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Abstract

:

The shear strength (particularly soil cohesion) of rooted soil is an important parameter that reflects the true erodibility of meadows, particularly in meadows experiencing different degrees of degradation, ranging from undegraded (UD) through to lightly degraded (LD) and from moderately degraded (MD) to heavily degraded (HD). The cohesion of rooted soil is controlled not only by the soil moisture content and its natural density, but also by roots (including not only their density, spatial distribution, and diameters, but also their tensile strength). This study aimed to improve the current understanding of the erosion resistance of rooted soil and elucidate the impact of meadow degradation on the physical–mechanical indices of rooted soil. Based on this discussion, a one-way analysis of variance was performed at significance levels of 0.05 and 0.01 to test the impact of degradation on the physical–mechanical indices of rooted soil across degradation. Furthermore, the probabilistic distributions of the physical–mechanical indices were described using normal, gamma, Weibull, and generalized extreme values (GEV). The Kolmogorov–Smirnov (KS) test was used to identify the optimal distribution based on p-values and the Pearson correlation coefficient was used to quantify the correlation between the cohesion of rooted soil and other indices. The one-way ANOVA indicated that the soil’s natural density and soil moisture content decreased firstly, followed by an increase, the root amount and cohesion decreased, the root content experienced an initial increasing and then decreasing trend, and the internal friction angle exhibited a stepwise increasing trend. The four distributions sufficiently described the actual distribution of data on the physical–mechanical indices of rooted soil, except for the internal friction angle in UD and MD soils and the soil moisture content in MD soil. Additionally, the KS tests showed that the optimal distribution depended on both the physical–mechanical indices themselves and the degree of degradation. The Pearson correlation analysis showed that the correlation between cohesion and the other physical–mechanical indices varied considerably depending on the degree of degradation.
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1. Introduction


Meadow degradation is a global environmental issue because it leads to the destruction of soil, a reduction in vegetation cover, and the loss of stored soil organic carbon and other soil nutrients or fertilities, thus, causing the retrogression of the vegetation’s composition and the deterioration of the meadow’s ecological system owing to irrational human activities, pika infections, and global climate change [1,2,3]. Shear strength indices (particularly soil cohesion) have attracted increasing attention in recent years because they reflect the degree of meadow degradation and the capacity of meadow soil to withstand erosion triggered by wind, overland flow, and freeze–thawing cycles [4,5,6,7]. Several factors influence the shear strength of meadow soil in the upper layer (0~20 cm), which have been identified by many authors [8,9,10]. For example, Liu et al. (2020) [11] found that meadow degradation led to a variation in the shear strength, moisture content, and natural density of rooted soil, and the shear strength in an undegraded meadow had higher values than in a degraded meadow. Vegetation roots in soil also exert a noticeable effect on its shear strength, and the magnitude of this effect is dependent on the root amount or root content (root mass in rooted soil). Fu et al. (2016, 2019) [12,13] and Wang et al. (2021) [4] found that soil cohesion was positively correlated with the soil root content. Thus, the shear strength (cohesion) of meadow soils containing a large amount of plant roots is the result of the combined effects of several physical–mechanical properties of soils (e.g., the biomechanical properties of roots, soil microstructure, soil density, soil moisture content, and root content [4,14,15,16]), and it, therefore, exhibits considerable variability [17]. Therefore, understanding the variability of these indices and identifying the correlation between the shear strength (cohesion) of meadow soil and its physical–mechanical indices would facilitate the accurate evaluation of the quality and erosion resistance of the soil. Owing to the great variability led by its complex components, it is hard to determine an appropriate quantitative assessment on the physical–mechanical indices of rooted soil.



A method based on the probability theory, in which the variation in the indices is described using a distributional function to predict/quantify their values, is a feasible alternative and, therefore, has been taken into practice for decades [18,19]. All of these studies provided sufficient inferences for us to completely determine a rational and accurate assessment on the actual values of soil or rock properties. However, nearly no such investigations had been conducted to study the variability and uncertainty of pasture soils. The shear strength of soil devoid of roots is typically controlled by its type, structure, particle size composition, water content, density, chemical composition, and formation conditions. Unlike soil devoid of roots, rooted soil (namely, meadow soil that consists of roots of herbs and the surrounding soil, forming a special composite named rooted soil) in meadows exhibits certain intrinsic characteristics in terms of its physical–mechanical properties, including its shear strength. Therefore, the shear strength of rooted soil is controlled not only by the aforementioned indices, but also by the number of roots, root distribution, biomechanical properties of roots, and vegetation root litter [4,9,20]. All these indices increase the difficulties of using the probability theory to predict the values of the shear strength indices of rooted soil.



In recent years, under the influence of global climate warming, unsustainable exploration activity, overgrazing, and disturbance due to pikas (e.g., Ochotona curzoniae), alpine meadows in the Qinghai–Tibet Plateau (QTP) have experienced considerable degradation [1,2,3,21,22,23,24], which has led to a reduction in vegetation cover, meadow biodiversity, and soil organic matter, and the loss of nutrient and water content; this, in turn, has aggravated meadow degradation, decreased soil shear strength, and, hence, increased soil erodibility. Thus, a better understanding of the variability and the probability distribution of the physical–mechanical indices of rooted soil in meadows would facilitate the rational assessment of the actual condition of meadow soil. Moreover, the shear strength of rooted soils in meadows exhibiting different degrees of degradation may differ because of their differences in their root content, moisture content, and root composition. However, the current understanding of the impact of meadow degradation on the physical–mechanical properties and on the probabilistic distribution of the physical–mechanical indices is far from sufficient. It is unknown whether physical–mechanical indices (shear strength indices, soil moisture content, soil natural density, root content, and root amount) of meadow soils experiencing different degrees of degradation follow the same probabilistic distribution. In addition, it is unclear whether the correlation between the shear strength and physical–mechanical indices of meadow soil remains constant regardless of the degree of meadow degradation. Furthermore, the specific indices that strongly influence the shear strength of rooted soil have not been identified. This gap in the understanding of the probabilistic distribution of the physical–mechanical indices of rooted soil caused a difficulty in estimating the erosion resistance of meadow soils.



The objective of this study was to investigate: (1) the impact of meadow degradation on the physical–mechanical properties of rooted soil; (2) the probabilistic distribution trend of the physical–mechanical indices of rooted soil for meadows experiencing different degrees of degradation; and (3) the correlation of cohesion with these physical–mechanical indices, which impact the shear strength of rooted soil.




2. Study Area


The study area (101°28′ E and 34°51′ N) is located in Henan county, Huangnan Tibetan Autonomous Prefecture, in the eastern part of the source region of the Yellow River, Qinghai, China (Figure 1). The terrain is high in the northeast and low in the southwest. It is also characterized by high mountains and deep valleys in the south and flat pains in the north. The highest elevation is 4539 m above sea level (a.s.l.) and the lowest is 3168 m a.s.l.; most of the area is located above 3600 m a.s.l. The climate condition is a plateau continental climate characterized by strong solar radiation, short cool summers, but long cold winters, with a mean temperature of −1.3 to −1.6 °C, sparse precipitation, but strong evaporation, with an annual precipitation of 615.5 mm and evaporation of 1592 mm [25]. The precipitation is generally concentrated between summer and autumn, accounting for nearly 80% of the total annual precipitation. The soil type in this region is sandy soil and mainly composed of alpine meadow soil characterized by high levels of potassium and nitrogen ions, but lower levels of phosphonium ions.



The study area is generally covered by a high-altitude alpine meadow. It was selected because it is a typical high-altitude alpine meadow and is subjected to severe soil erosion triggered by meadow degradation due to overgrazing, irrational anthropogenic engineering activities, burrowing by pikas, and freeze–thaw cycles [7,10,25,26]. According to the vegetation coverage (vegetation coverage ≥ 90% for undegraded (UD) meadow, 70% ≤ vegetation coverage ≤ 90% for lightly degraded meadow (LD) [26], 20% ≤ vegetation coverage ≤ 70% for moderately degraded meadow (MD), and vegetation coverage ≤ 20% for heavily degraded meadow (HD)) and the succession stages of vegetation phytosociological composition, the study area was categorized into four categories.



Plant communities in UD were dominated by Kobresia humilis Serg., Poa annua L., Stipa purpurea Griseb., and Elymus nutans Griseb. Plant communities in LD were dominated by Carex moorcroftii Falc., Elymus nutans Griseb., Gentiana straminea Maxim., and Leontopodium leontopodioides (Willd.). The predominant vegetation in both UD and LD belong to the Cyperaceae or Gramineae families, whose roots are generally characterized by numerous developed fibrous roots that generate a glue-like effect, bonding soil particles together, and, therefore, increasing the additional cohesion of the soil and, thus, are more efficient in reducing soil erosion. In MD, the predominant species were Potentilla anserina L., Lancea tibetica Hook.f. et Thoms, Ajuga lupulina Maxim., and Ajania tenuifolia (Jacq.) Tzvel, and in HD, the predominant species were Elsholtzia densa Benth. and Stellaria alaschanica Y.Z. Zhao., all of which generally have long main taproots with shorter lateral and secondary roots. The study area is prone to erosion because of strong erosive forces (overstock, irrational human activities, and global warming), steep terrain, and weak soil type, and a considerable percentage of the study area experiences degradation in different degrees. In recent decades, some ecological measures have been adapted to restore the local ecosystem, such as grazing prohibition, land utilization-type changes, controlling the livestock and plateau pika population, and artificial revegetation [8,27,28,29].




3. Materials and Methods


3.1. Rooted Soil Sampling and Its Physical–Mechanical Properties Analysis


Four sampling sites were chosen according to the degree of meadow degradation in the study area. To ensure the representativeness of the sampling data, the sampling localities were determined by randomly throwing a 50 cm × 50 cm sample box. After the sampling localities were determined, the aboveground parts of the plants in the sample boxes were cut off with scissors. Owing to most vegetation in UD and LD in the study area belonging to the Gramineae and Cyperaceae families with their roots extending to depths of no more than 30 cm, and surface soil erosion (mainly caused by overgrazing, runoff, repeated cycles of freezing and thawing, and excavation activities of pikas) generally occurring in the depth of 30 cm, the sampling depth of rooted soil was set at a depth of 20 cm below the surface. Rooted soil was collected with ring knives to determine its shear strength, soil natural density, root content (the mass of roots in unit volume of rooted soil, its unit being mg/cm3), and root quantities (number of roots in unit volume of rooted soil, its unit being roots/cm3). The shear strength (cohesion and internal friction angle, herein cohesion covers the cohesion of soil devoid of roots and additional cohesion due to the presence of roots in soil and, hence, named root reinforcement [11,12,29] of rooted soil was determined using a strain-controlled direct shear apparatus. After a direct shear test, the soil’s natural density was measured using an electronic balance with its precision reaching 0.01 g. After that, rooted soil was placed into a sieve, running water was used to wash the rooted soil to removed soil particles attached to roots, hence, leaving only roots in the sieve, and, subsequently, the root weight was measured using an electronic balance with its resolution of 0.01 g. Thus, the root content was obtained by dividing the mass of the roots in one rooted soil sample by its weight (weight of the corresponding rooted soil sample). The root amount was obtained through the following ways: for fine roots, 20 roots (roots for the Gramineae and Cyperaceae families are numerous fine roots and it is hard to obtain their amount by counting) were randomly selected to measure their weight that was divided by 20 to obtain the weight for one root because roots in rooted soil are generally identical to 20 mm, and the total weight of fine roots in one rooted soil sample was divided by the weight of one root to obtain the number of fine roots indirectly. However, for coarse roots (roots for P. anserina, L. tibetica, A. lupulina, A. tenuifolia, E. densa, and S. alaschanica), the number was directly counted. Aluminum boxes were used to collect soil samples to determine the soil moisture content.




3.2. Statistical Analysis


First, a one-way analysis of variance (ANOVA) and a least significant difference (p < 0.05 and p < 0.01) analysis were performed to detect spatial variations in the physical–mechanical indices (soil natural density, soil moisture content, cohesion, internal friction angle, root content, and root amount) of rooted soil for meadows exhibiting different degrees of degradation. According to the references by Fu et al. (2020) [13] and Su et al. (2001) [30], we discovered that the soil’s natural density, root content, cohesion, and internal friction angle of rooted soil generally followed the normal, Weibull, gamma, and general extreme value (GEV) distributions. Thus, in this study, the normal, gamma, Weibull, and GEV distributions were selected as the candidate distribution functions to describe the actual distribution of the physical–mechanical indices (namely, the natural density, moisture content, cohesion, internal friction angle, root content, and root amount) of rooted soil. Subsequently, the Kolmogorov–Smirnov (KS) test was performed according to the method described by Fu et al. (2020) [13] to quantitatively identify the best-fit functions (optimal distribution) for the six physical–mechanical indices of rooted soil among the four probabilistic distribution functions. Finally, to quantitatively determine the correlations between the cohesion of rooted soil and its physical–mechanical indices, an analysis of the Pearson correlation coefficient at a significance level of p < 0.05 was carried out. All statistical analyses and drawings were performed using the R 4.1.4 software package.





4. Test Results and Analysis


4.1. Response of the Physical–Mechanical Indices to Degradation


The soil’s natural density (Figure 2A) initially decreased from UD (1.30 g/cm3) to LD (1.20 g/cm3) and then increased to HD (1.33 g/cm3) with nearly no extreme significant difference (p < 0.01) through all the degradation level treatments (from UD to HD) except for LD; the soil moisture content (Figure 2B) showed an abrupt drop from UD (42.58%) to LD (28.29%), but a slight increase from MD (24.87%) to HD (28.80%), with no significant difference among the degradations, except for UD; in terms of root amounts (Figure 2C), it decreased from 1.60 roots/cm3 in UD to 0.46 roots/cm3 in HD with no extreme significant difference occurring among the degradations (p < 0.01) except for HD; the root content initially increased from UD to LD, and then decreased till HD, with no significant difference occurring among the degradations, except for HD (p < 0.01 and p < 0.05, Figure 2D); additionally, the mean values of the root content in both UD and LD were several orders of magnitudes of that in MD and HD, indicating a large variability across the entire degradations. Cohesion exhibited a gradually decreasing trend from approximating 20 kPa in UD to merely 8 kPa in HD (a decrease of nearly 80%, see Figure 2E), with no significant difference observed across treatments (p < 0.01 and p < 0.05), except for HD. Additionally, the value in both UD and LD was over several orders of magnitude of that in MD and HD, indicating the high efficiency of roots in both the UD and LD in providing additional cohesion. The internal friction angle experienced a monotonic increase of 7.11%, from 22.94° in UD to 24.57° in HD, and an extreme significant difference (p < 0.01 and p < 0.05, see Figure 2F) was observed between the treatments, indicating their narrow variation.




4.2. Probabilistic Distribution of Physical–Mechanical Indices


To qualitatively investigate the impact of meadow degradation on the probabilistic distribution of the physical–mechanical indices of rooted soil, the similarities between the distribution frequency (DF) of each physical–mechanical index and its corresponding distribution probability density function (PDF) were compared; the greater the similarity between the shape of the PDF curve and that of the DF, the more suitable this distribution function was to describe the distribution of this index. DFs and their corresponding PDF (Weibull, normal, gamma, and general extreme value) curves for the physical–mechanical indices are presented in Figure 3, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8.



The DFs and their corresponding PDF curves for the soil natural density of rooted soil across the degradations exhibited different shape characteristics (Figure 3). The DF of UD showed a gradual transition from a lower height at its left and right ends to a higher height in the center (Figure 3A); its skewness of −0.0553 and kurtosis of 2.6284 indicated its left-skewed distribution (Table 1). The shapes of the corresponding four PDF curves of UD were similar to that of the DF, indicating that the PDFs of the four distributions could effectively simulate the actual distribution of the soil natural density of rooted soil in UD. The DF of LD had a skewness of 0.2838 and a kurtosis of 2.4720, indicating its right-skewed distribution. Like UD, the shapes of the PDF curves for the soil natural density in LD were similar to that of its DF (Figure 3B), indicating that the four distributions were capable of describing the actual distribution of the soil natural density in LD. Unlike UD and LD, the shape of the DF for soil natural density in MD resembled a podium (i.e., its variation was simple, not complex; Figure 3C); its skewness of 6.5136 and kurtosis of 48.9796 indicated its right-skewed distribution. The shapes of the four PDF curves differed significantly from that of the DF, indicating that the four distributions were not suitable for simulating the actual distribution of the soil natural density in MD. For HD, the skewness was 0.2647 and the kurtosis was 3.0953, indicating a right-skewed distribution. The shape of the DF for HD resembled a bell, as was the case for UD (Figure 3D). However, the DF for UD increased gradually from both ends toward the center, whereas that for HD increased sharply from both ends toward the center, indicating that HD showed a lower discreteness in natural soil density than UD. The shapes of the PDF curves were similar to that of the DF, indicating that the four distributions were suitable for describing the actual distribution of the soil natural density of HD.



As the degree of degradation increased from UD to HD, the range of the DFs for the soil moisture content along the x-axis narrowed gradually, whereas that along the y-axis (i.e., the height) increased gradually, indicating that the discreteness of the soil moisture content decreased, but its concentration increased in a stepwise manner (Figure 4). In addition, as the degree of degradation increased, the maximum values in DF values decreased from more than 30% to more than 20%, indicating a decreasing trend in the soil moisture content from UD to HD. Furthermore, under all four degrees of degradation, the shape of only the GEV curve was most close to that of the corresponding DF, followed by normal, gamma, or Weibull, meaning that all of the four distributions, particularly the GEV distribution, were suitable for describing the actual distribution of the soil moisture content, regardless of the degree of degradation.



As illustrated in Figure 5, it can be seen that the shape of the DF of the root content across the degradation, particularly in UD, exhibited a declining trend with the root content, indicating their right-skewed distributional properties (skewness value of 2.6199 and 2.4767, and 0.8655 and 1.7444, respectively) and, thus, most of their values were distributed in the left parts of the x-axis. In addition, for UD and LD, among the four PDFs, their GEV shapes were most close to that of the corresponding DFs, followed by the Weibull, gamma, and normal distributions, indicating that the GEV was among the most suitable candidates for describing the actual distribution of root content in UD and LD. As for MD, the shape of the normal curve was most close to that of the corresponding DF, followed by the gamma, Weibull, and GEV distributions, indicating that all of the four distributions (particularly the normal distribution) were suitable for describing the distribution of the root content for MD. Similar to MD, in HD, almost all of the four distributions could be adapted to simulate the distribution of the root content in HD.



Figure 6A,B can be considered as one group, and Figure 6C,D can be considered as another group. As the degree of degradation increased, the DFs in UD and LD were broad and tall in shape, and they exhibited a wide x-axis range (0~5 roots/cm3) with an abrupt initial increase followed by a gradual decrease. In contrast, as the degree of degradation increased, the DFs in MD and HD were narrow and tall in shape, and they exhibited a narrow x-axis range (0~2 roots/cm3) with a sharp decreasing trending. This indicated a large discreteness in the root amount in both UD and LD and a small discreteness in the root amount in MD and HD. The shapes of the PDF curves were similar to those of the corresponding DFs under all four degrees of degradation, indicating that nearly all distributions were suitable for describing the distribution of the root amounts for meadows experiencing different degrees of degradation.



As the degree of degradation increased from UD to HD, the shapes of the DFs for the cohesion of rooted soil exhibited a transition from broad and short to narrow and tall, indicating a large discreteness in cohesion in UD and LD, but a small discreteness in cohesion in MD and HD (Figure 7). Additionally, the maximum DF values decreased from approximately 20 kPa in UD and LD to approximately 10 kPa in MD and HD, indicating that the cohesion of rooted soil decreased considerably as the degree of meadow degradation increased. Meanwhile, the shapes of the PDF curves of the distribution of the cohesion of rooted soil were similar to the shapes of their corresponding DFs under all degrees of degradation, meaning that nearly all distributions were suitable for simulating the actual distribution of the cohesion of rooted soil in meadows experiencing different degrees of degradation.



The shapes of the DFs of the internal friction angles of rooted soil under all four degrees of meadow degradation resembled a bell (Figure 8); the skewness values of UD, LD, MD, and HD were −1.2402, 0.3128, 1.0240, and −0.3574, respectively, indicating that the distribution of internal friction angles in UD and HD was left-skewed, while in LD and MD, it was right-skewed. Moreover, the shapes of the four distribution functions were similar to those of the corresponding DFs across the entire degradation, indicating that the four distributions were suitable for describing the actual distribution of the internal friction angle of rooted soil regardless of their degradation.




4.3. KS Tests


To quantitatively investigate the influence of meadow degradation on the distribution pattern of the physical–mechanical indices in the test area, the goodness of fit for the aforementioned indices was tested via KS tests at a significance level of 0.01 (Table 2). The p-value derived from the KS test reflects the closeness of the actual distribution of each index to its corresponding theoretical distribution. As long as the p-value of a certain index for a certain distribution is greater than 0.01, that distribution is suitable for describing the actual distribution of the index. Additionally, the larger the p-value, the closer the distribution of the index is to its corresponding theoretical distribution, which means that the distribution with the highest p-value for a certain index is the optimal distribution for that index. For example, although all distribution functions were suitable for simulating the distribution of the soil natural density in UD because the p-values for all of the PDF were greater than 0.01, the optimal distribution function was the Weibull distribution function (p-value of 0.7494 greater than any other values). It is important to note also that although all four distributions could be adopted to simulate the distributions of almost all targeted physical–mechanical indices and the optimal distribution function for these indices was also identified based on their P-values, there were some indices whose distributions were not described well using the four functions. For example, for the internal friction angle, the gamma, Weibull, and GEV distributions, except for the normal distribution, failed to describing its probabilistic distribution, so the only appropriate distribution (and also the optimal distribution) for the internal friction angle was the normal function, albeit with low p-values.




4.4. Factors Influencing Cohesion of Rooted Soil


Correlations between the cohesion of rooted soil and other physical–mechanical indices (soil natural density, soil moisture content, root content, root amounts, and internal friction angle) were established using the Pearson correlation coefficient (Figure 9). The correlations between cohesion and other indices differed significantly depending on the degree of meadow degradation. For example, the cohesion of rooted soil in UD was negatively correlated with the soil moisture content (−0.12), internal friction angle (−0.60), and soil natural density (−0.10), but positively correlated with the root content (0.08) and root amount (0.36), albeit lower correlation coefficients for all the physical–mechanical indices with cohesion, except for the root amount (Figure 9A). Conversely, In LD, cohesion was positively correlated with the root content (0.24), root amount (0.26), and soil natural density (0.15), but negatively correlated with the moisture content (−0.53), as illustrated in Figure 9B. Similarly, in MD, cohesion was positively correlated with the root content (0.46), root amount (0.40), and soil natural density (0.90), but negatively with the soil moisture content (0.18, Figure 9C). In HD, cohesion was positively correlated with the soil natural density (0.47), but negatively correlated with the soil moisture content (−0.61), root amount (−0.18), and root content (−0.22, Figure 9D).





5. Discussion


5.1. Impact of Degradation on the Physical–Mechanical Properties of Rooted Soil


On the basis of the analysis of the physical–mechanical properties of rooted soil across degradations, it could be seen that both MD and HD could result in a relatively higher soil natural density than both UD and LD (Figure 2A). This conclusion differed from the findings of Li et al. (2020b) [10], who concluded that meadow degradation led to a decrease in the soil natural density. Although the target area of both the present study and that of Li et al. (2020b) [10] was the same, these contrasting conclusions may be attributed to differences in the sampling sites of rooted soil. In our study, the sampling sites were located in pasture areas, which are generally trampled by livestock, leading to a compaction effect on the soil and, thus, increasing the soil natural density; in the study by Li et al. (2020b) [10], the sampling sites were pika burrow sites, where the burrowing and ground activities of pikas led to soil loosening and, thus, a reduction in the soil natural density. Additionally, a similar result was also reported by Yuan et al. (2019) [31], who compared the soil bulk density of UD (in their paper, undegraded grassland was named as COV90 with a vegetation coverage ranging 90% ± 6.6%) and degraded grassland (COV70 with a corresponding coverage of 70% ± 8.3% and COV45 with a coverage of 45% ± 8.7%, respectively) and discovered that degraded grassland had a higher soil bulk density than undegraded grassland, but, in his study, the variation in soil bulk density with degradation was slightly different from ours. Different criterions categorizing the degrees of degradation in our study and in Yuan et al. (2019) [31] may be a rational explanation for these discrepancies.



The soil moisture content is a significant index that reflects meadow health. We found that rooted soil in UD had the highest soil moisture content, which agreed with the findings of Liu et al. (2019) [32], who found that the restoration of a degraded meadow could lead to an increase in the soil moisture content; in other words, healthy meadow soil has a high soil moisture content. We found that rooted soil in UD had the highest soil moisture content, followed by HD, LD, and MD. Additionally, this variation in the soil moisture content with degradation was different from previous findings, which found that degradation could lead to a drop in the soil moisture content [33,34]. Although there existed the same agreement between ours and these previous studies that degradation could lead to a decline in the soil moisture content, there were also differences, that is, the soil moisture content increased from LD to HD in our study, whereas in these previous findings, the soil water content decreased from UD to HD. This phenomenon in our study may have been attributive to a different soil penetration rate, which may have been influenced by the root distribution, root diameter, soil texture, vegetation composition, the trample effect by livestock [35], and even SOM content [22], with a similar phenomenon being observed with slight differences that surficial (0–20 cm) soil in HD had a higher water content, followed by UD, LD, and MD. In addition, Sun et al. (2021) [36] investigated the physical–mechanical properties of meadow soil in the Maqin region in the QTP, and found that the soil moisture content in UD, LD, MD, and HD was 40.9%, 42.8%, 41.1%, and 38.7%, respectively. These findings were partly in agreement with ours, because we found a soil moisture content of 42.49% in UD. The value determined by Shen et al. (2021) [37] and our value was comparable (both were less than 43%, but greater than 40%). However, in our study, the soil moisture content in LD, MD, and HD was lower than 30%, but greater than 20%. This difference may have been mainly attributed to differences in vegetation species or coverage, soil evaporation, differences in the criteria used to define the degree of meadow degradation, and differences in meadow management and utilization.



Several studies have demonstrated that vegetation roots in soil are the main contributors to the soil shear strength [10,12,35,38,39]. Meadow degradation generally leads to a decrease in coverage and causes a retrogressive succession in vegetation species or a decline in vegetation biodiversity [23,24,40,41], which leads to a reduction in the underground biomass (another expression of the root amount and root content [3,41]). This process further reduces the soil cohesion and increases its erosivity, which, in turn, leads to a loss in soil fertility [3,41,42]. The loss in soil fertility leads to a reduction in vegetation biodiversity, vegetation amount, and vegetation coverage [43,44], causing a decline in the root amount and root content in the soil, eventually leading to a decline in soil cohesion and an increase in soil erosivity. In our study, we found that the soil moisture content in UD was significantly higher than that in LD, MD, and HD, indicating that a higher moisture content is beneficial to vegetation development and increased the root amount, and, consequently, the soil cohesion in UD. Similarly, a lower content and amounts of roots in MD and HD may have been attributable to a shortage of soil fertility, which limited vegetation development, leading to a drop in root amount, and, consequently, a reduction in soil cohesion and an increase in soil erosivity. A variation in the root content with degradation was not identical to that of the root amount, which was attributed to different measuring methods, in which the root content was obtained using weighing, while the root amount was obtained using indirect weighing for fine roots and counting for coarse roots.



In our study, the cohesion of rooted soil exhibited a declining trend as the degree of meadow degradation increased; the highest soil cohesion value was observed in UD. Additionally, the highest soil cohesion value corresponded to the highest root amount, but not to the highest root content, and rather to the second highest root content. This phenomenon may be attributable to the following aspects: first, the composition of the vegetation communities, and second, the process of the rooted soil sampling. For the former, in both UD and LD, the predominant species generally belonged to the Cyperaceae and Gramineae families, which have a heart root system with numerous roots; however, a slight retrogressive succession occurred in LD vegetation, with the occurrence of species such as G. straminea and L. leontopodioides, which generally have a taproot with some secondary roots, unlike the Cyperaceae and Gramineae families. The amount of per root in unit mass for G. straminea and L. leontopodioides is many orders of magnitudes lower than that of the Cyperaceae and Gramineae families. Consequently, the amount of unit mass for the Cyperaceae and Gramineae families is generally larger than those of the G. straminea and L. leontopodioides. For the latter, during the process of the rooted soil sampling, roots had to be separated from the soil matrix before they could be counted and weighed. Rooted soil in UD had high cohesion, which made it difficult to separate the roots from the soil. Therefore, a hammer was used to smash the rooted soil and loosen it; this caused damage to some roots, and led to the segmentation of roots, which were then prone to washing away during the following step of root washing. Although the vegetation coverage of LD was similar to that of UD, the cohesion of the rooted soil was not as high as that of UD, so it was easier to separate the roots from the rooted soil. Therefore, the roots were not damaged and roots were not washed away during the subsequent root-washing step. Thus, the roots in UD weighed less than the roots in LD.



The internal friction angle is an index reflecting the roughness of soil particles. In contrast with previous findings [17], that the higher the root content in the soil the higher the internal friction angle of rooted soil, we found that UD and LD had a higher root content or root amount but a lower internal friction angle, whereas MD and HD had a lower root content or root amount but a higher internal friction angle. Our finding was different from these findings [17]. This phenomenon may have been due to the following two facts. The first fact was the difference in the soil particle size distribution. Generally speaking, HD had the highest percentage of sand particles and lowest percentage of silt, followed by MD, LD, and UD, respectively [22]. Soil with a higher content of sand and lower content of silt, therefore, had a higher internal friction angle, whereas soil with more content of silt and less content of sand generally had a lower internal friction angle value. The other fact was that the impact of the root content on the soil internal friction angle was maybe counteracted by the role of the soil particle size distribution. That was because the root content in UD, LD, and HD was approximately 10%, whereas it did not exceed 1% in HD. In UD, LD, and HD, roots played a primary role, forming the structure of rooted soil, and causing a reduction in the internal friction angle as rooted soil underwent shearing. In HD, roots in rooted soil played a secondary role, whereas the friction among soil particles played a primary role as rooted soil underwent shearing, leading to an increase in its internal friction angle.




5.2. Impact of Degradation on Probability Distribution of Physical–Mechanical Indices


Although substantial progress has been achieved in recent decades in exploring the probabilistic distribution of the physical–mechanical indices of soils, no such studies have investigated rooted soil, whose physical–mechanical properties are more complex because of the presence of vegetation roots, by quantifying the impact of the amounts, physical morphology, and tensile strength of roots on these physical–mechanical indices. Values of soil natural density, soil moisture content, cohesion, and internal friction angle of rooted soil were stochastic, perhaps depending on the occurrence conditions of soil, parent material of soil, vegetation composition, root content, root diameter, etc., thus, resulting in it being hard to obtain their precisely predicted values. As for the mechanical properties of soil, many methods based on the probabilistic theory had been proposed to predict their values with a higher precision. For example, Wang et al. (2015) [45] summarized that indices of soils (including silt clay sand and sand clay), such as the undrained shear strength, cone resistance, normalized undrained shear strength, plastic/liquid limit/index, void ratio, porosity, initial void ratio, and overconsolidation ratio, generally followed normal or lognormal distribution. Additionally, Wang et al. (2015) [45] pointed out that a normal or lognormal distribution in these studies might have just been a result of the central limit theorem, which indicates that lumping data from many different sources (i.e., different sites in this case) tends to result in a normal or lognormal distribution, meaning that not all of the physical–mechanical indices of soil followed a normal or lognormal distribution and that they may have followed other probabilistic distributional functions. Due to their different physical compositions compared to general soil, the probabilistic distribution of physical–mechanical indices of rooted soil did not always follow the same distributional function and, in our study, we also discovered that all of the distributions could be used to describe the actual probabilistic distribution of these indices. Additionally, we also discovered that although the four probability distribution functions could be adopted to describe the actual distribution of the physical–mechanical indices under all four degrees of meadow degradation (except for certain cases, which had lower P-values, such as the soil moisture content in UD and LD and the internal friction angle in UD and MD), there was only one optimal distribution that best described or simulated the distribution of these indices. Moreover, the optimal distribution for the same index varied for different degrees of meadow degradation. For example, the optimal distribution for the soil natural density in UD and MD was the GEV distribution, but in LD and HD, it was the gamma distribution. This finding was in agreement with those of Chen et al. (2005) [46], who found that the same index of soils simultaneously followed multiple distribution functions.



No distribution function could be used to describe the distribution of the soil natural density in MD, as well as the internal friction angle of rooted soil in both UD and MD because of their low P-value, which could be ignored. Therefore, better and more adaptable functions need to be introduced. Finally, we also found that all of the targeted indices in this study showed a high dispersion and variability in UD, a low dispersion and variability in HD, and a transition from high to low dispersion and variability in both LD and MD. This indicated that as the degree of meadow degradation increased, the distribution of these indices exhibited a trend of concentration. This could be attributed to the sampling depth of rooted soil and the degree of meadow degradation. In our study, the sampling depth of rooted soil was 20 cm below the ground surface. In UD, the root amount, root content, cohesion, and soil moisture content in the surface layer (0~10 cm) were relatively higher than those in the deeper layer (10~20 cm; at this depth, the root content, root amount, soil natural density, and moisture content were generally higher than or similar to those in MD and HD, irrespective of the sampling depth). However, in this work, the data for these indices were taken together to conduct a statistical analysis, regardless of the sampling depth. Thus, the data for the indices in UD were a combination of the data of rooted soil in UD, LD, MD, and HD. This led to a large variation or dispersion in the data. In contrast, in MD and HD, only a small fraction of roots was present in soil, so rooted soil in MD, and particularly in HD, could be considered as nonrooted soil. Therefore, the physical–mechanical properties of rooted soil in MD and HD were generally the same, regardless of their sampling depths. Consequently, the physical–mechanical properties of surface soil were nearly identical to those of deeper soil in MD and HD, which led to a narrow dispersion in the physical–mechanical indices and yielded a concentrated distribution.




5.3. Factors Influencing Soil Cohesion


Even though several factors, such as the soil natural density, soil moisture content, soil parent material, root content, root morphology, and root biomechanical properties, exert a pivotal influence on the cohesion of rooted soil, in this work, the correlation between the cohesion of rooted soil and other physical–mechanical indices varied depending on the degree of meadow degradation. For example, in both UD and HD for soil natural density, there was a negative correlation between soil natural density and cohesion, but in LD and MD, there was a positive correlation. The explanation leading to such results could be attributed to the following two reasons. First, the three-dimensional net-type structure formed by the roots perhaps suppressed the contribution of the root amount or root content to the cohesion of rooted soil in UD; second, the sampling activity damaged the three-dimensional net-type structure of the roots, rendering the contribution of roots to soil cohesion insignificant. In the former case, in UD, the predominant species generally belonged to the Cyperaceae or Gramineae family, their roots characterized by numerous fine roots intermingled with one another and bound soil particles together, forming a three-dimensional net-type structure and producing a glue-liking effect [35]. In this structure, the net-type structure overrode the roots’ role as the reinforcing structure in soil and became the primary factor influencing the physical–mechanical properties of the rooted soil. The soil natural density, soil moisture content, and even root amount or root content served as secondary factors that exerted a smaller impact on the cohesion of the rooted soil, in contrast to the three-dimensional net-type structure. In other words, in UD, the net-type structure was the dominant factor influencing the physical–mechanical properties of rooted soil. However, in LD (even though LD had a comparable root content and root amount as UD, their predominant vegetation composition changed and, therefore, considerable taproots with thick diameters occurred, which did not generate such a glue-like effect), MD, or HD, no such three-dimensional net-type structure formed, so the root content or root amount were still among the main factors impacting the physical–mechanical properties of the rooted soil. As long as the root content did not exceed a certain threshold value, the roots were highly effective in increasing the cohesion of rooted soil, but if the root content exceeded this threshold value, the effectiveness of the roots in increasing the cohesion of rooted soil diminished because of the excessive root content in the soil [17]. In the latter case, in UD, the three-dimensional net-type structure caused the soil to be tightly compacted with a high shear strength, making it difficult to obtain samples of rooted soil using a cutting ring. Thus, during the sampling process, the cutting ring was hammered into the rooted soil, which damaged the three-dimension net-type structure of the soil. As a result, the cohesion measured via direct shear tests was lower than the actual cohesion, and this, consequently, caused a reduction in the cohesion of rooted soil in UD. This, in turn, reduced the correlation of cohesion with the root amount or root content. In LD, MD, and HD, damage rarely occurred to rooted soil during the sampling process, so the measured cohesion was the actual cohesion of the rooted soil. This enhanced the correlation of cohesion with the root amount and root content.




5.4. Outlook


The alpine meadow is an essential part of meadow ecosystems, and the health of soil in this region exerts a considerable influence on the safety of the geoecological environment in the southwestern and northwestern regions of China. In recent years, under the effects of global climate change, unsustainable local meadow management, and damage due to pika activity, alpine meadows on the QTP have undergone considerable degradation, which poses a major challenge and is a threat to the implementation of China’s geoecological environment security strategy [1,2,3,21,22,23,24,25,47]. To date, research on alpine meadows has primarily focused on the classification of degraded alpine meadows, the identification of factors influencing degradation, ecological restoration of meadows, and cycling and migration of soil nutrients. Studies on the response and correlation of the physical–mechanical properties of soil (especially soil cohesion) are lacking, which greatly limits our understanding of the process of alpine meadow degradation. Gaps in our understanding of the correlation between soil cohesion and its physical–mechanical indices has led to an insufficient understanding of soil physical–mechanical behavior and incorrect evaluations of soil erodibility. Thus, this study selected a meadow experiencing different degrees of degradation as the study area. Based on measurements of the soil moisture content, soil natural density, root content, root amount, cohesion, and internal friction angle of rooted soil for the meadow experiencing different degrees of degradations, the statistical theory using probabilistic distributions was introduced to simulate the distribution of the indices, which provided an essential foundation to determine accurate assessments of the physical–mechanical properties of rooted soil. This was the novelty of this study. This study qualitatively explored the correlation of cohesion with other physical–mechanical indices, but did not establish a fitting relationship between soil cohesion and the other physical–mechanical indices; this should be considered in future studies. Furthermore, the sampling process of rooted soil disturbed and even damaged the root structure in the soil, particular in UD, which could have led to an alteration in the actual contribution of the roots to the shear strength measurements. Therefore, the sampling method should be optimized in subsequent studies to avoid damage to the rooted soil.





6. Conclusions


(1) The variation in the physical–mechanical indices of rooted soil across the degradations depended on degradations. As the degree of degradation increased from UD to HD, the soil natural density and soil moisture content experienced a first decreasing and then increasing trend; the root amount and cohesion exhibited a declining trend, particularly in MD and HD; the root content exhibited an initial increase followed by a decrease; conversely, the internal friction angle gradually increased.



(2) Nearly all of the probabilistic functions could be used to describe the actual distribution of the physical–mechanical indices of rooted soil across the degradations, except for the soil moisture content and internal friction angle in both UD and MD. The optimal distribution for the physical–mechanical indices differed depending on the indices themselves and the degree of degradation.



(3) The correlation of the cohesion of rooted soil with its other physical–mechanical indices was not constant, but changed depending on the degree of meadow degradation. Generally, the cohesion of rooted soil was positively correlated with the soil natural density, root content, and root amount, but negatively correlated with the soil moisture content. The correlation of cohesion with its other physical–mechanical indices in both UD and LD was relatively weak, whereas in MD and HD, the correlation of the cohesion of rooted soil with other indices was strong.
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Figure 1. Locality of the study area. 
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Figure 2. Variation in physical–mechanical indices of rooted soil in different degradation. Notes: IFA is an abbreviation of internal friction angle. Error bars represent standard deviation. Different lower letters on the error bars indicate significant differences (p < 0.05) and different upper letters on the error bars indicate significant differences (p < 0.01) for different degradation in the testing area. 
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Figure 3. DF and the corresponding PDFs of soil natural density for rooted soil in different levels of degradation. 
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Figure 4. DF and the corresponding PDFs of soil moisture content for rooted soil in different levels of degradation. 
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Figure 5. DF and the corresponding PDFs of root content for rooted soil in different levels of degradation. 
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Figure 6. DF and the corresponding PDFs of root amount for rooted soil in different levels of degradation. 
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Figure 7. DF and the corresponding PDFs of cohesion for rooted soil in different levels of degradation. 
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Figure 8. DF and the corresponding PDFs of internal friction angle for rooted soil in different levels of degradation. 
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Figure 9. Correlation between the physical–mechanical indices based on Pearson correlation analysis. Notes: RC is root content, RA is root amount, IFA is internal friction angle, SMC is soil moisture content, and SND is soil natural density. (A) UD, (B) LD, (C) MD, and (D) HD. 
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Table 1. Kurtosis and skewness of the physical and mechanical indices of rooted soil suffering degradation.






Table 1. Kurtosis and skewness of the physical and mechanical indices of rooted soil suffering degradation.





	
Degradation Levels

	
Items

	
Soil Physical–Mechanical Indices




	
Natural Density

	
Moisture Content

	
Root Content

	
Root Amount

	
IFA

	
Cohesion






	
UD

	
Kurtosis

	
2.6284

	
18.9595

	
9.8234

	
5.7039

	
10.5626

	
12.8765




	
Skewness

	
−0.0553

	
3.5499

	
2.6199

	
1.4930

	
−1.2402

	
2.1406




	
LD

	
Kurtosis

	
2.4720

	
22.6747

	
8.7373

	
2.4867

	
4.7525

	
3.3296




	
Skewness

	
0.2838

	
3.6911

	
2.4767

	
0.8601

	
0.3128

	
0.8253




	
MD

	
Kurtosis

	
48.9796

	
3.3729

	
2.9361

	
1.6873

	
10.6611

	
3.1922




	
Skewness

	
6.5136

	
1.0371

	
0.8655

	
0.3637

	
1.0240

	
0.8174




	
HD

	
Kurtosis

	
3.0953

	
7.3583

	
5.9735

	
1.5138

	
3.5776

	
10.7620




	
Skewness

	
0.2647

	
1.8019

	
1.7444

	
0.2873

	
−0.3574

	
2.3372








Note: IFA denotes internal friction angle.













 





Table 2. KS test for the physical–mechanical indices of rooted soil for meadow experiencing different degrees of degradation.
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Degradation Levels

	
Soil Physical–Mechanical Indices




	
PDF

	
Natural Density

	
Moisture Content

	
Root Content

	
Root Amount

	
IFA

	
Cohesion






	
UD

	
Normal

	
0.5483

	
<0.01

	
0.0772

	
0.4681

	
0.0046

	
0.0121




	
Gamma

	
0.4291

	
<0.01

	
0.8451

	
0.9617

	
<0.01

	
0.4995




	
Weibull

	
0.7494

	
<0.01

	
0.9042

	
0.8802

	
<0.01

	
0.2524




	
GEV

	
0.7541

	
0.1461

	
0.9675

	
0.9694

	
<0.01

	
0.8735




	
LD

	
Normal

	
0.6223

	
<0.01

	
0.0363

	
0.4264

	
0.7282

	
0.0383




	
Gamma

	
0.9487

	
0.0290

	
0.5968

	
0.5104

	
0.6406

	
0.8513




	
Weibull

	
0.5864

	
<0.01

	
0.7921

	
0.5301

	
0.1009

	
0.5935




	
GEV

	
0.9423

	
0.2903

	
0.9428

	
0.3605

	
0.3930

	
0.9602




	
MD

	
Normal

	
<0.01

	
0.0376

	
0.7152

	
0.4256

	
0.0336

	
0.0828




	
Gamma

	
0.0126

	
0.2158

	
0.7078

	
0.7508

	
0.0218

	
0.6113




	
Weibull

	
<0.01

	
0.0649

	
0.6779

	
0.8337

	
<0.01

	
0.5043




	
GEV

	
0.0755

	
0.6130

	
0.5927

	
0.6363

	
<0.01

	
0.6669




	
HD

	
Normal

	
0.8808

	
0.0230

	
0.4776

	
0.6925

	
0.5296

	
<0.01




	
Gamma

	
0.9630

	
0.1898

	
0.9252

	
0.8379

	
0.4168

	
0.6275




	
Weibull

	
0.5225

	
0.0136

	
0.7761

	
0.8084

	
0.7386

	
0.4177




	
GEV

	
0.9491

	
0.4844

	
0.8868

	
0.8034

	
0.4210

	
0.9838








Note: p-values > 0.01 indicates that the original hypothesis was accepted; otherwise, the hypothesis was rejected. Values in bold denote optimal values; IFA indicates internal friction angle.
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