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The Loess Plateau has long been suffering from serious soil erosion of which erosion from the slope-gully system is now dominant. The slope-gully system is characterized with distinctive erosion distribution zones consisting of inner and inter gully areas wherein erosion patterns spatially vary, acting as both sediment source and the dominant sediment and water transport mechanism. In this paper, a substantial body of research is reviewed concentrating on the soil erosion processes and control practices in the slope-gully system. The inner gully area is identified as the main sediment source while runoff and sediment from the inter-gully upland is found to significantly affect down slope erosion processes. Correspondingly, the protective vegetation pattern and coverage should be strategically designed for different erosion zones with an emphasis on the critical vegetation cover and pattern to reduce sediment yield of the whole slope-gully system. Check-dam could change the base level of erosion and reduce the slope length of the gully side, which will further decrease the possibility and magnitude of gravity erosion. We concluded that understanding the erosion processes and implementing erosion practices for the slope-gully system are of importance and require more research efforts that emphasize: 1) the influence of upland runoff on erosion processes at downslope; 2) the relationship between hydraulic characteristics of overland flow and erosion process at a slope-gully system scale; 3) physical mechanisms of different vegetation patterns on the slope-gully erosion process.
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INTRODUCTION
The Loess Plateau (CLP), located in the northwest of China with an area of 6.4 × 105 km2, has been experiencing serious soil erosion over a long time with a mean annual erosion rate ranging from 5,000 to 15,000 Mg km−2 yr−1, due to the short heavy storms, easily erodible loess soil, steep slope, low vegetation cover, and inappropriate land use (Fu, 1989). More than 70% of the CLP, now is gully hill dominant which is attributable to the intense soil erosion and massive human activities over the past years.
The landscape of the watershed is unique with the remarkable Loess shoulder-line (LSL) which is the boundary dividing the complex physiognomy of the plateau into the inter-gully area (BC) and inner-gully area (AC) in the light of the formation and topographic features (Figure 1) (Yan et al., 2014). The area above the LSL (BC) generally has been terraced for being gentle, while the area below the LSL (AC) is usually left as barren with a steep slope greater than 35° (Figure 2).
[image: Figure 1]FIGURE 1 | Illustration of loess shoulder-lines on surface (Yan et al., 2014).
[image: Figure 2]FIGURE 2 | Illustration of loess shoulder-lines profile (Yan et al.,2014).
Erosion patterns in the two areas vary correspondingly, such that, splash, interrill erosion and rill erosion are dominant in BC while the lower part (AC) is characterized with gravitational erosion or large magnitude landslide. Concerns related with the erosion processes of the two parts were raised from the 1950s with debate on how many sediments they produced and which one is the main sediment source. The answer is vital for decision makers to choose control practices when capital investment is limited. Since then, a lot of studies have been conducted to identify the main sediment source and some consensus has been achieved on certain points: 1) the relative proportions of sediment yield from BC and AC spatiotemporally differ; 2) AC is the main sediment source for most circumstances while its sediment yield is significantly affected by the inflow from BC. Inasmuch as their inherent mutual influences, the landform of those two areas combining with different erosion patterns and the related components, such as soil, topography and vegetation, are considered as a special and synthetic system, which is defined as a slope-gully system (SGS) (Lei and Tang, 1997). SGSs can be viewed as a transitional unit from slope to watershed with runoff and sediment connecting the slope with the gully.
SGS is a typical landform in Loess Plateau of China, especially in the loess gullied hilly area and the loess flat highland area. The outlines of the typical watershed in the two areas are exhibited as Figures 3 and 4. The slope profiles of the SGS were both convex with the difference being that the BC part of the loess flat highland area is almost flat. But for the loess gullied hilly area, the slope gradient increases gradually from 3° to 12° at the shoulder, 12°–25° at the upper slope, 18°–35° at the lower slope and 37°–42° at the gully slope (Zheng, 2006). For most circumstances, the upper sections (BC) of these convex slopes are commonly terraced and cultivated but lower down (AC) is found with vertical cliffs or steep slopes.
[image: Figure 3]FIGURE 3 | Outline of the loess gullied hilly area.
[image: Figure 4]FIGURE 4 | Outline of the loess flat highland area.
Correspondingly, erosion control practices should be strategically designed according to the landform and land use for the whole SGS. Since the 1980s, a number of biological, engineering, and tillage countermeasures were implemented in the SGS. After more than 40 years of comprehensive management, the total vegetation coverage has gained an increase of 25∼28% (Chen et al., 2015) and more than 100,000 check dams have been built to control gully incision (Xu et al., 2009). The recovered vegetation with variations in vegetation structures, plant diversity and pattern distribution affects both runoff and sediment generation processes. The deposited sediments trapped by the check dam raise the base bed level and reduce slope length, which will further improve the channel stability. The Chinese government now is taking additional effort to build check-dams and 163,300 check dams will be built in the Loess Plateau by 2020 (Xu et al., 2009).
SGS is not only a sediment producing area, but also an important area for implementing ecological reconstructions. Understanding the underlying erosion processes on the SGS in particular under the context of the recovery of vegetation and build-up of checkdam systems will provide more efficient measurements for protecting the limited land resources and ecological environment. Our specific objectives were: 1) to systematically summarize the existing understanding of erosion processes on SGSs; 2) to examine and evaluate the effects of vegetation recovery and checkdam systems on the erosion processes in the SGS scale; 3) to identify prospective research areas on SGSs.
SPATIAL EROSION PATTERNS AND SEDIMENT SOURCES ON SLOPE-GULLY SYSTEM
Spatial Erosion Patterns of Slope-Gully System
Understanding the spatial patterns of erosion along a hillslope and the processes of those patterns are of fundamental importance to clarify sediment movement, and are helpful to choose the most effective countermeasures to prevent and control soil erosion. Spatial variations in topography, soil, and land use result in spatial variations in erosion. For the Loess Plateau, the unique topography and its corresponding land use patterns are responsible for the spatial variations in erosion. Owing to the variation of the slope gradient along the slope, water erosion patterns are spatially distributed in such a way that the dominant erosion processes follow the sequence of interrill-rill-ephemeral gully‐gravitational erosion-gully erosion-siltation from top to the toe (Chen et al., 1988) and the erosion amount varies from small to large, then becomes small (Cheng, 1965).
For decades, different research groups have carried out intensive work to explain erosion processes in the Loess Plateau with a variety of methods and scales, which was essential to consider effective recuperation technologies (Wei et al., 2012). Systematic conclusions on the vertical erosion zone in the loess gullied hilly area (Table 1) (Liu and Zhu, 1988) and loess flat highland (Liu and Wu, 1993) were drawn (Table 2) in the 1990s to illustrate the vertical distributions of different erosion patterns. In general, splash erosion, interrill erosion, rill erosion, and ephemeral gully erosion predominate at the BC area, while gravitational erosion such as caving, landslide, and subsoil erosion accelerate the development of gullies at the AC part (Liu and Zhu, 1988). This is the basic regularity of soil erosion patterns which are crucial to the effective layouts of soil and water conservation measures.
TABLE 1 | Vertical zones of erosion processes in a small catchment of the Loess gullied hilly area.
[image: Table 1]TABLE 2 | Characteristics of erosion zone for a profile in the Loess flat highland area.
[image: Table 2]The study on the spatial erosion patterns of SGS were based on field observations with natural rainfalls, and results were obtained from qualitative methods or combining qualitative with quantitative ones to give a general recognition of erosion characteristics along a complex hillslope of the Loess Plateau (Liu and Zhu, 1988; Chen and Wang, 1999). This type of information was valuable in determining conservation practices and in providing proof for a full understanding of the characteristics of each erosion zone and even soil hydrological behavior, soil erosion mechanisms, and other geomorphologic processes related to soil erosion and sediment yield.
Different Erosion Patterns and Evolution Processes on the Loess SGS
Different erosion patterns formed an interrelated erosion chain through runoff and sediment along the loess slope. In order to understand the whole erosion chain on the loess SGS, it is of fundamental importance to illuminate the critical conditions for each type of erosion occurring and their evolution processes. Intensive investigations have been conducted to explain the development processes and the influencing factors for interrill erosion, rill erosion and gully erosion with laboratory experiments, field experiments, satellite remote sensing, and digital photogrammetry methods.
Interrill erosion is a process in which a thick layer of water carves the surface into tiny rills and scale-shaped depressions after detaching and taking fine particles in the soil away when the rainfall intensity exceeds soil infiltration. Interrill erosion covers the largest area on the slope of the loess region. It is the first stage of overland erosion with four separated but interrelated sub-processes of detachment by rainfall, detachment by overland flow, transport by rainfall, and transport by overland flow. Focusing on the above four sub-processes and their influencing factors, overland flow hydraulics, and modeling, researchers conducted a number of studies and obtained fruitful achievements over the past 50 years. Zhang and Wang (2017) identified that transport was the process limiting the interrill erosion rate. Wu et al. (2018) pointed out that whether transport or detachment dominate interrill erosion is affected by rainfall intensity and slope gradient in the Chinese loess region and the dominant process changes from transport-limited to detachment-limited when the slope gradients are steep. This result indicated that detachment-limited process is an important part of the interrill erosion processes. Within the detachment-limited process, soil detachment rate decreased in a power function with the sediment load of sheet flow increasing (Wu et al., 2019a). In addition to rainfall and runoff characteristics, soil properties and surface conditions (vegetation cover, roughness, crust) affect interrill erosion processes (hydraulically, erosional processes and sediment characteristics) as well. Several interrill erosion prediction models were developed with the knowledge on the interrill erosion process and its influencing factors. Zhang and Wang (2017) built a lumped model based on two sediment transport modes, rainfall-driven rolling/creeping and flow-driven rolling/sliding. Wu et al. (2019a) developed a model to predict the soil detachment rate by sheet flow with stream power. However, due to the complexity and the limitation of different experimental conditions, developing a process-based interrill erosion model suitable for the loess slope is greatly necessary for soil erosion control and decision making.
Rill erosion contributes more than 70% of slope erosion and 50% of the total erosion on the Loess Plateau of China (Zheng, 1988). The rill erosion process is composed of four phases, downward incision and horizontal development along the side of the rill, local erosion on the escarpment of the rill, collapse of the rill walls, and lateral migrations of the rill (Wang, 1998). Therefore, rill development is a complicated three-dimensional process with constant lengthening, widening, and deepening. For each phase, the dominant process and influencing factors are not the same. It is commonly agreed that soil erodibility and rainfall erosivity have direct impacts on rill erosion. Qin and his colleagues (Qin et al., 2018, Qin et al., 2019) established an automatic monitoring system to study rill erosion development, dominant process, quantifying of rill network evolution and rill morphology. They also developed a frame model on slope erosion including interrill and rill erosion based on WEPP with rainfall factor embedded. However, to date, there is still an ambiguous area around the reasons for the initiation and development of rill erosion and the inherent mechanisms for rill network development due to the complexity and randomness of rills.
Ephemeral gullies (EGs) are small channels eroded and filled alternatively by concentrated overland flow and normal tillage at the same location (Wu et al., 2019a). On the Loess Plateau of China, EGs are estimated to contribute 35∼70% to the slope erosion mass (He et al., 2004). EGs initiated by the convergence and intersection of rills combined with tillage activity mainly occur at the bottom of tilled-slope. The widely spread EGs are the transitional links between rills and gullies in SGS. With time, the main channel of ephemeral gullies interconnected with the rills on lateral side-slopes and previous interrill areas develop into a fully EG network which can represent the imbricated landform of the Loess Plateau. The formation and development of EGs are closely related with soil characteristics, rainfall and runoff, and topography. A few studies illustrated that both upland and lateral inflow play significant roles in downslope EG erosion. The lower rate of inflow triggered greater sheet and interrill erosion at the channel shoulders and the higher inflow rate strengthened the incision of the main EG channel (Wu T. et al., 2019). Xu et al. (2019) reaffirmed this conclusion that upslope inflow, contributing 62∼78% and 65∼81% to total runoff and soil loss, respectively, is important to the growth of the main channel and lateral inflow generates rill networks and provides connectivity of interrill areas for runoff and sediment delivery to the main channel. Besides, inflow sediment concentration influenced the EG erosion downslope. The increase in inflow sediment concentration decreased EG erosion since the detachment rate decreased linearly with the sediment load in the gully flow (Zhang et al., 2014) and a critical value of 120 g L−1 of EG erosion was detected (Wu T. et al., 2019). If sediment concentration exceeded this value, the EG erosion would be transferred to sediment deposition instead of detachment. Unit stream power is found to be positively related with the soil detachment rate (Zhang et al., 2014) and linearly with the sediment transport capacity of EG flows (Gong et al., 2011). EG erosion degrades physical soil quality and reduces corn production. The rotation of filling and tilling of the gully decreases the anti-erosivity of the soil and broadens the EG gully catchment area. As a result, a gully head develops, and the lateral incision is strengthened. EGs are considered as the main sediment source for a watershed to some extent. Practice found that naturally restored grassland significantly increased the erosion resistance and reduced the erosion potential of ephemeral gullies (Wang et al., 2018). However, due to the complexity of EG development and its mechanisms, it is difficult to predict and quantify the EGs.
Rainstorm-induced gravitational erosion frequently occurs on the Loess Plateau, with a crisscrossing gullies landscape and collapsible loess in vertical joints. Rainwater infiltrating the soil decreases the anti-shearing strength of the failure surface, and consequently induces gravitational erosion on the steep slope. The Loess Plateau is severely affected by gravitational erosion such as avalanche, landslide, earth flow, and creep (Liu and Zhu, 1988; Lei and Tang, 1997). For SGSs, a gentle slope at the upper part and a steep slope with gradient larger than 35° is often the typical geomorphologic feature. Most gravitational erosion occurs at the lower parts of a slope-gully system, that is, the AC part. On one hand, due to frequent incision with concentrated flow from the upper part, the ephemeral gullies in the lower gully slope form independent gullies, which easily collapse after rainstorms. On the other hand, the lower part of AC, acting as flood discharge channel during monsoon season, increases the height of its vertical surface with the scouring of runoff, which will affect its stability and induce landslide or collapse.
Being a stochastic and non-continuous process with the integrated influence of definite hydrologic, geologic, and topographic conditions (Xu et al., 2015), erosion due to gravitational force is hard to predict. Recent studies made efforts to analyze the mechanical stability of the slope-gully as a whole system instead of forecasting the stability of the gully slope and gravitational erosion. Models of gravitational erosion were obtained (Wang et al., 2005) and the fuzzy probability method or finite difference software (FLAC 3D) (Yu et al., 2009) was utilized to quantify the collapse probability. Rainfall simulation experiments on steep slopes found that climate and topography had prominent influences on gravitational erosion (Xu et al., 2015). In general, gravitational erosion often causes large amount of soil loss or even hazards on the Loess Plateau, however, site-specific and real-time measurements are impossible due to its indeterminacy and non-continuity. Therefore, focusing on the gravitational erosion processes, disclosing the interactions with rainfall and topography, identifying areas susceptible to gravity collapse, and formulating control measures will be the highlights of future research.
Recent research focused on the correlations between sheet erosion, rill erosion, and ephemeral gully erosion, with the hydrodynamic parameters using SGS models (Wang et al., 2004; Ding et al., 2008), trying to find the hydrodynamic threshold of each erosion occurrence, which is beneficial to disclose the rule of soil erosion on SGSs and build a process-based erosion model. However, these experiments are conducted on man-made indoor SGS models with rainfall simulation methods, which are different with outdoor environments. Besides, the man-made SGS models are not uniform which limits the outcomes applications. Thus, a uniform SGS model is necessary for future study.
Identification of Sediment Source
The identification of sediment sources is a fundamental and preliminary work necessary for determining a correct model to understand the behavior of the sediment since it gives the different contribution to the sediments of a watershed (Walling and Collins, 2008) and offers a specific area to spend mitigation efforts (Dutton et al., 2013). In particular, it helps to choose suitable countermeasures for SGSs with spatially varied erosion patterns, that in order to achieve the most effective benefits with limited investment, which in part contributes more to the whole watershed sediment yield, BC or AC, should be fully understood. Most scientists hold the opinion that the erosion rate of AC is greater than that of BC. As aforementioned, various forms of gravitational erosion, including landslides, slumps, and debris falls, exist on steep slopes in the AC area, while interrill erosion, rill erosion and ephemeral erosion were widespread on hillslopes in the BC area. Surveys indicated that some gully heads advanced several meters after one heavy rain (Gong and Jiang, 1979) in the AC area, which will boost sediment yield.
The pioneering systematic study on sediment sources was performed by Jiang et al. (1966). They analyzed data from a field survey of land use and plot observation and concluded that the erosion rate of the AC is 1.0–4.0 times greater than that of the BC. However, if the size of each area is taken into account on sediment source, the ratio of sediment yield from the BC area to that of the AC area varied from 0.8 to 1.8. Note that earlier studies on sediment sources were based on soil loss amount that was indirectly or qualitatively estimated from experimental plot data. Those plot data may not fully represent the natural reality, and the observation period ranging from 3 to 6 years could not take the long-term effects into consideration.
The relative contribution of sediment from the AC and BC areas to the total sediment yield varied across different environmental conditions such as topography, lithology, gully type, soil properties, land use, and climate (Zhang F. et al., 2018). Shi et al. (1996) concluded that sediment sources in a catchment varied across the development of gully system, rather than being constant with the Rare Earth Element method and artificial successive rainfall in a simulated catchment. With the development of a watershed, the gully erosion rate decreased from 86.69 to 38.46% accordingly with erosion patterns evolving from gully incision at the early stage to headcut erosion. The loess gullied hilly area is in a seriously down-cutting period now (Ma et al., 1993), which means that the dominant erosion process is gully incision and the conclusion that most sediment came from the AC part is probable and reasonable. The results obtained from the 137Cs and 210Pb tracing method in a watershed of the Loess gullied hilly area also indicated that gully erosion produced the highest proportion of sediment (Li et al., 1997). Zhao et al. (2015) also reported that the gully was the main sediment source accounting for 92.8% of the total sediment in a small watershed.
Opposite conclusions were drawn that the BC is the main sediment source which accounts for 70% of the total deposited sediment from a small watershed for 1959∼1987 (Li, et al., 2008). They attributed the differences to the larger area proportion (58%) of BC and elevation raise of the erosion basis with dam siltation. However, this explanation may be problematic as no sufficient data were available to support the relationship between the raise of channel base and reduction of gully erosion. Even for the same watershed, the relative proportions of sediment yield from the two parts were different for different study periods or methods (Li et al., 2017).
Despite the discrepancy of the results, a major consensus has been achieved. For the loess highland area, most sediment comes from the AC due to the flat plain of the BC. For the loess gullied hilly area, the dominant factor is the area size. If the areas of those two are almost the same, the AC will yield more sediment for its steep gradient. On condition that the BC area is larger than the AC, the BC part is supposed to be the main sediment source.
Sediment source identification has been deeply studied in the CLP since the 1950s with fruitful results. Rare Earth Element and radionuclides such as 137Cs and 210Pb are widely used as tracers in sediment source identification. Particle size analysis and sedimentation trapped by the check dam are also employed in sediment identification. However, little attention has been paid to the effects of revegetation and land use change on sediment sources. Studies showed that vegetation cover and topography control sediment yield on the CLP (Zhao et al., 2016) which will further change the sediment contribution proportion of the AC and BC. With farmland abandoned and returned to grassland since the late 1990s, the average erosion rate from the BC gradually decreased and sediment from the AC increased comparatively for Sidizui watershed in gullied hilly area which indicated that the sediment source changed with rehabilitation (Li et al., 2017). For a better understanding of the main sediment source area and variation of CLP with the large-scale implementation of ‘Grain for Green’ project, obtaining a useful reference for more scientifically sound land use and conservation measures, more information should be acknowledged on runoff dynamics and sediment movement process on the slope-gully system. More field and lab experiments are greatly needed to identify the erosion process and its temporal and spatial variations of the slope-gully system.
INFLUENCE OF UPLAND INFLOW ON DOWN-SLOPE EROSION OF SLOPE-GULLY SYSTEM
The AC part is the main sediment source as demonstrated above. However, the upcoming inflow from the BC area contributed a lot and should not be ignored. Up-slope runoff discharging into down-slope caused additional sediment delivery. A few quantitative studies have been performed to probe into the processes and effects on a hillslope scale. Earlier field observation in the Loess Plateau showed that runoff from uplands caused additional soil loss at downslope (Chen, 1992; Jiao et al., 1992; Chen and Wang, 1999) compared to no upslope inflow. Based on the concept of net increment of sediment yield, Chen and Wang (1999) confirmed that runoff accumulating from upslope areas resulted in 1.8 times more sediment increment from down-slope. Later, a number of simulation experiments were carried out on SGS models and a power function relationship with a power index greater than 1 was disclosed (Xiao et al., 2007; Ding et al., 2008), which implies that a slight increment of runoff inflow from the upper part will result in a significant increase in soil loss of the AC area. This increment of soil loss was attributed to an increase in the runoff detachment and transport capacity caused by the increase of inflow rate, and a strengthened runoff scouring force. On the contrary, the downslope erosion will be alleviated greatly if the upland inflow is trapped. Therefore, if the impacts of upland inflow are taken into account in sediment source identification for a slope gully system, a conclusion that most sediment comes from the inter-gully area can be drawn.
However, further study showed that the net sediment from the AC area had a negative relationship with the sediment concentration of the upslope either with linear (Xiao et al., 2007; Ding et al., 2008) or power function (Wang et al., 2004). The variation trends are in accordance with the conceptual model of the effects of sediment concentration in eroding water on erosion processes by Ellison (1947). During the erosive rainfall process, upslope runoff with variable sediment moving downslope affects detachment, deposition, and transport at the downslope segment, especially at the loess hillslope of China. If the upland sediment is trapped, erosion of the downslope will be aggregated with the sediment concentration decreasing. Briefly speaking, the best solution to reduce erosion for a slope-gully system is to trap all runoff and certain amounts of sediments from upland. Theoretically, with the decrease of inflow sediment concentration, there should be a turning point for the sediment concentration of upland runoff (Chen and Wang, 1999) at which the dominant erosion process of downslope will change from detachment to deposition. Nevertheless, there is no general agreement on the quantification of the equilibrium point of the sediment concentration and the effects of upland inflow on downslope erosion for the lack of analytical data.
At the hillslope scale, the increase of downslope sediment yield is affected by rainfall characteristics, topographic conditions, inflow amount, and sediment concentration. With the decrease of sediment concentration in up-slope runoff or increase of rainfall intensity, the additional sediment detachment at the down-slope caused by the upslope runoff was augmented. So far, however, there has been little discussion about how to quantitatively depict upslope runoff effects on downslope erosion processes under different rainfall, runoff, and surface conditions at the slope-gully system scale.
SOIL AND WATER CONSERVATION MEASURES AT THE SLOPE-GULLY SYSTEM SCALE
In recent years, a series of soil and water conservation measures have been implemented, such as planting and reforestation on the slope and building check dams to trap sediment in the gully. Vegetation cover on the Loess Plateau is reported to reach 59.6% in 2013 from 31.6% in 1999 (Chen et al., 2015) and around 110 thousand check-dams have been built over the past 50 years (Xu et al., 2009). As a result, the sediment discharge into the Yellow River in 2013 was reduced to 0.2 billion tons with 21 billion m3 of sediments captured (Jiao, et al., 2014).
Effects of Vegetation
For the Loess Plateau, vegetation other than the slope gradient or slope length was the key factor affecting soil erosion after rehabilitation. Vegetation rehabilitation on the hillslope plays a critical role in reducing water and sediment yield at the BC area and thus to alleviate the erosion at the AC area since the incoming upland flow is trapped.
Vegetation Effects on the Runoff Amount From the Inter-gully Area
Scientists have noticed that vegetation exerts a great impact on reducing and repressing soil erosion in the Loess Plateau from the 1950s. Vegetation affects runoff yield both in vertical structures and horizontal distributions, and the impacts differ from scales. In general, vegetation influences the soil erosion process in the following ways: 1) protecting the soil surface from raindrop splashing; 2) providing additional surface roughness and increasing penetration time; 3) improving soil structure and enhancing the infiltration capacity; 4) spatial distribution (including vegetation structure, compostion, species, and layout with surrounding crops) forming a spatial mosaic and source-sink landscape pattern.
Vegetation on the hillslope is found to be effective in reducing flow velocity and increasing interception and runoff time which thus alleviates downslope erosion. The effects of vegetation coverage on erosion have been widely recognized. In general, the runoff amount decreases with coverage rates as a linear (Greene et al., 1994) or exponential function (Liu, et al., 2018) and there exists a threshold of vegetation cover below which runoff would increase greatly (Jiang et al., 1992; Zhu et al., 2010).
However, the influence of vegetation distribution pattern on the runoff yield is ambiguous. At an SGS scale, vegetation distribution position influences total runoff yield and downslope erosion. A few studies (Li et al., 2005; Ding and Li, 2016) stated that there was no difference in terms of runoff yield with a different vegetation position. Most studies supported the opinion that vegetation located at the middle or lower part exerts better effects on runoff reduction (Feng et al., 2018; Ma et al., 2018) because the vegetation at the lower part exerts a more effective obstacle to the connection of water system (Zhang F. et al., 2018). showed that the optimal position for grass strips in the convex hill-slope was 60% of the upslope length under a rainfall simulation experiment. But Su et al. (2017) presented that the best runoff reduction effect of vegetation position is 25% of the upslope length under a scouring experiment.
The effects of vegetation position on runoff yield are different depending on the experiment method, inflow discharge, and vegetation coverage. Based on the previous research, vegetation coverage and position significantly influence runoff yield, yet a quantitatively accurate description is difficult to achieve because of the interactions between vegetation, inflow, and topography are not fully understood. For a natural situation, the interactions are even more complicated, which will be greatly influenced by soil, vegetation, topography, and rainfall characteristics.
Vegetation Effects on Sediment Yield From the Inter-gully Area
A bunch of research has been conducted on the role of vegetation cover in reducing sediment yield on the Loess Plateau which shows that sediment yield decreases in a linear (Greene et al., 1994) or exponential function (Liu, et al., 2018) with coverage increases in general. Two threshold values of coverage rates exist: 1) the lower threshold, in which vegetation can reduce soil loss effectively only if the coverage exceeds; and 2) the upper threshold, the most effective reduction can be achieved when coverage reaches this number and beyond this number, the increasing of the coverage rate will not reduce soil loss significantly. For the Loess Plateau, the lower and upper threshold is 40 and 60%∼70% respectively (Jiang et al., 1992).
The spatial distribution of vegetation cover plays a critical role in reducing water and soil loss at slope scale because it affects runoff and soil erosion processes. Slope with vegetation positioned at the lowest part is observed the least soil loss and this phenomenon is most distinguished under high rainfall intensity. But for a slope-gully system, the sediment detachment capacity in the AC area depends on the sediment concentration in the upslope runoff, which will increase with the decline of sediment concentration. Thus, the vegetation located at the lowest part of the upslope or with higher coverage will cause more sediment loss from the AC area, which is not beneficial to control soil erosion. There should be an optimal slope position and threshold vegetation coverage rate for the lowest sediment yield of the whole slope-gully system.
Several experiments were performed to illustrate the impact of vegetation pattern at hillslope on sediment yield, but different results were drawn. The optimal position for grass strips at convex hillslopes was 60% of the upslope length (Zhang et al., 2018b) with 25% vegetation coverage. Li et al. (2005) and Su et al. (2017) found that total sediment yield is the least when vegetation is located at the lowest part of upslope. Besides, sediment reduction benefits are more remarkable for a smaller discharge inflow which implies that the impact of vegetation at hillslope on erosion control is limited because of the frequent high intensity rainstorms in the Loess Plateau.
Studies related with the impact of vegetation on hydraulic characteristics of overland flow have been carried out and results clarified that vegetation cover and position were able to change overland flow hydraulic characteristics. The coverage is found to be more correlated with hydraulic parameters than the position. The mean velocity was found to decrease with the increased grass cover in a linear trend and be the fastest when located in the upper part (Ding and Li, 2016). While a lower or middle position from the summit along the slope length has the lowest velocity when entering the down slope in a rainfall simulation experiment and caused the lowest sediment yield (Zhang et al., 2018b). With grass coverage increasing, Darcy–Weisbach friction increased and overland flow carrying capacity decreased which will cause less sediment yield.
In general, grass cover is more effective in reducing sediment than decreasing runoff. Grass position can change the erosion pattern down slope as it changed the acceleration area of the runoff. Increasing vegetation coverage can reduce runoff and sediment yield significantly, however, excessive vegetation may cause soil dryness and influence soil hydrological status since revegetation on the Loess Plateau is approaching the threshold of the sustainable water resources (Feng et al., 2016). Thus, propriate vegetation position and pattern is more critical to reduce soil and water loss. Vegetation pattern, suitable species selection, and their spatial configuration, should be improved to balance the trade-off between erosion control and soil water consumption. However, as to the most effective vegetation position, it is still under dispute. Revegetated plants at down-slope are more preferable in trapping sediment but will cause more serious soil erosion in the AC area. In previous studies, indoor experiments were conducted with grass strips which were distributed to congregate spatially, while under natural situations, vegetation is often distributed randomly with different species. Several research studies were carried out with different vegetation species and patterns at a slope scale, but the combination with the erosion process on steep downslope makes the erosion process on the slope-gully system more complicated. More experiments should be done to illustrate the vegetation impacts on processes of detachment, transport, and deposition of soil materials by erosive rainfalls and runoff and to further build suitable correlations between soil loss and hydraulic parameters influenced by vegetation patterns.
Effects of Check Dam Systems on Slope-Gully System Erosion
Many years of soil and water conservation practice has demonstrated that check dams are effective measures to control gully erosion by reducing stream bed slopes, disrupting channel connectivity and shortening gully slope length. In the Yanhe watershed, the annual runoff was reduced by less than 14.3% due to check dams in gullies and up to 85.5% of the sediment was retained during the rainy season (Xu et al., 2013).
Several studies were carried out to illustrate the siltation effect of check dams on gravity erosion of the slopegully system using soil mechanic modeling software. On one hand, the uplift of the riverbeds behind check-dams as a result of sediment deposition will submerge the area with a steep gradient and change the surface slope composition which will further decrease the possibility of gravitational erosion because gravitational erosion has significant linear positive correlation with gully slope areas of steeper than 32° (Zhang et al., 2018c). On the other hand, with the rise of the erosion base level, gully slope length reduced greatly, possibility of gravitational erosion decreased, and the stability of slope-gully system was improved (Yu et al., 2010). For a 15 m-high check dam, the gully slope length will decrease from 40 to 60 m to 20∼40 m after siltation which will reduce the possibility of a gully side collapse and gully erosion significantly.
Widely distributed check dams play an important role in gully stabilization and sediment regulation in the Loess Plateau. As estimated, 113,500 check dams have been built by the year 2002 and 21 billion m3 of sediment was intercepted which formed 3,200 km2 fertile farmland (Wang et al., 2014). By the year 2020, 163,000 check dams are planned to be built mainly on tributary channels. Check dam systems brought about complex effects on runoff and sediment yield. Most studies were concentrated on the direct function of sediment retention. However, the indirect effects such as gully stabilization and slope length reduction provided by check dams has not been fully recognized.
KNOWLEDGE GAPS AND PERSPECTIVES
The Slope-gully system is a unique part of the Loess Plateau. It is not only an important component of watershed but also a basic water and sediment transport unit. Research advances in the slope-gully system erosion processes offer interest and promise for soil erosion modeling for it connects the inter-gully and the inner-gully area with successive flow and sediment transfer. Intensive investigations have been carried out to explain the erosion processes of the slope-gully system. Currently, it is agreed upon that the spatial erosion patterns from the top to the toe slope along a slope-gully system section, and the main sediment source is AC. Runoff rolling down to AC with certain sediment concentration is the main cause to inducing landslide or gravitational erosion which creates large amounts of sediment. The strategy to control erosion occurring in the slope-gully system is to reduce the runoff velocity and maintain a certain amount of sediment within runoff downslope to avoid additional sediment detachment. The soil and water conservation measures at present have direct or indirect influences on the runoff and sediment yield of the slope-gully system by changing either the runoff amount or sediment concentration. Due to the complexity of the slope-gully system, there are a few unclear fields, such as dynamic changes of different erosion types, the relationship between runoff upland and erosion at downslope and whole system, and the optimal vegetation patterns on the hillslope to control soil erosion and reduce soil loss.
(1) The influence of runoff from upslope on erosion processes at downslope should be further considered.
The slope-gully system has complex soil erosion processes. Interrill erosion, rill erosion, gully erosion, and gravitational erosion will be found along a slope-gully section. From theoretical and practical perspectives, to quantitatively illustrate the relationship between erosion at AC and BC is often viewed as the consensus of soil and water conservation for the Loess Plateau because it is closely related with the policy for watershed management and layout of the countermeasures. It is of great significance to identify the dominant factors on the erosion process down-slope from upland runoff and sediment, to explain how these factors affect erosion evolution, and responses of these factors to the alteration of upland erosion. Revealing the interaction of runoff and sediment at up-slope and down-slope is important for erosion modeling on the slope-gully system and the watershed of the Loess Plateau.
(2) The relationship between hydraulic characteristics of overland flow and the erosion process at the slope-gully system scale should be further understood.
Although a few experiments are performed to determine the relationships between overland flow hydraulic parameters and erosion of slope-gully system both on bare soil plots and grassplots, many other highly complex processes remain obscure. For example, critical hydraulic conditions leading to evolution of different erosion patterns, especially gully initiation and development, temporal and spatial changes of hydraulic parameters, as well as the soil detachment-transport-deposition process, and how vegetation affects these factors should be analyzed in more detailed quantitative information. Besides, vegetation, topography, and rainfall attributes together determine infiltration and overland flow characteristics. With the improvements of experimental technologies, the mixed effects of multiple factors on the slope gully system erosion process should be further probed into and better understood.
(3) The influence of revegetation and its patterns on the processes of SGS should be strengthened.
Recent studies investigating the effects of vegetation on erosion processes are limited by simulating vegetation that partially rested on a convergence pattern and embedded in the topsoil, whereas, the potential effects of vegetation roots embedded in deep soil layers on soil hydrological processes remain largely excluded. In addition, for both spatial and temporal scales, the mechanisms of this process have not been characterized explicitly, in the aspect of structure, species, coverage, and spatial distribution of vegetation. Thus, more research must be conducted on the effects of vegetation located randomly and naturally with different species in deep soils on infiltration, water flow, solute transport, and soil detachment, which should combine advanced technology, such as GIS, REE, and LiDAR, and novel experimental techniques to explore measurements of vegetation distribution patterns and soil movements.
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