through a 0.15-mm mesh to remove any roots, rocks, and woody debris. The SOC content was measured by the dichromate oxidation method, and TN was measured with the dry combustion method (Vario MACRO cube, Elementar, Germany). The soil inorganic nitrogen (N-NH4+ and N-NO3−) was measured using the KCL extraction procedure, the TP concentration was measured through the colorimetric method with ammonium molybdate-vanadate as the coloring reagent (Jackson, 2005), and the available phosphorus (AP) concentration was measured with the NaHCO₃ extraction procedure and the same colorimetric method as was adopted for phosphorus. These concentrations (g kg−1) were measured using an Auto-Discrete Analyzer System (Smartchem140, AM, Italy). The soil was digested with HF-HClO4-H2SO4 for the determination of TK (Bhattacharyya et al., 2006), and the available or labile potassium (AK) was extracted with NH4OAc (Islam et al., 2017), while the potassium in the aliquots was determined with an atomic absorption spectrophotometer (2655-00, Cole-Parmer, IL, United States).
Undisturbed Soil Sample Scanning by X-Ray CT and Data Processing
The soil columns were scanned with a helical medical CT instrument (SOMATOM Definition Flash, SIEMENS, Germany) at an excitation voltage of 140 kV at 300 mA in the First Hospital of Lanzhou University. The scan resolution was 0.236 mm horizontally and 0.600 mm vertically. The produced scanning images of 512 × 512 pixels per slice had a voxel dimension of 0.236 mm × 0.236 mm × 0.6 mm in each reconstructed image. Each column was vertically scanned, and more than 500 slices were generated, while invalid top and bottom images were removed. Approximately 500 images were analyzed in the subsequent analysis.
Avizo 9.0 (FEI, 2015) software was employed for all of the image processing and parameter calculation steps of the CT images. First, the images were processed to exclude the area outside the soil column, and all the images were carefully examined to determine whether any soil columns might exhibit a distinctly unnatural macropore morphology caused by sampling. The edge of each soil column was cut to eliminate any possible sampling interference along the edge. After comprehensive observation and consideration, the diameter was reduced to 90 mm, and a cylindrical cropping tool was applied to obtain the region of interest (ROI). Second, to improve the image quality, a median filter (radius of 3.0 pixels, a commonly used image processing method) was implemented to minimize the noise from all the reconstructed volumes. We used a plexiglas cylinder was inserted into a soil core, then take it out and measure its diameter with a digital caliper, and scanned it using a helical medical CT device. Then we assumed an initial threshold to calculate the macropore size when using the avizo 2019 software, and compared the calculation result with the measured size obtained with a digital caliper. If the difference between the calculated and measured sizes is significant, another threshold is given to continue the calculation, so that the difference is less than 1% (Li et al., 2013; Hu et al., 2016).
After segmentation, the rock fragment networks were reconstructed, and the 3D distribution along the column depth and the size distribution (sorted by the volume) were visualized. We adopted the equivalent diameter (de) to represent the size of the rock fragments according to the equivalent diameter grades (Figure 2). The rock fragments were divided into four categories and assigned different colors: 2 < de < 4 mm (blue), 4 < de < 6 mm (red), 6 < de < 10 mm (green), and 10 < de < 25 mm (yellow) (Poesen and Lavee, 1994; Chen et al., 2011; Novák and Hlaváčiková, 2019). The number, surface area, volume, shape factor (SF) and equivalent diameter of the rock fragments were calculated. The selection and determination methods of the quantitative parameters of the rock characteristics are as follows:
(a) Number density (ND), the number of rock fragments in a given volume, can reflect the distribution of the stone rock fragments.
(b) Equivalent diameter (de), the equivalent diameter is the diameter of a sphere of the same volume.
[image: image]
(c) Surface area (SA), area of the rock fragment boundary.
(d) Volume (V), volume of the rock fragments.
(e) Shape factor (SF), the SF is a parameter that describes the shape of an object, which equals 1 for a perfect sphere.
[image: image]
[image: Figure 2]FIGURE 2 | Process steps of the scanned images of the soil columns using Avizo 9.0 software: 3D imaging of the original soil column (A), top view (B) and lateral view (C) of the region of interest (ROI) (cylinder), cross-section of interactive thresholding segmentation (blue indicates the selected rock fragment) (D), 3D reconstruction of the rock fragment network (E), and assignment of different colors for the different equivalent diameter grades of the rock fragments (F).
Statistical Analysis
One-way ANOVA was conducted to analyze the differences in rock fragment features among the three sites, and the least-significant difference (LSD) post hoc test (p < 0.05) was performed to compare the rock fragment characteristics among the three grassland types. Before analysis, the data were transformed into normal by arcsine method to conform to the normal hypothesis of ANOVA. Principal component analysis (PCA) was conducted to reveal the relation between the rock fragment features and soil physiochemical properties of the different grassland types. Finally, stepwise regression was implemented to test the relationship between the rock fragments and plant growth. Stepwise regression can be adopted to filter any independent variables with multicollinearity, in which the independent variables with high explanation degrees of the dependent variables are retained, while those with low explanation degrees are excluded from the model. And the variance inflation factors (VIF) method was used to test the multicollinearity in stepwise variable selection (Zhang et al., 2020). Hence, linear regression was used to analyze the relationship between the retained independent variables and the dependent variables. One-way ANOVA and stepwise regression analysis were conducted using software program SPSS (version 20, IBM Corporation, NY, United States). PCA and graphing were performed with Canoco (version 5.0, Microcomputer Power Corporation, NY, United States), and regression analysis graphs were generated with Origin software (version 9.0, OriginLab Corporation, MA, United States).
RESULTS
Visualization of the Rock Fragment Networks and Rock Fragment Characteristics
It is clear that the spatial distribution of the rock fragments was distinctly different among the soils for the different grassland types (Table 2, Figure 3). The 2–6 mm rock fragments comprised the largest fraction of rock fragments in the different soil layers of all three vegetation types. Large numbers of large stones occurred in the soil column of AM, and the rock fragments distributed in the surface soil (0–10 cm) of AM were far more abundant than those in the surface soils of ADS and AS. The rock fragments were more evenly distributed and less heterogeneous in the soil column of AM than those in the soil columns of ADS and AS. The number of rock fragments and proportion of large rocks increased in ADS and AS with increasing soil depth, while there was no significant increase in AM.
TABLE 2 | Rock fragments characteristics under three vegetation types.
[image: Table 2][image: Figure 3]FIGURE 3 | 3-D visualization of rock fragments networks in the soil columns under alpine desert steppe (ADS), alpine steppe (AS), and alpine meadow (AM).
There was no significant difference in mean shape factor and equivalent diameter the three grassland types. The number density of the rock fragments in the 0–30 cm soil layer were ordered as AM > AS > ADS, and ND (1,310 ± 171) in AM (0–20 cm) was approximately 4.9 times larger than that in ADS (0–20 cm, 266 ± 64). The volumetric content and surface area density of the rock fragments in the 0–30 cm soil layer in AM were higher than those in ADS and AS.
Properties of the Soil for the Different Vegetation Types
A variance analysis of the soil properties of the 0–30 cm soil profile at three sites (ADS, AS, and AM) revealed the main differences between the locations (Tables 3, 4). The particle size distribution did not change significantly among the three sites. The soil bulk density is in the order of ADS > AS > AM, but the difference between ADS and AS is not significant. The difference in total porosity between ADS and AM is not significant, and both are higher than AS. The field water holding capacity of AM is higher than that of ADS and AS. The content of soil organic carbon and total nitrogen is different (p < 0.05, Table 4), and in the order of AM > AS > ADS. In addition, the total phosphorus content of AM is much higher than ADS and AS, but there is no significant difference in the distribution of total potassium in the soil (20～30 cm), while the total potassium content in the 0～10 and 10～20 cm soil layer AS is much higher than that of ADS and AM. In terms of the available nutrients, the N-NH4+ and N-NO3− levels in AS and AM were much higher than those in ADS, and AP in AM was much higher than that in ADS and AS, while the difference in the distribution of soil AK in soil (10～30 cm) is not significant.
TABLE 3 | Physical properties of soil under three vegetation types.
[image: Table 3]TABLE 4 | Chemical properties of soil under three vegetation types.
[image: Table 4]Relationships Between the Rock Fragment Characteristics and Soil Properties
PCA was conducted to verify the relationships between the rock fragment characteristics with respect to the soil properties (Figure 4). The results showed that the components of dimension 1 (75.07%) and dimension 2 (9.27%) accounted for 84.34% of the explainable variance. The sites were grouped by the soil variables, and the biplots revealed a clear separation between the sites covered with the different vegetation types. The biplot of axis 1 was strongly correlated with number density, volumetric content and surface area density, and axis 2 was strongly correlated with shape factor and equivalent diameter.
[image: Figure 4]FIGURE 4 | Results of PCA analysis, which shows the relationship between the rock fragment characteristics and the soil variables. The red arrows indicate rock fragment parameters; the blue arrows indicate soil physiochemical properties.
There existed a significant positive correlation between three rock fragment characteristics (number density, volumetric content, surface area density) and soil nutrient content include soil organic carbon, total nitrogen, total phosphorous, available phosphorous and N-NH4+ and N-NO3− (p < 0.001, Figure 4). Meanwhile, number density, volumetric content, and surface area density were also significantly positively correlated with the field capacity (p < 0.05). in contrast, the three rock fragment characteristics exhibited a significantly negative relationship with bulk density (p < 0.05, Figure 4). A significant positive correlation occurred among mean equivalent diameter and soil total porosity (p < 0.001), sand content (p < 0.001), and field capacity (p < 0.05). in addition, shape factor was significantly positively correlated with bulk density and total potassium (p < 0.001) and significantly negatively correlated with the total porosity (p < 0.001). The other soil variables were far removed from the rock fragment characteristics, indicating a low correspondence.
Relationships Between the Rock Fragment Characteristics and the Vegetation Biomass and Diversity
Stepwise regression analysis using the data from all study sites of the rock fragment characteristics was applied to determine the dominant rock fragment factors influencing the vegetation biomass (above and belowground biomass) and diversity (Simpson’s index) among the three sites. Stepwise regression can eliminate the problem of collinearity among the rock fragment parameters, and only one parameter, the rock shape factor, was entered in the model that affected the belowground biomass of each grassland type community (Figure 5A, R2 = 0.531, p < 0.05). Similarly, we also found that the rock volumetric content imposed the greatest influence on the aboveground biomass of the three grassland types (Figure 5B, R2 = 0.527, p < 0.05). Moreover, only number density of the rock fragments entered the model when determining which rock fragment parameters exerted the greatest impact on the vegetation diversity (Simpson’s index) (Figure 5C, R2 = 0.875, p < 0.05).
[image: Figure 5]FIGURE 5 | Relationship between the belowground biomass, aboveground biomass, Simpson’s index and rock fragment characteristics. The black lines indicate the regression fitting lines, and the light blue shaded area indicates the 95% confidence interval of the regression.
DISCUSSION
This study found that there was no significant difference in mean shape factor and equivalent diameter among the three grassland types, and the 2–6 mm rock fragments constituted the largest fraction of rock fragments in the different soil layers for the three vegetation types (Figure 3). Zhongjie et al. (2008) reported that the 2–6 mm rock fragment content was the highest in the Liupan Mountains in China, and Du et al. (2017) also found that the 2–10 mm rock fragment content dominated the total volumetric rock fragment content at four topographic positions on a hillslope on the northern Tibetan Plateau. Although the difference among the mean values of the rock fragment characteristics was not statistically significant, the differences in the rock fragment number, number density, volumetric content, and surface area density were significant and followed the order of AM > AS > ADS.
Research has evaluated the effects of rock fragments on the soil properties and plant growth in forest and agricultural systems, and it has been proven that rock fragments impose both positive and negative effects on soil properties and vegetation growth (Heisner et al., 2004; Ercoli et al., 2006; Meersmans et al., 2012; De Baets et al., 2013). Recent studies showed that the coarse fraction of soils (2–4 mm in diameter) contain a considerable stock of available nutrients (Poeplau et al., 2017; Liao et al., 2019), and Koele et al. (2010) suggested that the exchange mechanisms of the short-term nutritional functions in stony soils are in principle the same as those in free fine earth. Smaill et al. (2014) indicated that coarse soil is excluded from conventional soil analysis, and it is possible that the soil nutrient capital is systematically underestimated.
Studies have indicated that the rock fragments in the soil column exert a major effect on the soil C and N contents, and the rock fragment content was one of the important limiting factors of the C stock and concentration (Leifeld et al., 2005), while Meersmans et al. (2012) confirmed that the organic carbon concentration in fine earth increased with increasing rock fragment content. Our findings are consistent with those studies, namely, the soil organic carbon, total nitrogen, total phosphorous, avilable phosphorious, N-NH4+, and N-NO3− contents of the fine soils all increased with number density, volumetric content and surface area factor to different degrees, except for total potassium and available potassium (Tables 2, 4; Figure 4). If we consider the nutrient content of the coarse fraction of the soils, the rock fragments may not only reduce the opportunity for the soil to provide nutrients to plants but may in turn also provide favorable conditions for vegetation growth (Danalatos et al., 1995; Heisner et al., 2004; Nie et al., 2021). Alpine ecosystems with stony soils serve as an important carbon pool, and the SOC stock in alpine ecosystems estimated by previous studies has often been based on the fine earth fraction, which may have resulted in underestimate calculations of the soil C stock. An increasing number of studies have suggested that rock fragments are a key factor that should be considered in investigating the stony-soil C and N cycles (Wang et al., 2018; Liao et al., 2019).
In our study, positive correlations were observed between the rock shape factor and belowground biomass, while studies indicated negative correlations between the volumetric rock fragment content and bulk density, as well as between bulk density and belowground biomass, which implies that the low bulk density resulting from the high rock fragment content probably strengthened the root penetration ability within fine earth and therefore promoted root growth (van Wesemael et al., 2000). Our results are consistent with those of van Wesemael et al. (2000), as fine earth and rock fragments respond in different ways when expanding and contracting, which may increase the voids between the rock fragments and fine earth, leading to an improved environment for the root system. In addition, we emphasized the role of the rock fragment shape factor. Shape factor of the rock fragments imposed significant positive effects on the soil bulk density, and the stepwise regression results implied that shape factor was the most important factor impacting belowground biomass. Generally, the closer shape factor is to 1, the closer the shape of the stones is to a sphere, and the larger shape factor is, the more elongated the stones are (Erdogan et al., 2006). The rock fragment shape in AM is more regular and closer to a sphere than that in ADS and AS, while the rock fragments in ADS are more angular, flatter and thinner, and the arrangement is also looser, which probably will also improve the root system environment. For example, Tetegan et al. (2015) and Korboulewsky et al. (2020) both reported that irregular rock fragments could contribute to improving the soil available water content, and these rock fragments in soil even were considered to act as water reservoirs for plants during drought periods.
Moreover, positive correlations were observed between the rock volumetric content and aboveground biomass, number density and Simpson’s index (Figure 5). As the organic carbon concentration of the fine soil increased with increasing rock fragment content, the high soil organic carbon content can alter soil compaction and therefore improve the soil structure, which would promote the bonding between primary soil particles, increase soil aeration, improve the quality of soil aggregates (Bronick and Lal, 2005). Moreover, enhance the soil microbial activity, and encourage the decomposition of dead animal material and root litter, which in turn would release more organic matter, thereby increasing the capacity of soil to provide nutrients to plants. In addition to improving the nutrient conditions of vegetation, Poesen and Lavee (1994) suggested that small rock fragments are usually more weathered and more porous, and large quantities of water can be absorbed within the soil profile. In our study, we also found that the field capacity of the soil in AM was higher than that of the soil in ADS and AS with a higher rock fragment content (Poesen and Lavee, 1994). These results indicate that soils with a rock fragment content lower than 5% possess a high water content, which can lead to the prioritization of these soils to maintain thriving plantations, while soils with a high rock fragment content (>15%) have a small volume of soil active in water retention. Within a certain range, the increase in rock fragment content is conducive to the storage and circulation of soil water, which contributes to plant growth. In our study, volumetric content of the rock fragments in the soils was 0.80 ± 0.07 (ADS), 3.17 ± 0.95 (AS), and 6.53 ± 0.76 (AM), well below the 15% mark, which will have a positive effect on soil moisture retention and storage, and the rock fragments can even be considered a potential reservoir for plants (Tetegan et al., 2015). Furthermore, rock fragments can also change certain features of plants, such as transpiration and water use efficiency (Mi et al., 2016); rock fragments can act as regulators of the soil temperature, and stony soils can warm more rapidly than rock-free soils in seasons with rising temperatures, while when the temperature begins to drop, the stony soil temperature can remain high for a long time (Poesen and Lavee, 1994), which may act as a buffer against the sudden temperature changes that can damage plants and can provide protection for plant root systems, especially in the high-solar radiation environment of this high-altitude alpine region, thus protecting certain vulnerable species and imposing a positive effect on the maintenance of the biological diversity.
CONCLUSION
There was no significant difference in shape factor and equivalent diameter among the three grassland types, while the differences in number density, volumetric content and surface area density were significant. The contents of soil organic carbon, total nitrogen, total phosphorous, available phosphorus, N-NH4+, and N-NO3− in the fine soil all increased with increasing number density, volumetric content and surface area density to different degrees. In addition, positive correlations were observed between the rock shape factor and belowground biomass, the rock volumetric content and aboveground biomass, and number density and Simpson’s index, suggesting that within a certain range, the increase in rock fragment content is conducive to soil nutrient accumulation and soil water storage and circulation and changes certain features of plants, which contributes to plant growth. Rock fragments should be given more consideration when investigating the relationships between soil and vegetation and its response to climate change in future studies, and more attention is also needed in soil hydrological processes and nutrient cycling modeling studies.
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