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Abstract

:

Degraded bald patches have been active influencing factors in recent years, leading to meadow degradation and soil erosion in the Yellow River source area. In this study, we aimed to quantify the soil water erosion patterns and the hydrodynamic characteristics of degraded bald patches under different vegetation coverage (10%, 30%, 50%, 70% and 90%) and slope (10°, 20° and 30°) combination treatments through simulated rainfall experiments, and to investigate the influence of rodent activities on meadow degradation and soil erosion using zokor mound bare ground as a control. The results show that rodent activity exacerbates erosion problems and that soil erosion rates are negatively correlated with the degree of meadow degradation as an exponential function (p < 0.01). All slope flows are laminar; Reynolds and Froude numbers decrease as a function of vegetation coverage exponentially and linearly (p < 0.01), respectively, and are positively correlated with slope. Flow resistance increases with increasing vegetation coverage and decreasing slope, and vegetation coverage and slope are significant factors affecting flow resistance (p < 0.05). Runoff shear stress was found to range from 1.71 to 5.27 N m−2 in the study area and is positively correlated with vegetation coverage and slope, with a much greater influence of slope than vegetation coverage (p < 0.05). Based on the Pearson correlation and grey correlation method analysis, we concluded that runoff rate, flow velocity, Reynolds number and the Froude number can all describe the hydraulic erosion state under the action of soil erosion on slopes. The Reynolds number was tentatively judged to be the best hydrodynamic parameter to describe the soil erosion process. We conclude that developing degraded bald patches reduces flow resistance and increases surface runoff capacity and soil erodibility by reducing vegetation coverage. The reasonable control of rodent activity can effectively combat erosion on degraded bald patches.
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1. Introduction


Soil erosion has become a major ecological and environmental problem worldwide, occurring to varying degrees in all regions except permafrost areas [1]. The Yellow River source area is the main flow-producing and water-conserving area in the upper reaches of the Yellow River in China, and one of the most extraordinary and fragile areas of the Qinghai–Tibet Plateau ecosystem [2,3]. As this region’s most important coverage type, alpine meadows account for about 80% of the Yellow River source area. Since the 1970s, the degradation of meadow vegetation in the Yellow River source area has been intensifying yearly [4,5,6], with degraded meadow area accounting for as much as 25–46% of the available area. The heavily degraded area accounts for 26.79% of the total degraded area, and some of the meadows have even degraded into bare secondary land, i.e., black soil banks [7,8]. Soil erosion not only exacerbates meadow degradation and functional ecosystem failure in the area [9] but also threatens the stability and ecological sustainability of the entire alpine meadow, with a considerable negative impact on the production and livelihood of local pastoralists and ecological vegetation restoration and management [10].



Due to the unique geographical environment of the Yellow River source area, the alpine meadow ecosystem has long been weak in terms of self-healing. The recovery process is prolonged [11]. Under the influence of climate change, livestock production, and human activities, some of the meadow surfaces nurture and form degraded bald patches in large-scale areas [12,13]. Small patches in the degradation stage further deteriorate and expand under the action of surrounding toxic grasses, solar radiation, and superficial erosion, which eventually cause spatial dynamic changes in soil characteristics and plant communities [14,15], with the effect of intensifying meadow degradation, accelerating soil erosion, and nutrient loss [16,17,18]. In addition, plateau zokors (Eospalax baileyi) and plateau pika (Ochotona curzoniae) are abundant in the Yellow River source area [19]. As essential sources of biological disturbance in alpine meadow ecosystems, their digging and gnawing behaviors not only have a significant impact on vegetation and soil [20,21,22], but the loose mounds formed by their mounding can also directly form secondary bald patches of bare ground, as well as provide material sources for soil erosion [23,24,25]. Many scholars have shown that meadow degradation is closely related to the degree of development of bald patches, and soil erosion after meadow degradation positively influences further soil erosion and meadow degradation [26,27,28]. The need to enhance and optimize the soil and water conservation function of the alpine meadow ecosystem from the perspective of ecological, production and living functions has become an urgent problem in the region.



Soil erosion, which is characterized by flow and sand production, is an essential component of complex land surface hydrological ecosystems that is closely related to precipitation, vegetation, topography, soil and climate [29,30,31,32,33]. Precipitation is the main controlling factor of water erosion; about 60% of rainfall runoff and 90% of soil erosion occur during periods of concentrated rainfall [34], while large areas of soil erosion worldwide are caused by heavy or extreme rainfall events [35]. In the Yellow River source area, due to limited rainfall and vegetation carrying capacity [36], meadow degradation can increase the patchiness of vegetation distribution by reducing vegetation coverage and type [37,38], which stimulates more intense soil erosion. Erosion has been shown not to occur in healthy meadow areas [39], and soil erosion capacity is significantly increased in degraded areas disturbed by rodents [40]. Soil loss decreases linearly or as a power function of vegetation coverage and increases linearly or as an exponential function of slope [41,42]. In addition, many scholars believe that surface runoff can affect the soil erosion process and its spatial distribution by changing the hydrodynamic characteristics. For example, Li et al. [43] showed that a decrease in scrub grass coverage can cause a decrease in runoff resistance and an increase in runoff flow velocity and runoff power, which, in turn, can have a driving effect on soil erosion. Sun et al. [44] reported that the Reynolds number increased and the resistance coefficient decreased with increasing slope gradient on forested, litter-covered slopes; the Reynolds number is the best hydrodynamic parameter to characterize the soil erosion process. In summary, despite the progress of research on soil erosion and the mechanism of its hydrodynamic characteristics, the current results of a large number of indoor simulations cannot be directly applied to the alpine meadows of the Yellow River source, where degraded bald patches are commonly developed against the background of continuous ecological degradation and the prevalence of heavy seasonal rainfall. In addition, the role of vegetation restoration succession in soil erosion and its hydrodynamic mechanisms has not received much attention. Few studies have been conducted to quantify the soil erosion status of degraded bald patches by combining hydrodynamic characteristics. On the other hand, the results of indoor simulation-based studies may not truly reflect the effect of meadow degradation on soil erosion. Therefore, a comprehensive comparison of the influence of the degree of degraded bald patch development on runoff sediment and the regulation of hydrodynamic characteristics is warranted.



In this study, we attempt to fill the abovementioned knowledge gaps and clarify the soil erosion regularities and hydrodynamic characteristics under different patterns of vegetation coverage and slope. The specific objectives are (1) to reveal the soil erosion patterns of different degraded bald patches; (2) to clarify the changes in hydrodynamic characteristics of different degraded bald patches; (3) to establish the relationship between soil erosion of degraded bald patches and their hydrodynamic characteristics; and (4) to explore the influence of rodent activity on the development and soil erosion of degraded bald patches.




2. Materials and Methods


2.1. Study Area


The study area is located in Henan County, Qinghai Province (34°48′ N, 101°34′ E), which belongs to the alpine meadow area of the Yellow River source, with an average altitude of about 3600 m above sea level (Figure 1). The area has a typical plateau continental climate, with an average annual temperature of −1.3–1.6 °C and an annual precipitation of 597.1–615.5 mm. Heavy rainfall mainly concentrated in July–August of each year is characterized by a short duration, a limited occurrence range and suddenness [45]. The main meadow type is alpine dwarf tarragon meadows. The dominant species of grasses include Kobresia humilis, Kobresia. capillifolia and Kobresia. pygmaea. The soil type in the study area is Humic cambisols according to the WRB soil type classification; the detailed soil properties and their grain size composition are shown in Table 1.



Compared to healthy meadow areas (Figure 2a), vegetation and soil degradation in the study area has been significantly affected by climate, livestock production and rodent activity over a long time, resulting in a large scale of degraded bald patches (Figure 2b). In addition, a high density of zokor mounds was found in the study area (Figure 2c), which were caused by the digging and gnawing of plateau zokors. The zokor mounds not only directly destroy the original soil structure and vegetation community characteristics of the meadow (Figure 2d), but also harm the meadow ecology and soil conservation under the impact of superficial erosion.




2.2. Experimental Design and Methods


This experiment was focused on the erosion effect of precipitation scour on different degraded bald patch soils. Nine removable water erosion test boxes were set up in the field site during the preparation phase of the experiment, three of which were in one group and three in one replicate group (Figure 3a). The test boxes were 3 m long, 1.5 m wide and 0.5 m deep, and the slopes were designed to be 10°, 20° and 30°, respectively. Natural drainage holes were set at the bottom of the box, “V” shaped converging sediment inflow holes were set at the front to collect and test the sediment runoff. All tests were completed in the water erosion test chamber, and the test soils were selected from the original healthy meadow soils with vegetation root–soil structures that had been sealed for many years in the study area. In June 2020, 0.5 m × 0.5 m × 0.5 m in situ meadow squares were cut on-site in the field. These in situ squares were sequentially laid into the corresponding test boxes, and the side joints were manually repaired to make a complete test site. Then, the meadow squares were left in the field for a long time to grow naturally (Figure 3b), and the corresponding water erosion tests were conducted after the joints between the meadow squares in all the test boxes were completely healed, and the vegetation coverage reached 95% or more.



Degraded bald patches in the Yellow River source area, created by rodent activity, are prone to more serious soil erosion problems under the influence of superficial erosion. However, soil erosion hardly occurs when the meadow vegetation coverage exceeds 90%. In addition to investigating the severely degraded meadow caused by frequent rodent activities, we investigated zokor mounds, secondary patches of bare ground formed by the destruction of soil structure, and the burial and death of vegetation caused by the activity of plateau zokors. Therefore, according to the experimental requirements and the actual degradation of the meadow, the vegetation coverage in the water erosion test chamber was controlled from 0% to 90%. The degraded patches were artificially simulated on the surface of the healthy meadow in the water erosion test box so that the vegetation coverage was 90%, 70%, 50%, 30% and 10%, as well as zokor mound bare ground. Artificially simulated degraded patches were used to avoid disturbing the natural growth of the surrounding vegetation and the soil structure of the meadow topsoil, as well as to control the vegetation coverage levels to the greatest extent possible, according to the requirements of the test treatment. Mound soil was selected from fresh a mound formed by plateau zokor activity, which was cut from the bottom and placed on the surface of the meadow soil in the test box without destroying the soil structure. First, a hydraulic erosion test was conducted at different slopes in the test boxes with 90% vegetation coverage and repeated three times. After one week, the patch area was artificially simulated to reduce the coverage to 70%; then, the same hydraulic erosion tests were carried out. A complete set of water erosion tests were completed successively during July–August 2022.



The soil water erosion test was carried out using a field portable artificial rainfall simulation device composed of solid umbrella nozzles, a water supply tank, a pump, a rainfall intensity regulator, water pipelines, water guide pipes, runoff sediment inflow holes, etc. (Figure 4). The distance of the three nozzles from the meadow surface was 3 m. The effective diameter of precipitation is 3 m, the rainfall intensity regulator could control the rainfall intensity from 0 to 60 mm h−1, and the simulation accuracy was ±0.5 mm min−1. According to the meteorological data and test requirement for strong rainfall as recorded in the study area in recent years, the average rainfall intensity of this series of tests was set to 30 mm h−1. Considering the effect of natural wind on raindrop direction and raindrop kinetic energy, the test was conducted using a tarp to enclose the periphery of the treatment plot.



In the test, the duration was recorded when runoff started to appear from the runoff sediment inflow hole. The rainfall calendar was set at 60 min, and the runoff and sediment were collected in containers every 5 min. The collected water samples were returned to the laboratory for sediment separation by sedimentation and filtration and dried in an oven at 105 °C to determine the soil loss and runoff volume per unit time per unit of area, i.e., soil erosion rate and runoff rate, respectively. In addition, the runoff velocity, runoff width and water temperature were measured separately for each slope at the same time interval. The runoff velocity was measured by the tracer method using dye (KMnO4). Three sections of 0.5 m, 1.5 m and 2.5 m were set from the top to the bottom of the slope, and the length of the measurement area was set to 0.5 m. The average value of the flow velocity at different sections was taken as the real-time runoff velocity at that moment.




2.3. Data Testing and Analysis


Indicators representing different hydrodynamic characteristics of slope surface flow were selected to accurately describe the relationship between soil erosion and its hydrodynamic characteristics on degraded bald patches.



The average flow velocity (m s−1) is the product of the surface flow velocity of slope runoff and its correction factor [46].


  v = α  v s   



(1)




where v is the average flow velocity (m s−1), vs. is the measured surface velocity of slope runoff (m s−1), α is the correction factor, the laminar flow is taken as 0.67, the transition flow is taken as 0.7, and the turbulent flow is taken as 0.8 [47].



Because of the shallow water depth of the thin water flow section on the slope, the direct measurement may produce large errors, so the following formula was chosen to calculate the average water depth of the slope flows [46].


  h =  Q  v · B · T    



(2)




where h is the average runoff depth (mm), Q is the runoff volume generated per unit time (m3), B is the runoff width (m) and T is the runoff time (s).



The Reynolds number (Re) and Froude number (Fr) reflect the flow state of slope flow. Re is the ratio of inertial force to viscous force, and Re = 500 is the critical value of laminar and turbulent flow. Fr is the ratio of inertial force to gravity, Fr < 1 indicates the occurrence of subcritical flow and Fr > 1 indicates the occurrence of supercritical flow. The specific calculation formula is as follows [46]:


  R e =   v · R    v 0     



(3)






  F r =  v    g · h      



(4)




where Re and Fr are dimensionless numbers; R is the hydraulic radius, which is approximated by the runoff depth h (m); v0 is the kinematic viscosity (m2 s−1), and g is the gravitational acceleration (9.8 m s−2).



The Darcy–Weisbach resistance coefficient (f) and Manning roughness coefficient (n) were used to represent the resistance along the slope flow [46]:


  f =   8 · g · R · J    v 2     



(5)






  n =    R  2 / 3   ·  J  1 / 2    v   



(6)




where f and n are dimensionless numbers, and J is the hydraulic energy slope (m m−1) calculated as the sine value of slope gradient.



Runoff shear stress is the runoff force that causes the transport of soil particles and is calculated as follows [46].


  τ = γ · R · J  



(7)




where τ is the runoff shear stress (N m−2), γ is the water gravity (N m−3) and J is the same as defined above.



In this study, Microsoft Excel 2019 software (Version: 2203 Build 16.0.15028.20218) was used for data statistics and analysis, drawing corresponding graphs, etc. IBM SPSS Statistics 26.0 software was used for correlation and statistical analysis between total soil loss, erosion rate and hydrodynamic parameters in different degraded bald patches.





3. Results


3.1. Soil Water Erosion Patterns in Different Degraded Bald Patches


3.1.1. Soil Loss Status of Different Degraded Bald Patches


As shown in Figure 5, during the entire rainfall duration (60 min), the total soil loss was reduced by 80.74%, 48.26% and 22.05% with 90%, 50% and 10% vegetation coverage degraded bald patches compared to zokor mound bare ground, respectively, when the slope was 20°. Different coverage levels had an effect on soil loss from degraded bald patches, and the total soil loss increased as a multiplicative power function with decreasing vegetation coverage (p < 0.05). When the slope increased from 10° to 30°, the total soil loss increased by 1.77, 1.86, 1.73, 1.92, 1.60 and 1.71 times for 90%, 70%, 50%, 30% and 10% vegetation coverage of degraded bald patches and zokor mound bare ground, respectively. A positive linear correlation was observed between total soil loss and slope, i.e., the steeper the slope, the more serious the rainfall-induced soil loss phenomenon. Analysis showed that the total soil loss from bald patches differed significantly (p < 0.05) among different vegetation coverage on the same slopes, except for the total soil loss of 90% vegetation coverage (p < 0.05), whereas the total soil loss of all other types of bald spots showed highly significant differences (p < 0.01). This result indicates that vegetation coverage and slope are significant factors affecting soil loss status.




3.1.2. Soil Erosion Processes on Different Degraded Bald Patches


At a rainfall intensity of 30 mm h−1, soil erosion began to occur after 2 min of continuous rainfall, regardless of the slope; however, this phenomenon was delayed in the test plots with more than 50% vegetation coverage, with soil erosion occurring after 7.4 min of rainfall. The soil erosion rate variation curves of degraded bald patches differed significantly under different vegetation coverages on the same slope (Figure 6). When the slope was 10°, the soil erosion rates varied from 0.62 to 3.23 g m−2 min−1 for degraded bald patches with 90% and 70% vegetation coverage and from 1.21 to 6.82 g m−2 min−1 for degraded bald patches with 50% and 30% vegetation coverage, whereas the soil erosion rates varied from 2.52 to 10.74 g m−2 min−1 for degraded bald patches with 10% vegetation coverage and zokor mound bare ground. In addition, when the slope increased to 20° and 30°, the variation range of soil erosion rate of zokor mound bare ground increased to 4.16–12.20 g m−2 min−1 and 5.39–15.42 g m−2 min−1, respectively, and the variation of soil erosion rate increased significantly (p < 0.05) with the slope for the remaining degraded bald patches. In general, the soil erosion process was divided into two stages: a sharp rise at the beginning of rainfall and a gentle decline at the end of rainfall; the soil erosion rate reached its peak after about 25 min of continuous rainfall. Furthermore, compared with zokor mound bare ground, vegetation coverage can significantly reduce the growing trend of the first stage and the fluctuation amplitude of the second stage; this effect becomes more obvious as the level of vegetation coverage and slope increases.




3.1.3. Surface Runoff Characteristics of Different Degraded Bald Patches


Soil erosion depends to some extent on the transport capacity of surface runoff. The relationship of surface runoff volume with vegetation coverage and the slope is consistent with the soil erosion rate, i.e., it increases with decreasing vegetation coverage and increasing slope (Figure 7). When the slope was 20°, the total runoff volume was 93.54%, 38.76% and 9.60% lower in the degraded bald patches with 90%, 50% and 10% vegetation coverage than in the zokor mound bare ground, respectively. When the slope was increased from 20° to 30°, the total runoff volume increased by 35.44%, 29.54%, 24.40%, and 23.73% for the 90%, 50% and 10% vegetation coverage degraded bald patches and zokor mound bare ground, respectively. Furthermore, the surface runoff volume of different types of bald patches was always exhibited a significant increasing phase (p < 0.05) during the first 25 min of continuous rainfall; however, when the runoff volume changed after 25 min of rainfall, the volume tended to stabilize and fluctuate. We believed that vegetation coverage can weaken the credibility of soil particles on the meadow surface by reducing the surface runoff; the steeper the slope, the more the rainwater converging on the surface is stimulated by the inertial force to stimulate the runoff phenomenon, and the ability of the runoff to carry and transport sediment is significantly enhanced under the effect of continuous high-intensity runoff scouring.




3.1.4. Relationship between Soil Erosion and the Degree of Meadow Degradation


Figure 8 shows the relationship between runoff and soil erosion on the slope of different degraded bald patches and the degree of meadow degradation; the soil erosion rate and runoff rate are negatively correlated with vegetation coverage as an exponential function of y = ae−bx (p < 0.01) and increases with an increase in slope. Where a can be used as a sensitivity parameter to reflect the degree of runoff and sand production in degraded bald patches, a higher value of a indicates that the degree of soil runoff and sand production in degraded meadows is more serious.





3.2. Hydrodynamic Characteristics of Different Degraded Bald Patches


3.2.1. Flow Regime


The Reynolds number (Re) characterizes the flow pattern of slope flow, and a critical value of Re = 500 is used to discern whether the slope flow is laminar or turbulent. The results of this test showed that the ranges of Re were 37.70–87.29, 46.63–93.73 and 53.69–114.89 for 10°, 20° and 30° slopes, respectively, and all the slope flows under different test treatments were of laminar type according to the discrimination basis of open channel flow (Table 2). The Froude number (Fr) characterizes the flow state of the slope surface flow and is defined as turbulent flow when Fr > 1, critical flow when Fr = 1, and slow flow when Fr < 1. The range of Fr in this experiment was 0.161–0.413 (none exceeded 1), so all slope flows were judged as slow flows. The results of statistical analysis showed that both Re and Fr of degraded bald patches under different vegetation coverage and slope combination patterns were significantly different (p < 0.05). Re and vegetation coverage under the same slope was positively correlated as an exponential function (p < 0.01). In contrast, Fr and vegetation coverage were both linearly positively correlated (p < 0.01), both producing certain increments with increasing slopes (Table 3). This result shows that slope and vegetation coverage are important factors affecting the flow pattern of slope surface flow.




3.2.2. Runoff Resistance


Slope flow is inevitably affected by resistance during the flow process, and both the Darcy–Weisbach resistance coefficient (f) and the Manning roughness coefficient (n) can reflect the magnitude of resistance generated when flowing along the slope. As shown in Table 2, both f and n increase with an increase in vegetation coverage under different test treatments but decrease with an increase in slope. The range of f and n for different vegetation coverage treatments was 25.27–77.43 and 0.196–0.337, respectively, for the 10° slope, while the range of f and n decreased to 14.97–54.04 and 0.156–0.296, respectively, when the slope was increased to 30°. Statistical analysis revealed that f and n were significantly different (p < 0.05) under different experimental treatments, and were significantly affected by coverage and slope (two-way ANOVA, p < 0.05). Furthermore, both f and n increased exponentially as a function of vegetation coverage (p < 0.01) and decreased as a function of slope (Table 3), indirectly reflecting that vegetation coverage is less effective in suppressing slope flow on steeper slopes.




3.2.3. Runoff Shear Stress


Runoff shear stress (τ) is the main driving force that separates and transports soil particles from the ground surface. In this study, the values of τ ranged from 1.71–4.05 N m−2, 2.34–4.74 N m−2 and 2.61–5.27 N m−2 for different vegetation coverage at 10°, 20° and 30° slopes, respectively (Table 2). The τ was positively correlated with vegetation coverage as a linear function at the same slope (p< 0.01) and increased significantly when the slope increased under the same vegetation coverage (Table 3). In addition, the results of the analysis show that τ was significantly different (p < 0.05) among slopes with different vegetation coverages and a highly significant difference (p < 0.01) among slopes with the same vegetation coverage. Vegetation coverage and slope are important surface factors influencing τ; the effect of slope on τ was much greater than that of one vegetation coverage (two-way ANOVA, p < 0.05).





3.3. Relationship between Soil Erosion and Hydrodynamic Characteristics of Bald Patches with Different Degrees of Degradation


3.3.1. Regression Equation of the Soil Erosion Rate and Hydrodynamic Parameters


The regression equation between the average soil erosion rate and the average hydrodynamic parameters in bald patches with different degradation degrees was established (Figure 9). We found that the soil erosion rate was positively correlated with the runoff rate and runoff velocity as a power function (p < 0.01), the Reynolds number as a logarithmic function (p < 0.01), the Froude number as an exponential function (p < 0.01), the runoff depth as a negative exponential function (p <0.01), and a negative linear function with runoff shear stress (p < 0.01). However, no significant regular changes were observed with Darcy–Weisbach resistance and the Manning roughness coefficient.




3.3.2. Correlation Analysis of Soil Erosion Rate and Hydrodynamic Parameters


The results of the grey correlation analysis show that the correlation between RSE and each hydrodynamic parameter at different slopes was relatively obvious, among which RR, v, Re, and Fr had the highest correlation with RSE, with correlation values above 0.776, whereas VC, h, n, f and τ had the lowest correlation with RSE, with correlation values ranging from 0.497 to 0.673 (Table 4). Furthermore, the RSE showed highly significant positive correlations with RR, V, Re and Fr; highly significant negative correlations with VC and τ; and significant negative correlations with h, f, and n (Table 4). The results of the analysis indicate that there is a certain interaction between soil erosion and its hydrodynamic characteristics in degraded bald patches of alpine meadows; specifically, the reduction in vegetation coverage can significantly enhance the slope runoff capacity, and active surface runoff leads to the increased occurrence of soil erosion by promoting changes in hydrodynamic characteristics; this effect is more serious in steeper slopes.






4. Discussion


4.1. Comparison with Existing Similar Studies


Both vegetation coverage and slope are essential factors in determining soil erosion status and surface runoff characteristics. In this study, the range of values for the total soil loss in zokor mound bare ground was 433.70—739.94 g m−2 h−1. In contrast, Hou et al. [48] studied soil loss in cantharis meadows in northern China under the same rainfall intensity and found that the soil loss rates in bare meadows at 0°, 10° and 20° slopes were 58.84 g m−2 h−1, 102.38 g m−2 h−1 and 139.16 g m−2 h−1, respectively. In contrast, our result reflects the mechanical damage to meadow soil by rodent activity and the accumulation of large numbers of zokor mounds, which can increase soil erosion. In addition, the total soil loss was 80.88%, 51.06% and 23.36% lower in the degraded bald patches, with 90%, 50% and 10% vegetation coverage under a slope 30° more than zokor mound bare ground in this study, respectively. Our study shows that meadow vegetation contributes significantly to the erosion resistance of degraded bald patch soils, despite the steeper slope. Our result is in agreement with the research of He et al. [41], Shen et al. [42], and Wu et al. [49], who studied slopes with different vegetation coverages. The soil erosion rate peaked after about 25 min of continuous rainfall (Figure 6), whereas Sun et al. [50] concluded that the peak soil erosion rate of grassland with different numbers of patches occurred after about 20 min of rainfall under a 90 mm h−1 rainfall intensity. The analysis suggested that that result might be related to the soil, vegetation and topographic conditions in the test area on the one hand and mainly influenced by the rainfall characteristics on the other hand, i.e., higher rainfall intensity could complete the transport and loss of erodible soil particles in a shorter time by enhancing the scouring and erosion capacity of runoff, resulting in the peak soil erosion rate occurring sooner. Surface runoff is the primary driver of soil erosion on slopes. The runoff volume in this study showed a trend of a sharp increase followed by steady fluctuation with rainfall duration (Figure 7). This result is in agreement with the results reported by Li et al. [25], who studied alpine meadow sagebrush soils under different rainfall intensities; however, compared with this literature, only water erosion experiments under 30 mm h−1 rainfall intensity were conducted in the present study. Additional research on soil water erosion patterns of degraded alpine meadow bald patches under different rainfall intensities is warranted. The hydrodynamic characteristics of slope surfaces are an important area reflecting soil erosion processes. We concluded that runoff rate, flow velocity, the Reynolds number and Froude number can all describe the state of hydraulic erosion under soil erosion on slopes based on a combination of correlation and regression analysis, and tentatively determined that the Reynolds number is the most suitable hydrodynamic parameter to describe the soil erosion process. Our result is in agreement with the results reported by Sun et al. [44], who studied littered forested slopes. However, flow velocity, runoff shear stress and runoff power have also been suggested as suitable hydrodynamic parameters to describe the soil erosion process [51,52]. Our analysis shows that in addition to vegetation coverage and slope, differences in test methods, coverage characteristics and soil properties in different studies may have led to different results in understanding the interaction between slope flow hydrodynamic characteristics and soil hydrodynamic erosion processes. Further validation is needed regarding whether other hydrodynamic parameters accurately describe the soil hydro–erosion process. The interaction between soil erosion and hydrodynamic parameters is a possible direction for further investigation and research in the future, which may be influenced by factors such as vegetation landscape patterns, topographic micro-geomorphology and rainfall characteristics.




4.2. Effect of Vegetation Coverage and Slope on Hydrodynamic Characteristics


The processes by which vegetation coverage and slope gradient influence the hydrodynamic characteristics of slope flow are extremely complex. A correct understanding of their relationships at different scales can contribute to our understanding of soil erosion mechanisms. In the present study, we found that the Reynolds number and Froude number increase with a decrease in vegetation coverage and an increase in slope. By comparing the change of flow velocity under different vegetation coverages with the same slope (Table 3), we found that the flow velocity decreases exponentially with the vegetation coverage (p < 0.01). A decrease in flow velocity can directly affect the rapid and slow state of slope flow, resulting in a laminar state; reducing the turbulence of water flow. When the slope is steeper, the rainwater is subject to inertial force, resulting in active surface runoff by the higher runoff volume, the stronger the runoff capacity and the faster the flow velocity, which can significantly increase the Reynolds number and Froude number in the slope flow. Vegetation and slope are important surface characteristics that determine the magnitude of flow resistance. The Darcy–Weisbach resistance coefficient and the Manning roughness coefficient increase exponentially as a function of vegetation coverage and decrease linearly as a function of slope (Table 3). This phenomenon is mainly attributed to the fact that the slope flow under vegetation coverage can increase the flow resistance by increasing the energy consumption of water flow; the shapes of vegetation and the superposition effect of tree groups are both important influencing factors [53]. The slope affects the flow resistance, mainly by changing the runoff energy, i.e., the higher the slope, the higher the runoff energy; therefore, a driving effect under slope flow can significantly reduce the flow resistance. According to the analysis results, although the flow resistance is determined by the combined effect of vegetation coverage and slope, the inhibitory effect of vegetation is limited when the slope reaches a certain level. The runoff shear stress increases with an increase in vegetation coverage and slope, and we believed that when the vegetation coverage increases, the surface runoff continuously converges into a fine ditch cut along the ditch wall due to the enhanced infiltration capacity of rainfall, which, combined with the inhibitory and interception effects of vegetation, eventually leads to an increase in runoff depth and runoff shear stress, which is consistent with the views of Zhao et al. [54] and Zhang et al. [55]. In contrast, the effect of slope on runoff shear stress depends on the combined change of runoff depth and slope; an increase in slope can produce a certain increment in both flow velocity and flow rate in slope surface flow, resulting in a decrease in runoff depth. However, the contribution of runoff depth to the reduction in runoff shear stress is much smaller than the contribution of increasing slope to the increase in runoff shear stress (Table 2), which leads to an increase in runoff shear stress when the slope is steeper.




4.3. Implications of This Study for Sustainable Management of Meadow Ecosystems


The importance of vegetation for meadow degradation and soil erosion is self-evident. Many previous studies have provided a theoretical basis for the role of meadow vegetation in ecological protection and soil conservation [56,57]. This level of understanding provides a solid foundation for the sustainable management of meadow ecosystems [58,59]. However, the lack of understanding of the hydrodynamic mechanisms of soil erosion in degraded bald patches has led to deficiencies in the integrated assessment of sustainable management of alpine meadow ecosystems. Our study addresses this issue by incorporating the changes in soil erosion status and hydrodynamic characteristics under different vegetation coverage and slope combination forms. The results show that vegetation coverage and slope affect the soil erosion and hydrodynamic characteristics of degraded bald patches differently. The positive and negative correlation regions between soil erosion rate and hydrodynamic parameters were found to be interspersed, indirectly confirming the existence of an interaction between the two. This result is consistent with the findings of Ding et al. [60], Li et al. [61], and Yang et al. [62], with implications for the in-depth understanding of the soil hydraulic erosion mechanism and the interpretation of the soil sand production process on slopes. In addition, in terms of the amount of sand produced by slope erosion flow, significant differences were recorded (p < 0.05) between degraded bald patches under different vegetation coverage and slope combinations. To a certain extent, this indicates that the restoration of vegetation with a certain degree of coverage in alpine meadow areas alone may not be sufficient to inhibit soil erosion and further meadow degradation. Furthermore, soil erosion characteristics and hydrodynamic mechanisms must be integrated to enhance the conservation function of meadow vegetation soil and water. We suggest that vegetation restoration should be implemented by integrating different vegetation coverage and slope combinations to achieve sustainable management of meadow ecosystems in the Yellow River source area, rather than relying solely on vegetation type or coverage. In addition, highland rodent activity is an active factor in meadow degradation and soil erosion; the burrowing and gnawing behaviors of these animals seriously damage meadow ecosystems, especially in July and August every year, which is the concurrent period of heavy rainfall and concentrated mound creation by rodents, which can directly cause severe soil and water conservation and ecological environment management problems. Therefore, controlling the rodent population and mound density is also essential to promote the sustainable management of meadow ecosystems while restoring vegetation growth in degraded bald patches of alpine meadows.





5. Conclusions


In this study, rainfall erosion experiments were carried out under different vegetation coverage and slope combination patterns. The main findings are as follows:




	
Vegetation coverage and slope are significant factors affecting soil erosion in degraded bald patches, and soil erosion and runoff rates increase exponentially as a result of meadow degradation (p < 0.01). Rodent activity can increase soil erosion compared to vegetated slopes;



	
All slope flows are laminar, with Reynolds and Froude numbers decreasing exponentially and linearly, respectively, as a function of vegetation coverage (p < 0.01), both of which are positively correlated with slope gradients. The Darcy–Weisbach resistance and Manning roughness coefficients were found to be larger on densely vegetated and gently sloping surfaces and significantly affected by vegetation coverage and slope; (p < 0.05). Runoff shear stress is positively correlated with vegetation coverage and slope, with a greater effect on the slope than vegetation coverage (p < 0.05);



	
The relationship between soil erosion rate and flow velocity, Reynolds number, Froude number, and runoff shear stress can be described by power, logarithmic, exponential and linear functions, respectively (p < 0.01). Based on the Pearson correlation and grey correlation analysis results, we tentatively determined that the Reynolds number is the most suitable hydrodynamic parameter to describe the soil erosion process.








This study shows that rodent activity has exacerbated the formation of degraded bald patches, resulting in a dramatic reduction of meadow vegetation coverage, a reduction of slope runoff resistance, and an increase in surface runoff capacity and soil erosion rate. In order to effectively control soil erosion, we recommend that the ecological restoration of meadows in degraded bald patches should be carried out in conjunction with consideration of slope flow hydrodynamic characteristics and soil erosion mechanisms and that the intensity of rodent activity should be moderately controlled.
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Figure 1. Geographical location of the study area. 
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Figure 2. Photographs taken in the study area from different perspectives: (a) healthy meadow; (b) degenerated bald patches; (c) zokor mounds; (d) surface characteristics of zokor mounds in the vegetation succession stage. 
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Figure 3. (a) Schematic diagram of water corrosion test box; (b) growth of vegetation in a single group of water erosion test boxes. 
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Figure 4. Schematic diagram of the field simulation rainfall device. Note: 1. water supply tank; 2. water pump; 3. transmission pipe; 4. rainfall intensity regulator; 5. guide pipe; 6. rainfall nozzle; 7. water erosion test box; 8. runoff sediment inflow hole; α is the slope. 
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Figure 5. Comparison of total soil loss from degraded bald patches under different vegetation coverages and slopes. Note: different capital letters indicate significant differences between different slopes with the same vegetation coverage (p < 0.05), and different lowercase letters indicate significant differences between different vegetation coverages on the same slope (p < 0.05). 
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Figure 6. Changes in soil erosion rate of degraded bald patches under different vegetation coverages and slopes. 
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Figure 7. Variation of runoff volume with rainfall time under different vegetation coverages and slopes. 
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Figure 8. (a) Relationship between soil erosion rate and vegetation coverage; (b) relationship between runoff rate and vegetation coverage. 
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Figure 9. (a) Relationship between the soil erosion rate and the runoff rate. (b) Relationship between the soil erosion rate and the runoff velocity. (c) Relationship between the soil erosion rate and the runoff depth. (d) Relationship between the soil erosion rate and the Froude number. (e) Relationship between the soil erosion rate and the Reynolds number. (f) Relationship between the soil erosion rate and the runoff shear stress. 
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Table 1. Basic characteristics of degraded meadow soils and the distribution of soil particle size classes.
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Degraded Meadow Types

	
Moisture Content

	
Density

	
Porosity

	
Firmness

	
Cohesion

	
Less Than a Certain Soil Particle Size (%)




	
(%)

	
(g m−3)

	
(%)

	
(kPa)

	
(kPa)

	
d < 2 mm

	
d < 0.5 mm

	
d < 0.075 mm






	
Degraded bald patches

	
15.16 ± 2.08

	
1.51 ± 0.15

	
11.38 ± 0.14

	
25.6 ± 2.38

	
26.61 ± 3.24

	
75.26

	
48.97

	
8.15




	
Zokor mound bare ground

	
9.35 ± 1.75

	
1.43 ± 0.11

	
14.34 ± 0.16

	
10.21 ± 2.15

	
12.56 ± 1.12

	
88.79

	
59.72

	
8.88
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Table 2. Hydrodynamic characteristics of degraded bald patches under different vegetation coverages and slopes.
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Slope

(°)

	
Vegetation

Coverage (%)

	
Flow Velocity

(v, cm s−1)

	
Runoff Depth

(h, mm)

	
Reynolds Number

(Re)

	
Froude Number (Fr)

	
Darcy–Weisbach Resistance (f)

	
Manning Roughness (n)

	
Flow Shear Stress (τ, N m−2)






	
10°

	
0

	
4.42 ± 0.17 Ca

	
1.85 ± 0.21 Ade

	
87.29 ± 29.83 BCa

	
0.315 ± 0.060 Ca

	
25.27 ± 6.58 Ae

	
0.211 ± 0.046 Ade

	
1.71 ± 1.07 Cf




	
10%

	
3.79 ± 0.20 Cb

	
1.72 ± 0.12 Ae

	
71.82 ± 24.27 Cb

	
0.286 ± 0.054 Cb

	
29.52 ± 8.28 Ae

	
0.196 ± 0.039 Ae

	
2.32 ± 0.98 Ce




	
30%

	
3.38 ± 0.22 Cc

	
1.94 ± 0.22 Ad

	
59.23 ± 22.60 Cc

	
0.277 ± 0.053 Cbc

	
44.78 ± 13.95 Ac

	
0.233 ± 0.056 Ad

	
2.67 ± 0.99 Cd




	
50%

	
2.93 ± 0.18 Cd

	
2.38 ± 0.23 Ac

	
50.01 ± 19.80 Cd

	
0.237 ± 0.050 Cd

	
36.24 ± 11.09 Ad

	
0.258 ± 0.063 Ac

	
3.56 ± 1.04 Cc




	
70%

	
2.38 ± 0.22 Ce

	
2.85 ± 0.31 Ab

	
40.96 ± 17.48 Ce

	
0.195 ± 0.040 Ce

	
56.77 ± 17.44 Ab

	
0.292 ± 0.071 Ab

	
3.92 ± 1.05 Cab




	
90%

	
2.31 ± 0.20 BCf

	
3.38 ± 0.25 Aa

	
37.70 ± 16.53 Ce

	
0.161 ± 0.032 BCf

	
77.43 ± 26.35 Aa

	
0.337 ± 0.090 Aa

	
4.05 ± 1.11 Ca




	
20°

	
0

	
4.89 ± 0.24 Ba

	
1.68 ± 0.15 Be

	
93.73 ± 32.78 Ba

	
0.366 ± 0.078 Ba

	
23.25 ± 5.40 ABde

	
0.187 ± 0.038 Be

	
2.34 ± 2.07 Bf




	
10%

	
4.48 ± 0.28 Bb

	
1.62 ± 0.17 Ade

	
80.60 ± 29.50 Bb

	
0.353 ± 0.063 Bab

	
22.17 ± 5.90 Be

	
0.188 ± 0.034 ABe

	
2.98 ± 1.82 Be




	
30%

	
3.97 ± 0.25 Bc

	
1.80 ± 0.19 ABd

	
68.53 ± 26.11 Bc

	
0.321 ± 0.065 Bc

	
28.72 ± 7.61 Bd

	
0.208 ± 0.043 Bd

	
3.42 ± 1.95 Bd




	
50%

	
3.39 ± 0.24 Bd

	
1.94 ± 0.18 Bc

	
59.35 ± 24.57 Bd

	
0.279 ± 0.060 Bd

	
39.32 ± 10.49 ABc

	
0.239 ± 0.051 Bc

	
4.08 ± 1.96 Bc




	
70%

	
2.85 ± 0.24 Be

	
2.38 ± 0.24 Bb

	
51.78 ± 20.33 Bde

	
0.228 ± 0.054 Be

	
51.08 ± 17.17 ABb

	
0.297 ± 0.068 Ab

	
4.48 ± 2.23 Bb




	
90%

	
2.32 ± 0.28 Bf

	
2.71 ± 0.12 Ba

	
46.63 ± 19.93 ABef

	
0.181 ± 0.040 Bf

	
63.05 ± 25.36 Ba

	
0.313 ± 0.080 Ba

	
4.74 ± 2.23 Ba




	
30°

	
0

	
5.21 ± 0.24 Aa

	
1.58 ± 0.10 Bd

	
114.89 ± 34.60 Aa

	
0.413 ± 0.084 Aa

	
20.81 ± 3.70 Bcd

	
0.171 ± 0.029 BCd

	
2.61 ± 2.73 Af




	
10%

	
4.81 ± 0.23 Ab

	
1.47 ± 0.18 ABd

	
90.80 ± 30.06 Ab

	
0.385 ± 0.087 Ab

	
18.97 ± 4.3 BCd

	
0.156 ± 0.031 Ce

	
3.24 ± 2.92 Ae




	
30%

	
4.31 ± 0.23 Ac

	
1.64 ± 0.15 Bcd

	
79.36 ± 29.42 Ac

	
0.352 ± 0.091 Ac

	
21.02 ± 5.28 Ccd

	
0.168 ± 0.035 Cde

	
3.77 ± 3.16 Ad




	
50%

	
3.85 ± 0.23 Ad

	
1.77 ± 0.14 Cc

	
71.16 ± 27.35 Acd

	
0.317 ± 0.081 Ad

	
26.86 ± 7.64 Cc

	
0.201 ± 0.044 Cc

	
4.34 ± 3.19 Ac




	
70%

	
3.53 ± 0.25 Ae

	
1.98 ± 0.20 Cb

	
64.84 ± 23.96 Ad

	
0.281 ± 0.073 Ae

	
39.74 ± 11.11 Cb

	
0.243 ± 0.052 Bb

	
4.68 ± 3.33 Ab




	
90%

	
2.77 ± 0.21 Af

	
2.38 ± 0.26 Ca

	
53.69 ± 31.78 Ae

	
0.244 ± 0.068 Af

	
54.05 ± 15.48 Ca

	
0.296 ± 0.063 Ca

	
5.27 ± 3.45 Aa








Note: the data in the table represent averages ± standard error (SE). Different capital letters indicate significant differences between different slopes with the same vegetation coverage (p < 0.05), and different lowercase letters indicate significant differences between different vegetation coverages with the same slope (p < 0.05).
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Table 3. Relationship between vegetation coverage and hydrodynamic parameters at different slopes.






Table 3. Relationship between vegetation coverage and hydrodynamic parameters at different slopes.





	
Hydrodynamic Parameters

	
Vegetation Coverage (%)




	
10°

	
20°

	
30°






	
Flow velocity (v, m s−1)

	
y = 4.2189e−0.007x (R2 = 0.9726)

	
y = 4.9502e−0.008x (R2 = 0.9938)

	
y = 5.2721e−0.007x (R2 = 0.9833)




	
Reynolds number(Re)

	
y = 81.165e−0.009x (R2 = 0.9709)

	
y = 88.789e−0.008x (R2 = 0.9778)

	
y = 104.66e−0.007x (R2 = 0.9278)




	
Froude number(Fr)

	
y = −0.0017x + 0.3146 (R2 = 0.9796)

	
y = −0.0018x + 0.4081 (R2 = 0.9976)

	
y = −0.0021x + 0.3746 (R2 = 0.9900)




	
Darcy–Weisbach resistance coefficient(n)

	
y = 26.143e0.0113x (R2 = 0.9021)

	
y = 21.158e0.0122x (R2 = 0.9911)

	
y = 17.387e0.0114x (R2 = 0.9396)




	
Manning roughness coefficient(n)

	
y = 0.1972e0.0057x (R2 = 0.9695)

	
y = 0.1742e0.0077x (R2 = 0.9608)

	
y = 0.1514e0.0067x (R2 = 0.9236)




	
Runoff shear stress(τ, N m−2)

	
y = 0.0264x + 1.9382 (R2 = 0.9447)

	
y = 0.026x + 2.5893 (R2 = 0.9628)

	
y = 0.0276x + 2.8333 (R2 = 0.9781)








Note: x: vegetation coverage; y: hydrodynamic parameters.
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Table 4. Correlation analysis of the soil erosion rate and hydrodynamic parameters.
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Slope(°)

	
SD

	
VC

	
RR

	
v

	
h

	
Re

	
Fr

	
f

	
n

	
τ






	
10°

	
Grey correlation

	
0.497

	
0.776

	
0.812

	
0.615

	
0.844

	
0.796

	
0.640

	
0.638

	
0.599




	
Pearson correlation

	
−0.998 **

	
0.993 **

	
0.994 **

	
−0.914 *

	
0.993 **

	
0.971 **

	
−0.895 *

	
−0.931 **

	
−0.987 **




	
Sig.(2-tailed)

	
0

	
0

	
0

	
0.011

	
0

	
0.001

	
0.016

	
0.007

	
0




	
20°

	
Grey correlation

	
0.508

	
0.830

	
0.848

	
0.658

	
0.842

	
0.84

	
0.590

	
0.638

	
0.636




	
Pearson correlation

	
−0.989 **

	
0.997 **

	
0.994 **

	
−0.916 *

	
0.993 **

	
0.974 **

	
−0.946 **

	
−0.917 *

	
−0.996 **




	
Sig.(2-tailed)

	
0

	
0

	
0

	
0.01

	
0

	
0.001

	
0.004

	
0.01

	
0




	
30°

	
Grey correlation

	
0.509

	
0.819

	
0.828

	
0.673

	
0.845

	
0.816

	
0.612

	
0.646

	
0.647




	
Pearson correlation

	
−0.994 **

	
0.998 **

	
0.992 **

	
−0.910 *

	
0.974 **

	
0.998 **

	
−0.901 *

	
−0.905 *

	
−0.997 **




	
Sig.(2-tailed)

	
0

	
0

	
0

	
0.012

	
0.001

	
0

	
0.014

	
0.013

	
0








Note: all values in the table are based on the mean analysis of each parameter. VC = vegetation coverage, RSE = soil erosion rate, RR = runoff rate, v = runoff velocity, h = runoff depth, Re = Reynolds number, Fr = Froude number, f = Darcy–Weisbach resistance coefficient, n = Manning roughness coefficient, τ = runoff shear. Different asterisks indicate statistically significant differences; ** indicates a highly significant correlation (p < 0.01); * indicates a significant correlation (p < 0.05).
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