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Abstract

:

Slope erosion in the Loess Plateau region has long been a concern, and vegetation plays an important role in slowing down erosion and controlling sedimentation. However, a single vegetation model shows some limitations when facing complex natural conditions and variable rainfall events. Therefore, this study investigated the influence mechanism of vegetation configuration on slope sand production at different slopes through theoretical analyses and indoor experiments. The results of the study showed that certain factors, such as vegetation configuration mode, flow rate, runoff power, runoff velocity, and runoff shear, are closely related to slope runoff sand production. The specific findings are as follows: (1) Under the condition of slope gradient of 2°, the sand reduction effect of the rigid–flexible single-row staggered configuration is the most significant, and the sediment production is reduced by 29.89%. (2) With the increase in the slope gradient and flow rate, the sand production on the slope surface rises significantly, and when the slope gradient is increased from 2° to 6°, the average sand production is increased from 1.43 kg to 2.51 kg.(3) The erosion reduction effects of different vegetation configurations were in the order of rigid–flexible single-row staggered combination > flexible vegetation single combination > rigid–flexible double-row staggered combination > rigid vegetation single combination > upstream rigid downstream flexible combination > bare slope. This study provides a theoretical basis for optimizing the vegetation configuration for effective sand reduction and provides an important reference for the sustainable development of the Yellow River Basin.
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1. Introduction


The Loess Plateau is one of the most serious areas of soil erosion in the world, and the soil erosion problem has posed a great threat to the ecological environment and socio-economic development of the region [1]. Slope runoff, as the main driver of soil erosion [2], is particularly important to the slope erosion and deposition process, which directly determines the intensity and spatial distribution of soil erosion [3]. In this context, vegetation becomes the key to controlling soil erosion and maintaining soil and water resources [4], and its role in soil and water conservation on the Loess Plateau cannot be ignored [5]. Vegetation can not only reduce the direct strike of raindrops on soil and reduce the disintegration and splash erosion of soil particles through root fixation and branch and leaf interception but can also increase the content of soil organic matter and improve the soil structure, thus improving the erosion resistance of soil [6]. Slope vegetation has a significant role in the sediment retention process, especially in watersheds with serious soil erosion, and vegetation is regarded as a major sediment regulator [7,8]. In recent years, although a large number of studies have explored the effects of vegetation on slope runoff and sediment yield, the complex interaction mechanism between the spatial configuration mode of vegetation and the soil erosion process for the special ecosystem of the Loess Plateau has still not been fully revealed.



It has been pointed out that the effect of vegetation on reducing soil erosion is usually better than its ability to reduce runoff [9], and the retention efficiency of vegetation on sediment is affected by slope, flow velocity, sand content, sediment particle composition, vegetation type and plant density [10]. For example, Zhao et al. used PVC pipes to simulate vegetation and found that although the total amount of sediment siltation increased with the sand content, the retention efficiency did not significantly increase [11,12]. In addition, there is a power function relationship between runoff velocity and sand transport capacity, and an increase in sand transport is often accompanied by an increase in the proportion of coarse particles [13]. There are also significant differences in the effectiveness of different vegetation types in soil and water conservation. Compared to trees and shrubs, herbaceous vegetation can achieve significant erosion control benefits in a shorter period of time due to its shorter growth cycle [14], as the above-ground portion of grasses protects the soil surface from spattering by reducing the kinetic energy of raindrops [15], whereas the stems and roots of grasses reduce the sediment transporting capacity and increase soil erosion resistance by increasing the roughness of the ground surface and increasing the soil infiltration rate [16,17,18,19,20,21].



Grass stems play a key role in mitigating water erosion, although the role of grass stems is often overlooked compared to roots, leaves, and apoplasts [22,23]. Studies have shown that shrub-grass vegetation cover is effective in reducing slope runoff and sediment production, especially as the rate of increase in cumulative runoff is greater than the rate of increase in cumulative sediment production with increasing vegetation cover [24,25]. It was also found that grass stems play an important role in mitigating water erosion and are the main roughness element in slope runoff [26], increasing surface roughness and resistance more than apoplastic material, thus effectively reducing runoff volume and erosion [27,28]. Runoff volume is reduced by up to 90% on land with 30% plant stem cover compared to bare slopes [29]. Greater stem density and diameter help reduce runoff and erosion. Stolons were well developed in 41.51 and 61.04 per cent of serpentine berry species, much higher than leaves and roots, respectively [30,31].



Vegetation type and configuration mode have a significant effect on the effect of soil erosion control have a certain effect [32,33]. With the increase in slope grass cover and the adjustment of the configuration mode, the amount of flow and sand production on the slope was significantly reduced [34,35]. Both the increase in grass cover and the modification of grass layer configuration on the slope significantly reduced the amount of flow-producing sand production on the slope [36], and the distribution of vegetation at the bottom of the slope was the most effective in reducing the runoff shear, while the distribution of vegetation in the middle of the slope was more effective in reducing the runoff dynamics of the slope gully system [37]. However, traditional vegetation measures have mostly focused on single rigid or flexible vegetation, ignoring the potential for synergistic effects of both. The performance of rigid vegetation (hard stalks, not easy to bend) and flexible vegetation (soft stalks, easy to bend) under different flow conditions has its own advantages and disadvantages, and how to scientifically configure these two types of vegetation in order to maximize their soil and water conservation effects is still an urgent research challenge [38].



Therefore, this study will systematically investigate the influence of different rigid–flexible vegetation combination modes on the sand reduction effect on the slopes of the Loess Plateau by using an indoor discharge flushing test. By designing multiple vegetation combination modes, including single rigid vegetation, single flexible vegetation, and mixed rigid–flexible vegetation combinations, combined with different slope and flow conditions, runoff and sediment yield were observed and recorded. Through quantitative analysis and numerical simulation, the interaction mechanism between the vegetation combination and the sand reduction effect was revealed. The research results will provide a scientific basis for soil and water conservation and ecological restoration in the Loess Plateau, and at the same time provide theoretical support for optimizing the spatial layout of vegetation and improving the effectiveness of soil and water conservation.




2. Materials and Methods


2.1. Research Area Overview


The study area is located in Hei Fangtai, Yongjing County, Gansu Province, on the western edge of the Loess Plateau in Longxi (102°53′–103°39′ E, 35°47′–36°12′ N), with an elevation ranging from 1539 m to 2841 m. The region has a semi-arid climate in the mesothermal zone, with an average annual rainfall of 287.6 mm, evaporation of up to 1593.4 mm, and an average annual air temperature of 9.9 °C. Hei Fangtai is located on the fourth terrace on the north bank of the Yellow River. The stratigraphy from bottom to top is purple–red sandy mudstone of the Cretaceous Hekou Group, a pebble layer of the Middle Pleistocene of the Quaternary, and orange–red powdery clay, loess of the Upper Pleistocene, and a top layer of Malan loess; the physical properties are shown in Table 1 [39]. The vegetation in this area is sparse, and the top layer of loess is severely degraded by hydraulic and gravitational erosion.



In the study area, the vegetation type is mainly semi-arid grassland, with common herbaceous plants, such as wood grass and ice grass. The plantation forest consists mainly of sea buckthorn, poplar, and willow, and the artificially planted grasses are mainly alfalfa and awnless bird’s-eye. However, soil erosion remains a serious problem due to poor engineering, poor selection of tree species, and poor reforestation techniques (Figure 1). To combat slope erosion, the region has implemented measures to restore vegetation on loess slopes. This was achieved by planting a combination of rigid trees and flexible herbaceous plants at the top of the slopes while relying mainly on flexible herbaceous plants at the foot of the slopes. However, erosion remained severe in the areas covered only by flexible herbaceous plants, while soil erosion was significantly reduced in the areas planted with a combination of rigid and flexible plants.




2.2. Design and Methodology


In this study, a slope discharge scour test was used and, based on the test design, a test setup was developed in-house that included a custom erosion system, a water tank, and a water collection device. This test uses a water supply erosion system consisting of a water tank, a constant head scouring device, a water pipe, and a water pump (Figure 2). The water reservoir was filled with water and the constant head device was set at the top of the flume to ensure a uniform flow of water into the flume. The catchment system consisted mainly of plastic containers placed at the bottom of the flume to collect run-off and sediment.



The test flume was 0.3 m wide and 3 m long, and the slope was divided into three sections from top to bottom, of which 0–1 m was the transition zone for water discharge the middle 1 m was the vegetation zone, and the test was set up with three different gentle slopes of 2°, 4°, and 6°, respectively. Before the test, 3 cm of 0–5 mm diameter gravel was placed at the bottom of the flume and 10 cm of Q3 Malan topsoil from the study area was placed on top to ensure that the permeability of the test soil layer was close to that of the natural slope by compacting and burrowing the soil layer at each fill. The flow rate was controlled by a series of valves and the water flow entered from the top of the channel. Five test flow rates were set, taking into account the actual situation and test conditions, which were 6 L/min, 12 L/min, 18 L/min, 24 L/min, and 30 L/min, respectively. Gradient and flow rates were adjusted to design values before each test, and full sediment samples were collected at the outlet of the flume after the slope surface had given way to the flow. At the end of the test, each sediment sample was weighed and recorded. The sediment samples were then stirred thoroughly, the supernatant was poured off after 24 h of standing, and the sediment content was determined by the drying method (shown in Figure 3) in order to calculate the amount of erosion and runoff from the slopes under different vegetation arrangements.



According to the test requirements, different types of vegetation combinations were constructed, and two types of vegetation, rigid and flexible, were selected for the test. In the test, the rigid vegetation (e.g., sea buckthorn, willow, etc.) in the study area was simulated by using a round wooden stick with a diameter of 6 mm, which had a vegetation height of 13.8 cm under the inundated state; meanwhile, plastic simulated grasses were used to simulate the natural flexible herbaceous vegetation (e.g., iceweed, timothy grass, alfalfa, etc.), which had an average height of 5 cm under the inundated state. The vegetation density in this experiment was set at 50 plants per square metre, and six vegetation combinations were set up: rigid vegetation single combination (GX), flexible vegetation single combination (RX), upstream rigid downstream flexible combination (UG), rigid–flexible single-row staggered combination (DJ), rigid–flexible double-row staggered combination (SJ), and a bare slope control group (BS) (Figure 4).





3. Theoretical Analyses


3.1. Slope Runoff Sand Production Analysis


Slope runoff belongs to the category of thin-layer water flow. Runoff transport sediment’s main mode of movement is in the form of nudging mass movement, under the action of runoff water flow and the sediment surface, as viscous or relative motion produces friction, because water flow turbulence will also give sediment particles shape resistance. In general, shape resistance and friction together are called the drag force (FD), which is calculated by the following formula:


   F D  =   1 2    K 1   C D  ρ  d 2   u s 2   



(1)




where CD is the drag coefficient; K1 is the shape coefficient when the sediment particles are spherical,    K 1  =   π 4    ; us is the flow rate;  ρ  is the density of water; d is the mean particle size of the particles. Therefore, Equation (2) is as follows:


   F D  =   π 8    C D  ρ  d 2   u s 2   



(2)







The uplift force is a force generated by the difference in flow velocities at the top and bottom of sediment particles in water. As the water flows around the sediment, the flow velocity at the top of the particles is greater than the flow velocity at the bottom, and the sediment particles are subjected to the water flow to give the uplift force (FL), which is calculated by the following formula:


   F L  =   π 8    C L  ρ  d 2   u s 2   



(3)




where CL is the coefficient of buoyancy.



Sediment particles exist between the physical and chemical properties of the granular material related to the force, known as the binding force (FC). The binding force of particles is much smaller than gravity, and the role of binding force is significant among fine particles. Yao Wenyi et al. [40] concluded that the cohesive force can be expressed by the following equation:


   F C  =  A c   f c   



(4)




where Ac is the area of the sediment particle on which the binding force acts; fc is the binding force per unit area.



Sediment particles are subject to gravity (FG) and buoyancy (FW) in the flow, which are expressed as follows:


   F G  =   π 6    ρ s  g  d 3   



(5)






   F W  =   π 6   ρ g  d 3  cos θ  



(6)




where    ρ s    is the density of the sediment particles;  θ  is the slope.



The interaction force between sediment particles is called additional mass force. The additional mass force (FM) generated by relative exposure must be taken into account for river sediment, and it gives an expression for (FM) for uniform sediment particles, as follows:


   F M  =   π 6   ξ (  ρ s  − ρ ) g  d 3   



(7)




where  ξ  is a coefficient related to relative exposure and is the distance between the lowest point of a surface sediment particle and the highest point of a downstream subsurface sediment particle in a uniform sediment particle, as follows:


  ξ = 2  Δ ’  = 1 − cos θ  



(8)







At the same time, in slopes under vegetation cover, sediment particles are affected by the resistance FZ of the vegetation stems and leaves to them. During runoff sand production, soil water is generally considered to be saturated. At this time, the infiltration effect of water flow is very small, so it is ignored in the calculation of infiltration pressure and the influence of sediment movement, Figure 5 shows the runoff sand production force force analysis. Therefore, the analysis of runoff sand production force can be obtained as follows:


   F D  +  F G  sin θ = (  F G  cos θ −  F W  −  F L  −  F M  ) tan φ +  F C  +  F Z   



(9)




Equations (1)–(9) are obtained, resulting in the following Equation (10):


     ρ  u s 2    g d (  ρ s  − ρ )    = λ   tan φ   1 − cos θ   −     ρ s     ρ s  − ρ    sin θ   + λ       F C  +  F Z     k 3  g  d 3  (  ρ s  − ρ )       



(10)




In the style, Equation (11) is as follows:


  λ =    2  k 3     k 1   C D  +  k 2   C L  tan φ     



(11)




where  φ  is the friction angle between particles.



The above equation shows that the slope runoff shear force under vegetation cover   τ = F   φ , θ ,  ρ s  , ρ ,  F C  ,  F Z     . It can be seen that the erosion process experienced by the soil particles on the slope surface is the result of the combined effect of gravity downward traction, the adhesive force between soil particles to maintain the stability, the uplift force of the water flow to try to peel it off, as well as the resistance generated by vegetation through the canopy and the root system. This complex interaction mechanism profoundly affects the stability of the slope and the dynamics of soil erosion. Eroding soil particles on slopes are affected by gravity, cohesion, uplift forces, and vegetation resistance.




3.2. Data Calculation


(1) Runoff shear: Runoff shear is the tangential force exerted on the ground surface or streambed by the viscous and inertial action of water flowing along the surface. In slopes, the equation for runoff shear is usually expressed as follows:


  τ = ρ g h J  



(12)




where  ρ  is the density of water flow, kg/m3; h is the depth of runoff, m; J is the hydraulic gradient.



(2) Runoff power: Runoff power reflects the ability of water to erode the surface of the ground and transport sediments, and is expressed as follows:


  Φ = τ V  



(13)




where V is the runoff flow rate, m/s.



(3) Unit runoff power: Unit runoff power is the rate of change in the reduction in potential energy per unit weight of water with time. Its expression is as follows:


  P = V J  



(14)







(4) Sediment attenuation rate by vegetation: The sediment attenuation rate by different combinations of vegetation can be calculated using the following formula:


  E =     Y B  −  Y Z     Y B     × 100 %  



(15)




where E is the erosion reduction rate, and YB and YZ denote the cumulative amount of sediment on bare slopes and vegetated slopes with different arrangements, kg, respectively.





4. Analysis of Results


4.1. Characteristics of Changes in Slope Erosion Sand Production


In the study of slope erosion, the changing characteristics of sand production is an important aspect of understanding soil erosion mechanisms. The dynamics of sand production on slopes is influenced by a variety of factors, including slope gradient, vegetation arrangement, and soil physical properties. The interaction of these factors determines the erosive capacity of water flow and the sediment transport path. Figure 6 and Table 2 summarize the erosion of slope runoff, the average sand yield and the average erosion reduction rate for different slope gradients and different vegetation configurations.



With the increase of slope and flow, the sand production on the slope showed an obvious upward trend, indicating that the slope and flow had a significant effect on the sand production of the slope vegetation configuration pattern, and Figure 7 shows the variation of sand production of different vegetation configuration patterns under different slopes. Specifically, when the slope is 2°, the average sand production under different vegetation configurations is 1.43~1.61 kg; when the slope increases to 4°, the average sand production rises to 1.85~2.06 kg; and when the slope further increases to 6°, the average sand production reaches 2.06~2.51 kg. It can be seen that the increase in the slope and flow rate will significantly increase the sand production of slopes, which will exacerbate soil erosion. The results of the study further confirmed that vegetation configuration is a key factor in controlling soil erosion, and significant differences can be observed by comparing the sand production on slopes with different vegetation configurations. Specifically, the configuration with rigid vegetation upstream and flexible vegetation downstream resulted in the greatest sand production, indicating that this configuration is relatively ineffective in slowing down water flow and controlling sediment loss. On the contrary, the single-row staggered configuration and the flexible vegetation configuration had the lowest sand production, and these configurations were able to effectively slow down the water flow rate and increase sediment deposition, thus showing a superior effect in controlling soil erosion on slopes. Increasing the slope gradient changes the slope flow characteristics and vegetation resistance effect. Rigid vegetation, with its higher structural stiffness, may find it more difficult to adapt to changes in water flow when the slope increases, leading to an increase in water flow bypass and weakening the vegetation’s ability to stop sand. Flexible vegetation, on the other hand, is better able to adapt to fluid deformation and reduce the velocity of water flow, which in turn enhances the sediment deposition effect. The related literature also points out that certain factors, such as the structural characteristics of vegetation, root distribution, and the degree of oscillation in the water flow, have an important influence on the soil and water conservation effect [41,42,43]. These mechanisms explain the advantages of a single-row staggered configuration of rigid and flexible vegetation in terms of erosion reduction at higher slopes.



Figure 8 shows the erosion reduction effect under different vegetation configurations at different slopes, from which it can be concluded that the erosive effect of different vegetation configurations on slope sediments are all weakened with the increase of flow rate and slope, which is mainly due to the fact that with the increase of slope, the energy and flow rate of the water flow increase significantly, which exacerbates the scouring effect of the water flow on the soil. This enhanced hydrodynamic action not only weakened the sediment interception capacity of the vegetation, but also resulted in soil particles being more easily stripped and transported, thus intensifying the erosion process of the slope soil. The experimental data showed that changes in slope had a significant effect on the erosion reduction rates of different vegetation configurations: when the slope was 2°, the erosion reduction rates of the vegetation configurations ranged from 19.96% to 29.89%; when the slope was 4°, the erosion reduction rates decreased, ranging from 17.84% to 26.6%; and when the slope was increased to 6°, the erosion reduction rates further decreased, ranging from 15.49% to 21.76%. This indicates that under lower slope conditions, the velocity and kinetic energy of water flow are relatively low, and the vegetation can perform its sediment interception and deposition function more effectively, thus significantly reducing the soil loss on the slope. Further analyses showed that there were significant differences in the erosion reduction effects of different vegetation configurations. Specifically, the DJ configuration was the most significant in reducing sediment loss from the slope. In contrast, the UG and GX configurations, with their relatively weak sand retention effect, had a weak soil erosion control effect.




4.2. Hydrodynamic Parameters


Compared with bare slopes, vegetation-covered slopes can significantly increase runoff water depth, and this effect shows obvious differences under different vegetation combination methods. Through ANOVA (analysis of variance) and regression analysis, the effect of flow on the change of water depth of side slopes can be deeply revealed, and Table 3 demonstrates the relationship between water depth and flow under different slopes. The results showed that regardless of the presence or absence of vegetation cover, there was a power function increasing relationship between slope flow water depth and flow rate (R2 > 0.98), i.e., with the increase in flow rate, the slope water depth increased significantly. This pattern was verified under various vegetation configurations, indicating the broad applicability of vegetation in water depth regulation. Specifically, the presence of vegetation was able to significantly increase the slope water depth by a factor equivalent to 0.086 to 0.22 of the bare slope [44]. This increase may be attributed to the fact that vegetation slows down the surface runoff rate, thus prolonging the residence time of water on the slope and increasing infiltration, leading to an increase in water accumulation. In addition, the effect of different vegetation arrangements on water depth varied. Under the same flow conditions, the DJ combination approach was more effective in increasing the water depth on the slope than other arrangements. This may be due to the fact that staggered vegetation can disperse the water flow more evenly and lengthen its path, increasing the residence time of water on the slope. In addition, the change in slope had a significant effect on water depth. It was found that the water depth tended to decrease as the slope increased, which was related to the increase in water velocity at larger slopes. However, even on steeper slopes, vegetation cover was still able to maintain higher water depths to some extent, highlighting the key role of vegetation in runoff regulation. In order to further verify the above conclusion, the study used regression analysis to validate the results of the water depth test. The regression analyses showed high consistency (R2 > 0.9) between the measured values and the regression fitted values, which indicates that the test data have high reliability and validity, and that the conclusions of the study have a solid scientific basis.



The flow velocity is one of the key hydrodynamic elements affecting the erosion capacity and sand carrying capacity of slope runoff. According to the data in Table 4, there is a significant regression relationship between flow rate and flow velocity under different slope conditions, and the experimental results show that the flow rate of slope runoff tends to increase with the increase in flow rate (R2 > 0.94). Figure 9 further demonstrates the moderating effect of vegetation cover on slope flow rate. Specifically, the increase in flow rate was relatively slow on slopes covered with vegetation. As the flow rate increased, the differences in the effects of different vegetation combinations on the flow rate gradually decreased, and overall, the average flow rate on the vegetated slopes slowed down by between 8.6% and 21.9% compared to the bare slopes. This phenomenon may be related to the alteration of microtopography on the slope surface by vegetation, which causes the slope surface to be uneven due to vegetation cover, altering the kinetic characteristics of water flow and, thus, affecting the flow velocity. In addition, the average flow rate showed an increasing trend with increasing flow rate, both for the vegetation-covered slopes and the bare slopes. This suggests that flow is one of the main factors affecting flow velocity on slopes, while vegetation cover mitigates the rapid increase in flow velocity to some extent, thus having a moderating effect on the erosive effects of water flow.




4.3. Characteristics of Runoff Shear Change


Runoff shear is a commonly used hydrodynamic parameter in erosion modelling to describe the extent of soil erosion [45], and it is one of the comprehensive indicators for determining the intensity of sand production by erosion on slopes [46]. Within the slope range of this test, the runoff shear increased with increasing flow rate (Figure 10), and under the same slope conditions, it was found that the water flow shear tended to increase exponentially with increasing flow rate (R2 > 0.98) (Table 5). When the flow rate increases, the kinetic energy of the water flow increases, resulting in enhanced water flow shear. This enhanced shear accelerates the erosion of slope soils, which in turn affects the stability of the slope. In addition, this trend can be attributed to the dispersing and blocking effect of vegetation on runoff. Vegetation significantly increases the roughness coefficient of the surface by creating resistance to surface runoff through its root system and foliage.



The effect of different vegetation configurations on runoff power and unit runoff power should not be ignored. Both runoff power and unit runoff power showed a significant increase with the increase in water discharge flow. Figure 11 demonstrates the trends of unit runoff power and runoff power with flow rate at different slopes. This phenomenon is mainly due to the fact that the increase in water release flow rate directly leads to the increase in runoff single width flow rate, which enhances the flow rate of water. Specifically, with the increase in water release flow rate, the kinetic energy of the water flow also increases, and the velocity of the water flow is accelerated accordingly, resulting in the increase in energy transfer per unit time, which leads to the significant increases in runoff power and unit runoff power. In this paper, the relationship between flow rate and runoff power for different vegetation configurations was fitted, and it can be concluded from Table 6 that a linear functional relationship was found to exist between the two (R2 > 0.95), which indicates that there is a significant relationship between runoff shear force and runoff power and flow rate under different vegetation configurations, and that under different slope vegetation modes, the pavement of slopes with vegetation can effectively reduce the amount of runoff volume and the energy generated in the process of runoff migration. Ultimately, it reduces the sediment content in the runoff. Different vegetation arrangement modes, such as RX and UG, show different sand reduction effects. Generally speaking, the DJ vegetation pattern can effectively control runoff and sediment transport by combining deep root consolidation and surface cover, and achieve better soil and water conservation.





5. Discussion


Vegetation construction plays a crucial role in soil and water conservation and sediment control in loess areas [47]. Vegetation cover not only affects the onset time, flow rate, and volume of runoff on slopes, but also directly relates to the change in soil erosion rate [24], and vegetation is an effective way to fight against erosion [48]. Vegetation significantly reduces soil erosion and sediment loss by intercepting precipitation and slowing down the rate of surface runoff [49]. There are significant differences between the effects of rigid and flexible vegetation on the hydrodynamic characteristics of slopes. Firstly, rigid vegetation can provide stronger resistance under higher flow values, Reynolds number, and water depth conditions due to its solid structure, resulting in a fluctuating decrease in the total energy of slope flow compared to the bare slope [31], showing a good buffering effect, which in turn effectively reduces slope erosion and improves soil and water conservation capacity. In contrast, flexible vegetation is prone to bending, inverting, and deflecting under the action of water flow, which makes its influence on the hydrodynamic characteristics of the slope surface more complicated. The average flow rate under flexible vegetation cover is more susceptible to changes in flow rate, and the influence of the distribution of flexible vegetation in different locations at the top, middle, and bottom of the slope on the flow rate gradually diminishes with the increase in rainfall intensity [50]. In terms of flow rate, the flow rate in the grass-covered area was significantly lower than that in the bare area, and the flow rate at the bottom of the slope was significantly higher than that at the top of the slope [51]. Therefore, the way of vegetation combination plays an important role in controlling slope erosion.



There are also some differences in the sand reduction benefits of rigid and flexible vegetation. When the vegetation is located in the middle and lower part of the slope, the longer runoff path slows down the flow of water through the vegetation, which results in more effective sediment deposition and reduced erosion intensity. This arrangement has shown more significant effects in slowing down the flow to intercept sand and stagnant flow to dissipate energy than when the vegetation is located in the upper part of the slope [52]. The sand reduction effect of grasses is particularly pronounced at larger slopes (e.g., 30°), indicating that vegetation has a more powerful effect on the dissipation of flow energy at higher slopes [53]. In addition, vegetation cover has a significant effect on sand production. With the increase in vegetation cover, the flow rate and sand production rate of the slope decreased significantly, indicating a significant negative correlation between vegetation cover and sand production. When the vegetation cover was high, the vegetation resistance on the slope increased and the water flow rate slowed down, thus reducing the sand-carrying capacity of the water flow [54]. These findings suggest that vegetation enhances soil and water conservation by effectively trapping sediments, a finding that is consistent with previous studies [33,55]. In addition, it was shown that the spatial pattern, density and canopy structure of vegetation patches had significant effects on water flow dynamics. Vegetation patches with higher densities and complex canopy patterns were able to provide greater canopy resistance, which not only changed the flow structure but also enhanced sediment interception. The effect of canopy resistance on water flow and sediment interception was more significant than the change in sediment grain size [56]. Therefore, enhancing canopy resistance by optimising vegetation configuration is an effective strategy for achieving soil and water conservation. When the ratio of rigid and flexible vegetation is 1:2, the soil loss on the slope reaches its minimum and shows the best soil and water conservation effect [57]. Different vegetation configurations can lead to significant differences in sand production on slopes [58]. In this study, bare slopes had the highest sand production, while slopes with single-row interlocking vegetation configurations had the lowest sand production. In particular, the combination of rigid and flexible vegetation, especially in the two-row staggered configuration, significantly improved the sand reduction on the slopes. In contrast, a rigid vegetation arrangement only upstream of the slope and a flexible vegetation arrangement downstream were relatively less effective in sand reduction. This may be due to the limited variation in hydrodynamic parameters of the vegetation at higher flow velocities, leading to a decrease in the sand reduction benefit. Under the conditions of gentle slopes with gradients of 2°, 4°, and 6°, the sand production under different vegetation arrangements showed an increasing trend with the increase in flow rate. This suggests that although vegetation has a significant effect on soil and water conservation under certain conditions, its effectiveness decreases under high flow conditions. Therefore, for high-flow environments, vegetation alone may not be sufficient for effective erosion control, and other soil and water conservation measures need to be combined to enhance the overall erosion resistance.



Future research should strengthen the quantitative analysis of the differences in slope erosion patterns caused by different vegetation configurations and should not only explore the effects of the above-ground and below-ground parts of the vegetation and the soil structure on slope erosion but should also study, in depth, the relationship between the erosion resistance of the vegetation and the improvement of soil erosion resistance, and establish a corresponding evaluation model. These studies will contribute to a more comprehensive understanding of the role of vegetation in regulating slope runoff and sedimentation processes.




6. Conclusions


Through theoretical analyses and indoor discharge scour tests, this study examined the changes in slope runoff and sand production under three slopes (2°, 4°, and 6°) and six vegetation configurations (rigid vegetation single combination, flexible vegetation single combination, upstream rigid downstream flexible combination, rigid–flexible single-row staggered combination, rigid–flexible double-row staggered combination, and a bare slope control group). The results showed that slope erosion and sand production were closely related to vegetation resistance, runoff shear, and gravity. Under different vegetation configurations, sand production increased significantly with increasing slope and runoff volume, indicating that slope and flow intensity are the main factors affecting erosion and sediment yield. Under the conditions of low slope and low flow, the vegetation can effectively slow down the runoff rate and intercept the sediment, showing obvious protective effects. Test results showed that vegetation configurations could reduce total sediment yield by between 19.96 and 29.89 per cent. However, when the slope increased, the sediment output increased significantly regardless of the vegetation configuration. This study suggests that the rigid–flexible single-row staggered vegetation configuration should be prioritized for the management of slope erosion in loess areas, as it has the best performance in terms of sand reduction, can effectively reduce slope erosion and sediment loss, and provides a scientific basis and technical support for ecological restoration and soil and water conservation in the Loess Plateau.
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Figure 1. (a) is the location of the study area; (b) is the current status of soil erosion in the study area. 
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Figure 2. Test equipment and layout. 
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Figure 3. (a) Sediment collection pictures (b) Sediment drying pictures. 
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Figure 4. Different combinations of rigid–flexible vegetation for BS (a), GX (b), RX (c), DJ (d), UG (e), and SJ (f). 
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Figure 5. Slope soil erosion force analysis. 
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Figure 6. (a) Bare slope erosion map; (b) rigid vegetation erosion reduction map; (c) flexible vegetation erosion reduction map. 
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Figure 7. (a) is the sand production of six different vegetation configurations at a slope of 2°; (b) is the sand production of six different vegetation configurations at a slope of 4°; (c) is the sand production of six different vegetation configurations at a slope of 6°; and (d) is the sand production at different slopes. 
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Figure 8. (a) Plot of flow velocity versus erosion reduction rate for a slope of 2°; (b) Plot of flow velocity versus erosion reduction rate for a slope of 4°; (c) Plot of flow velocity versus erosion reduction rate for a slope of 6°. 
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Figure 9. Plots of flow versus water depth for different slopes with slopes of 2° (a), 4° (b), and 6° (c), and flow versus current velocity for slopes of 2° (d), 4° (e), and 6° (f). 
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Figure 10. (a) Plot of flow velocity versus runoff shear for a slope of 2°; (b) Plot of flow velocity versus runoff shear for a slope of 4°; (c) Plot of flow velocity versus runoff shear for a slope of 6°. 






Figure 10. (a) Plot of flow velocity versus runoff shear for a slope of 2°; (b) Plot of flow velocity versus runoff shear for a slope of 4°; (c) Plot of flow velocity versus runoff shear for a slope of 6°.



[image: Sustainability 16 09132 g010]







[image: Sustainability 16 09132 g011a][image: Sustainability 16 09132 g011b] 





Figure 11. (a–c) are plots of flow velocity versus unit runoff power for slopes of 2°, 4°, and 6°, respectively; (d–f) are plots of flow velocity versus runoff power for slopes of 2°, 4°, and 6°, respectively. 
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Table 1. Basic physical properties of project area loess.
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	Natural

Moisture Content

(%)
	Dry Density (g/cm3)
	Relative Particle Density
	Plastic Limit

(%)
	Liquid Limit

(%)
	Soil Particle Size

<0.005 mm

(%)
	Soil Particle Size

0.005~0.05 mm (%)
	Soil Particle Size

>0.05 mm

(%)





	3.2
	1.29
	2.63
	17.8
	23.7
	16
	60
	24










 





Table 2. Average sand production and erosion reduction rate on slopes.
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Slope (°)

	
Layout Average

	
Sand Production (kg)

	
Average Erosion Reduction (%)






	
2°

	
SJ

	
1.54

	
23.67




	
GX

	
1.56

	
22.66




	
DJ

	
1.43

	
29.89




	
RX

	
1.47

	
27.39




	
UG

	
1.61

	
19.96




	
4°

	
SJ

	
1.90

	
24.64




	
GX

	
2.01

	
20.09




	
DJ

	
1.85

	
26.60




	
RX

	
1.89

	
25.15




	
UG

	
2.06

	
17.84




	
6°

	
SJ

	
2.37

	
20.69




	
GX

	
2.44

	
18.18




	
DJ

	
2.34

	
21.78




	
RX

	
2.36

	
21.00




	
UG

	
2.51

	
15.49











 





Table 3. Relationship between flow and water depth at different slopes.
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	Slope
	Regression Equation
	R2





	2°
	h = 1.466Q0.642
	0.993



	4°
	h = 1.500Q0.672
	0.986



	6°
	h = 1.465Q0.634
	0.993










 





Table 4. Relationship between flow rate and flow velocity at different slopes.
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	Slope
	Regression Equation
	R2





	2°
	v = 0.076ln(Q + 0.364) + 0.213
	0.976



	4°
	v = 0.345ln(Q + 3.9) − 0.327
	0.994



	6°
	v = 0.093ln(Q + 0.334) + 0.255
	0.993










 





Table 5. Relationship between flow rate and runoff shear at different slopes.






Table 5. Relationship between flow rate and runoff shear at different slopes.





	Slope
	Regression Equation
	R2





	2°
	   τ = 0.746  Q  0.597     
	0.992



	4°
	   τ = 1.117  Q  0.602     
	0.987



	6°
	   τ = 1.502  Q  0.642     
	0.993










 





Table 6. Relationship between flow rate and runoff power, per unit of runoff power at different slopes.






Table 6. Relationship between flow rate and runoff power, per unit of runoff power at different slopes.





	Slope
	Regression Equation
	R2





	2°
	Φ = 2.24 + 0.11V
	0.99



	4°
	Φ = −4.85 + 0.23V
	0.99



	6°
	Φ = 0.002 + 0.34V
	0.99
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