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Gully Consolidation and Highland Protection (GCHP) Project is a major soil and water conservation and land remediation project implemented in the Chinese Loess Plateau (CLP). As the connection between the mechanisms of erosion and practical applications for addressing it is not clear, the implementation of engineering measures to combat the problem has been insufficient to date. This study used field investigation and descriptive statistics, together with hydrological analysis modeling to gain an understanding of the impact of the Loess Plateau Highland Control Schemes on the evolution of the Dongzhi Plateau as the largest, most well-preserved, and the thickest loess deposit region in China. A remote sensing image was introduced to hydrological modeling to prove the analysis results of the Dongzhi Plateau. According to these investigations and analysis, four major schemes of gully head retrogressive erosion control were summarized and a comprehensive theory and technology based on a watershed were proposed. After hydrological analysis, the Dongzhi Plateau was divided into 1225 watersheds. It was found that GCHP should be implemented in the catchment area based on hydrological analysis to solve the problem of retrogressive erosion, and it is recommended that a scientific and rational drainage system should be designed based on the roads and pipe networks in the whole watershed area. Findings from this paper provide insights into the evolution of CLP and it can give a good suggestion on the future implementation of GHCP.
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INTRODUCTION
The Loess Plateaus are rich in coals, petroleum, bauxite and other resources which are thus a major base for energy and chemical engineering (Li et al., 2020). Loess is widely distributed all over the world, including in Europe (Jefferson et al., 2003a; Haase et al., 2007), North America (Bettis et al., 2003; Muhs et al., 2014), Asia (Liu, 1965; Murton et al., 2015; Mu et al., 2020), South America (Zárate, 2003), North Africa (Crouvi et al.,2010), and other locations (Eden and Hammond, 2003). Loess, which accounts for one tenth of the global land area, is intermittently distributed in forest grasslands, grasslands, and desert grasslands in the mid-latitudes of the northern and southern hemispheres. Loess systems are a key component of the delivery of many ecosystems, including those that are crucial to water and nutrient cycling. However, Loess systems are facing threats from soil erosion as a result of climate change and human engineering, which is a cause of worldwide concern (e.g., Van Andel et al., 1990; Butzer, 2005; Dreibrodt et al., 2010a; Starkloff and Stolte, 2014; Zuffetti et al., 2018; Mirzaee et al., 2020). Soil erosion brings disastrous consequences to local agricultural production and socio-economic development, affecting people's lives and property, and posing a significant threat to safety.
Loess erosion is a major environmental issue that has been addressed in many studies (e.g., Berhe et al., 2018; Jiang et al., 2019; Juang et al., 2019). Using two GIS-based machine-learning approaches, the analytical hierarchy process and fuzzy logic modeling, Saha et al. (2019) mapped the susceptibility of soil erosion in the Kunur River Basin in West Bengal, India. Through field investigations and laboratory experiments, Zhuang et al. (2020) revealed the process of internal erosion and the effects of water infiltration on the undisturbed loess. Shi et al. (2020) conducted a series of rainfall combined scouring experiments on experimental plots to clarify the influence of gully heads and the erosion process on hydraulic parameters under different flow discharges. Amir and Jonathan (2020) analyzed the characteristics of the gully area, examining the pattern of soil, biological activity, agricultural utilization, topography, and geomorphology based on five separate geomorphological profiles from nearby landforms, and determined the impact of the gully erosion process on the ecosystem. As a result of soil erosion, a large number of soil resources are eroded and destroyed (Kayet et al., 2018) and large areas of land are being cut to pieces, resulting in a decline in productivity (Sanchez, 2002) with a significant impact on crop yields (Baptista et al., 2015) and ecosystem quality (Fujaco et al., 2016). In addition, this process causes the silting of dams and reservoirs, which affects their use and development (Balthazar et al., 2013). Borrelli et al. (2017) outline that the impact of soil erosion is expected to worsen over the next few decades due to rapid population growth, rapid deforestation, agricultural intensification, and climate change.
The Chinese Loess Plateau (CLP) is the largest concentrated area of loess in China. Because fine and soft loess are abundant in mineral nutrients and favorable for farming, the Loess Plateau was the cradle of ancient Chinese culture and civilization (Peng et al., 2014). The CLP is highly prone to natural hazards, such as floods, bank collapses, runoff, and sometimes landslides, due to the fragile geological environment and extreme rainfall events, as well as intense human activities (e.g., Luo et al., 2018; Peng et al., 2018a; Guo et al., 2020a; Guo et al., 2020b). For example, the Dongzhi Plateau is the largest and most well-preserved loess highland, with the thickest loess deposition (about 200 m thickness) in the Loess Plateau, but it is also the political, economic, and cultural center of Qingyang, located to the east of Qingyang City in the Gansu Province (Peng et al., 2018a). As the largest residual loess highland, over the past few decades there has been geomorphologic evolution and soil erosion in the area (Xiong et al., 2014; Goldberg et al., 2019). However, Dongzhi Plateau has been prone to severe soil erosion since ancient times (Qiu et al., 2014; Peng et al., 2017), and some eroded gullies have spread to urban areas. Investigation shows that up to 23,292 km2 of Qingyang, about 86% of its total area, is experiencing the soil erosion. The average soil erosion modulus is above 7200 tons and locally up to 10,000 tons. The annual loess amount flowing into the Yellow River is 0.1684 billion tons, which is approximately one tenth of the total soil amount flowing into the Yellow River and one third of the soil amount flowing into the Yellow River in Gansu (Qiu et al., 2014; Feng et al., 2019). It is thus imperative to protect the highland.
Efforts to control soil erosion in the CLP have been progressing for a long time (Kukla, 1987; Zhang et al.,2020; Ulrich et al., 1980). Early control strategies were targeted at gully slopes and gully valleys by building terraces and planting trees in slopes and constructing checking dams at gully valleys, known as the gully-slope combined prevention and control technique. This philosophy of small-watershed comprehensive control was promoted in the 1990s, when the slope surface and gully valley combined control method was more comprehensively and profoundly applied (Thomas et al., 2009; Tsoar and Pye, 2010; Reigstad et al., 2011; Qiu et al., 2014). In the past 60 years, owing to long-term research and exploration by the Department of Water Resources of the Ministry of Agriculture and Rural Affairs, and other relevant research departments, the concept of “Gully solidification–slope protection–highland conservation” became clearer, and a series of comprehensive soil–water conservation control strategies were put forward (Ulrich et al., 1980; Cui et al., 2008; Williams, 2008; Peng et al., 2018). For instance, after over 60 years of exploration, the Xifeng Soil and Water Conservation Experimental Station proposed a three-line defense control scheme involving “highland surface runoff regulation and control, slope vegetation restoration, and gully channel water-sand accumulation”, which showed good preliminary results as part of the Gully Consolidation and Highland Protection (GCHP) project (Myers, 1948; Schreiber, 1987; Feng et al., 2019). In 2008, targeting the Yanwachuan watershed, the Yanwachuan Station put forward a polyatomic comprehensive control scheme based on the runoff regulation and control. This scheme was centered on highland surface runoff regulation, control, and utilization, and involved gully channel runoff and soil regulation and control, and it was supplemented by gully–slope runoff regulation, and constructed an efficient runoff soil regulation and use system (Heller and Tung-Sheng, 1986; Guo et al., 2020c). In order to implement the scheme, the Qingyang Municipal Government had organized a themed deployment on GCHP in 2014. This key soil-water conservation and land renovation project targeted the exclusive geomorphology and severe soil erosion in the loess highlands and had no precedent, starting with early-stage soil and water conservation (Nordmeyer and Richter, 1985; Pathak et al., 2016). Although it offers useful data and experience accumulation for GCHP projects, it lacks loess erosion/invasion mechanisms and engineering data on geology; as a result, this scheme is still insufficient for the ongoing GCHP projects. At present, the project of Gully Consolidation and Highland Protection (GCHP) is speeding up in the CLP. The government mainly uses the methods of the GCHP to prevent the gully head from advancing. This is a strong method of artificial intervention that consolidates the gullies and protects the highlands. However, not enough attention has been paid to the problems of GCHP, for example, most measures of the current GCHP projects have only focused on small-scale control (e.g., only gully head), and ignored the large- or medium-scale (e.g., watershed) feedback effects. On the temporal scale, these are short-term engineering control effects that ignore medium- or long-term effects. For instance, the retrogressive eroded gully heads that are sheltered are replaced by new gully heads (Blankespoor et al., 2012; Merten et al., 2015; Leng et al., 2017). After the gully heads are under control, new gully heads have tended to emerge after several rainfall events. Therefore, further studies on the spatial and temporal distribution, characteristics, dynamic processes, and control factors of soil and water disasters under different measures are urgently required to protect the tableland in gullies from a historical, regular, and systematic perspective to elucidate understanding of the mechanisms and process of loess erosion, especially headcut erosion and its potential to induce disasters (Guo et al., 2020d).
As a result of the aforementioned issues of soil erosion in the CLP, GCHP projects are critically important. The is study summarizes GCHP engineering schemes and analyzes these existing problems in detail, aiming to enhance the GCHP by using a hydrological analysis method that will: 1) investigate the capability of GCHP engineering schemes along with drainage systems to forecast discharge and find improvements; 2) reconstruct a catchment and drainage system based on reasonable road and pipe networks, and propose comprehensive and scientific schemes according to prevention/control theories and techniques; and, 3) undertake multivariate prediction of GCHP via hydrological Analysis and enhance its capability by the proposed pre-processing approach. The CLP encompasses cities along the route of the area covered under the “One Belt One Road” (OBOR) initiative of the Chinese government, a global infrastructure development strategy along ancient trade routes in Central Asia. When soil erosion occurs in the CLP it affects the development of cities and can even cause their ruins. The results of this study will provide technological support for the major project of GCHP and contribute to the safety of “One Belt One Road” and other important national strategies.
FIELD SITE, MATERIAL, AND METHODS
The Study Area
The Xifeng District of Qingyang, Gansu province, China, is located at the hinterland of the Dongzhi Plateau (E 107°27′42″-107°52′48″, N 35°25′55″-35°51′11″; Figure 1). It is 47.7 km long and 34.8 km wide from east to west, and the total area is 996.35 km2. The Dongzhi Plateau is located in the CLP and is a typical large loess highland. Xifeng is the political, economic, and cultural center of Qingyang. The Dongzhi Plateau is a natural green agricultural production base and is often referred to as the “barn of east Gansu” and the “pearl of Gansu”. The total area covered by the Dongzhi Plateau is 812 km2, about 3.3% of the total area of Qingyang, and the total cultivated land area is 71,520 ha. The highlands are flat and slightly inclined southeastward. The north-south length is 110 km, and the east-west width varies from 50 km to 50 m. It is located inland in an arid and semiarid zone distant from oceans. It enjoys a temperature of 8.6°C and precipitation of 480–660 mm on average annually. The precipitation varies greatly from region to region and is generally larger in the southeast than in the northwest. Precipitation also varies unevenly throughout the year occurring largely from May to September.
[image: Figure 1]FIGURE 1 | Study areas. Map showing the surrounded hydro-geomorphology and the general situation of the stream network. DEM: digital elevation model; RS: remote sensing.
Due to the special geographical location and topographic conditions of the Dongzhi Plateau, a hydrogeological unit with independent supply and drainage conditions was formed in Dongzhi Plateau, and the only supply source of phreatic water was atmospheric precipitation. The groundwater in Dongzhi Plateau generally flows from the highland center with a high water level to the edges, but the runoff rate is very slow. The horizontal penetration velocity of the aquifer layer is between 0.02 and 2.01 m/d, and the drainage of phreatic water is divided into spring water natural drainage, and artificial exploitation (Raynaud et al., 2015; Huo et al., 2016; Xu et al., 2017).
The vegetation in the highland is dominated by crops, and the vegetation distribution is consistent with the spatial precipitation quantity distribution, as the vegetation grows well in the southern wet zone but is sparse in the northern arid zone (Meserve and Glanz, 1978). The soils in the Dongzhi Plateau are dominated by dark loessial soil, which is basically consistent and insignificantly different from south to north. No river has developed there, but the east, south, west, and north sides are cut by the Malian River, Jing River, Pu River, and Caijiamiao gully, and multiple branches of the Jiaozi River, respectively. The relative height difference between the rivers and the highland surface varies between 250 and 300 m. The area surrounding the Dongzhi Plateau is cut and eroded by a number of small branch rivers. The Malian River, located in the east of Dongzhi Plateau, is the largest in Qingyang. The Pu River, located in the west of Dongzhi Plateau, is a first-level branch of the Jing River.
MATERIAL AND METHODS
We conducted field visits and surveys for about 2 months between July 13 and September 30, 2018, and the surveyed areas included Xifeng District, Zhengning, Heshui, and Qingcheng counties. We surveyed the advancing gully heads in detail, considering behaviors in recent years together with the Qingyang GCHP projects that have been implemented and offered by the local Water Conservation Bureau as well as statistics such as local meteorology, runoffs, social economy, water, and soil loss areas (Figure 1). Through remote sensing, unmanned aerial vehicles (UAVs), field surveys, and other methods, the topography, geomorphology, and incoming water conditions in the areas surrounding gully heads were investigated and analyzed in detail (Dc 1–13 in Figure 1). From these investigations, we clarified the types and rules of GCHP in the Dongzhi Plateau as well as the possible influence of human engineering. Moreover, the confluence at the gully heads was observed during precipitation, and the runoffs at the catchments were analyzed (Li et al., 1995). The sampling frequency for the runoff was once every 5 min, and finally, daily averages were used.
A hydrological analysis is a method of geoscience statistical analysis (Huo et al., 2012). Here, the geographic information system (ArcGIS 9.3) and regional hydrological analysis were combined (Huo et al., 2011) using QuickBird image, spatial resolution was as high as 0.61 m and temporal resolution was from 1 to 6 days. Based on the image processing function of ArcGIS, a regional digital elevation model (DEM) was producted. Aster satellite used (STER GDEM V2: http://www.gdem.aster.ersdac.or.jp/search.js) this spatial resolution and the final DEM resolution was 30 m. Firstly, its depressions were filled in. Then, based on its surface analysis function, the slopes, aspects, streamlines, and watershed identification were analyzed to divide the different catchment areas. The processing chain is summarized in Figure 2. After the extraction of these basic hydrological factors and the basic hydrological analysis, we reproduced the water flowing processes on the DEM surfaces, and analyzed the origin and flow directions of the surface streams. Then, more hydrological information (including slope and watershed unit division) was acquired from the DEM, and finally, the regional hydrological analytical process was finished.
[image: Figure 2]FIGURE 2 | Flow chart of hydrological analysis.
The hydrological analysis was mainly conducted by the D8 algorithm (O'Callaghan and David, 1984), which is the most widely used watershed feature extraction technique based on flow analysis and confluence analysis (Peng et al., 2018; Huo et al., 2019a; Luo et al., 2020). This algorithm first assumes that each rainfall event falls into one cell on the topography, and among the 8 surrounding cells, the water in this cell flows to the cell with the lowest terrain. If the maximum dropping directions are the same among several cells, the adjacent cell extent is enlarged until the steepest dropping direction is found. This algorithm consists of 3 procedures: 1) flow analysis: the flow direction of each cell is expressed by a numerical value, which varies from 1 to 255 (where 1: east; 2: southeast; 4: south; 8: southwest; 16: west; 32: northwest; 64: north; 128: northeast); 2) computation of water flow accumulation, which mainly aims to clarify flow routes (confluence grids are generated based on flow cells); and, (3) extraction of watershed features, with the watershed confluence cells, the different characteristic parameters of watersheds can be easily extracted (e.g., the watershed water system can be simulated to determine different characteristic parameters, including river length, slopes, watershed area, and watershed ratio). Although the D8 algorithm is a common method, 30 m resolution DEM was used for hydrological analysis in this paper. We mainly use the method of rolling-over DEM. The catchment area generated twice was overlaid and analyzed in ArcGIS 9.3, which can further generate typical catchment units with the same geomorphological features. In this study, the scope, area, and watershed of every erosion of the gully were located and calculated by watershed hydrological analysis (Figure 3). Then, through hydrological analysis, the Xifeng District was divided into 1225 catchment zones, and the largest zone with an area of 6.063 km2 was numbered 509, and No. 365 was the minimum (0.101 km2).
[image: Figure 3]FIGURE 3 | Map showing the watershed in the Xifeng area.
RESULTS
Results of Hydrological Analysis
A hydrological analysis is a major method of geostatistical analysis (Huo et al., 2019b; Luo et al., 2019; Guo et al., 2020e). Based on the hydrological analysis function of GIS, the slopes, aspects, streamlines, and watershed identification in the DEM of the Dongzhi Plateau were analyzed and divided into different catchment areas (Figure 3). From the aspect of slope distribution, the slope of the Dongzhi Plateau is gentle, and the slope of both gully sides is steep. Erosion activity is the strongest in the direction of the gully head. After hydrological analysis, the Dongzhi Plateau was divided into 1225 catchment zones (or sub-watersheds), and each zone had a runoff outlet. Table 1 shows the geostatistical variables of 10 larger sub-watersheds. For instance, catchment zone No. 509 was the largest (6.063 km2). Thus, the runoffs generated in catchment zone No. 509 would flow to the erosion gullies in this zone, causing highland surface erosion and gully channel retrogressive erosion. Therefore, the control measures that only targeted gully heads could not also solve the runoff confluence in the catchment zones.
TABLE 1 | Characteristic value of 10 sub basins.
[image: Table 1]The red line in Figure 3 shows the boundary range of the catchment area, and the whole Xifeng District is separated by multiple catchment areas of different sizes. The blue line shows the flow path, and each flow path is surrounded by corresponding catchment areas with a total of 488 channels. The terrain of the study area is characterized by high in the middle and low around. The highest value is 1445.74 m, which is shown in red and the lowest value is 984.575 m, which is shown in blue. Therefore, the results of hydrological analysis results accurately show the flow path and the size and scope of the catchment area in the study area.
The water runoff and confluence process after precipitation can be reconstructed on the surface of the DEM through hydrological analysis, and the catchment boundary of each gully can be distinguished. If the catchment area is superimposed with the remote sensing (RS) image, the precise boundary on the RS image of the catchment area can be obtained, which provides technical support for GCHP. This process also requires high-precision DEM, which means that the higher the DEM precision, the more accurate the boundary of the catchment. Figure 3 shows the Huoxiang and Fengjiapan gullies, which are two typical catchment areas. It can be seen that the boundary of the catchment area at the gully head is calculated through hydrological analysis. Therefore, the focus of governance should be on catchment areas rather than being limited to the gully head region.
Tests of Hydrological Analysis and On-Site Survey Results
The Division of Gully Head Catchment Zones in Huoxiang Gully and Fengjiapan Gully
The gully head images were hydrologically analyzed in ArcGIS. The resulting catchment zones are illustrated in Figure 4. The hydrological analysis showed that Huoxiang gully (Figure 4A) was located in catchment zone No. 648, with an area of 4868 m2, and Fengjiapan gully (Figure 4B) was located in catchment zone No. 1165, with an area of 528,604 m2. The runoffs generated in the catchment zones converged and flowed to Huoxiang gully or Fengjiapan gully, washing highland surfaces and invading gully heads.
[image: Figure 4]FIGURE 4 | Watershed division of Huoxiang and Fengjiapan gully head.
The overlying map of remote sensing image and the shape of hydrological analysis reflects the degree of coincidence between the scope of the catchment area and the flow path, especially whether the boundary of the catchment area is consistent with the actual landform. The field investigation and remote sensing image interpretation found that the two results were consistent.
It can be seen from Figure 4A that the Huoxiang gully head invades the urban area and is close to the center of the urban area. The gully catchment area is almost made up of urban buildings. Road hardening accelerates the concentration process of rainwater, causing the gully head to retreat. This puts higher requirements on the scientific planning of the urban drainage network. As can be seen in Figure 4B, the catchment area of the gully head of Fengjiapan is mainly composed of farmland, and the hydraulic conductivity is larger than that of urban areas; the confluence process in the catchment area is relatively slow. However, with long-term development, the farmland land area will be reduced; thus, the gully erosion will continue to develop and will gradually reach villages and towns.
Test of On-Site Survey Results.
On-site surveys showed that 80% of the current GCHP measures were delaying the retreat of the gully channel and protecting the highland surfaces. However, during the GCHP measurements in the gully heads taken after precipitation, signs of new erosion appeared. Due to the wet collapsibility of loess, new gully heads developed at the sides of the filled gully heads (Figure 5), a predictable outcome for these GCHP engineering measures, as it was likely that they would be damaged by runoff sooner or later.
[image: Figure 5]FIGURE 5 | Status of protection of gully landfill without regional drainage measures.
Figure 5 shows the catchment phenomena affecting different gully head areas after a GCHP precipitation event. In Figure 5A shows the phenomenon of accumulated water and submerged erosion at the outlet of the catchment area, where a large reservoir accumulates at the gully head when it rains. In Figure 5B, the gully head backfill project is shown however, once new water accumulation and submerged erosion phenomena appear on its side after precipitation, it forms a deep undercut, i.e., a new gully head expansion process occurs. Figure 5C shows the new gully head expansion process after precipitation. It is important not to underestimate these small gully heads, as they will grow into huge gully heads after a hundred years of frequent heavy rain events. Figure 5D presents the comparison of runoff processes in hardened and non-hardened areas, indicating that the runoff process on a hardened land surface is much faster than that of a non-hardened land surface under the same precipitation conditions. The blue part in Figure 5D is the loess area, and the rest is the road hardening area. Precipitation easily infiltrates in the loess area, and it is not easy to form runoff. After the road hardens, it is not easy to infiltrate, and the rainwater accumulates on the surface (known as the deposit process), meaning it easily forms runoff. The larger the runoff, the greater the erosion of loess in the gully.
In conclusion, after the implementation of the GCHP project, once there is rain, the rainwater will form runoff, which will be collected in the gully head area. Therefore, the implementation of GCHP cannot be confined to the gully head only and should be implemented in the catchment area based on hydrological analysis to solve the fundamental problem of retrogressive erosion.
This study proposes an alternative approach, known as the “natural GCHP project management method”, which is based on the natural runoff path, channel cascade closure, and the reasonable construction of a reservoir on the highland surface to effectively reduce erosion and prevent runoff from flowing into the gullies. This method builds upon a long history of experiences and knowledge of this location. Breaking up the whole process into parts and focusing on the use of natural processes in the catchment area, the project proposes the construction of a “thousand pools and hundred lakes”. The lakes and pools of this CLP conservation project should be located at the points where the rainwater accumulates, taking the reconstruction and expansion of Beihu, Xihu, Dongjiaohu, and Donghu Park in Qingyang City as the main axis (the detailed location of the lakes was shown in Figure 3), the landscape of “Pinghu Plateau” can be utilized. At the same time, the ultimate goal is to create harmony between the ecological conservation plateau and human settlement. By gathering rainwater deposits, the plateau lakes can reduce runoffs into the gully heads, which will avoid the erosion of Loess by runoff, turning harm into benefit and waste to our advantage.
DISCUSSION
Gully Head Retrogressive Erosion Control Schemes and Existing Problems
Retrogressive erosion means that the valley stretches towards the source direction and is one of the main causes of soil erosion in loess areas. If the gully head is not protected, it will continue to move forward, which could destroy traffic infrastructure, industry and factories, and residential areas, causing the city to shrink and possibly even divide into two parts.
According to investigations and analysis, there are four major schemes for gully head retrogressive erosion control, including gully head simple landfill (the first scheme); drainage+landfill (the second scheme); drainage+landfill+engineering slope protection (the third scheme); and drainage+landfill+engineering slope protection+ecological slope protection (the last scheme). A representative picture of each scheme is shown in Figure 6. Figure 6A is a simple landfill type. Figure 6B has drainage blind pipes under the landfill body and a drainage channel on the surface. Figure 6C adds engineering slope protection measures onto the surface of the slope. Figure 6D adds ecological slope protection measures on the surface of the slope body. The characteristics and problems of each scheme are listed in Table 2.
[image: Figure 6]FIGURE 6 | Photographs of different traceable erosion management modes.
TABLE 2 | Main modes and problems of retrogressive erosion treatment.
[image: Table 2]The differences between these schemes are as follows: the first gully head scheme is distributed in the widest area. These areas are mainly distributed outside the city and cover sparsely populated areas, accounting for about 80% of the total area of the region. Because of its simple structure and low cost, it is mostly distributed in ecological space, far away from towns and agricultural areas (Wang et al., 2019). Based on the first scheme, the second scheme builds a horizontal drainage channel and discharges the runoff at the rear of the confluence into the ditch, which can prevent and control the erosion of the surface by runoff to a certain extent, but the cost is higher than the first scheme. The third scheme is based on the second scheme, adding engineering measures for slope protection, which can intercept rainfall, weaken splash erosion, and better prevent the loss of landfill soil, and the cost is higher (Monsieurs et al., 2015). The cost of the last scheme is higher than that of the other three schemes because of its high level, long cycle of ecological measures, and slow effect, along with the fact that it is mostly distributed in urban space, and mainly protects residential areas from the threat of natural hazards caused by hydraulic erosion (Li et al., 2015; Guo et al., 2020). The interaction between plants and soil can protect and reinforce the surface of slopes, which effectively reduces splashes, wind erosion, soil stability, and degradation of organic pollutants (Valentin et al., 2005; Li et al., 2015).
CLP Highland Surface Control Schemes Based on Hydrological Analysis
In recent decades, GCHP has been explored and developed continuously, and proposed approaches include edge-protection of the plateau, waterlogging ponds, planting forest and grass, warping dams, and checking dams, all of which are important measures in controlling retrogressive erosion and reducing soil and water loss in the CLP area. However, due to lack of the systematic understanding of the overall ecological environment of the CLP and lack of comprehensive understanding of soil and water dynamics, especially the erosion mechanism of the CLP under the synergistic action of soil and water dynamics and human activities, the erosion problems that affect the plateau area have not been comprehensively controlled and solved, and retrogressive erosion in some areas has further intensified. For example, the hydrological analysis of Dongzhi Plateau highland surfaces clearly shows that landfilling and drainage measures that focus only on the gully heads cannot block runoff convergence at the catchment zones. After precipitation, water accumulation phenomenon will appear at the different positions of the gully heads where the GCHP project interventions have been implemented, as shown in Figure 5. If there are no drainage measures, when there is heavy rain a large amount of rainwater will gather there because this is generally the lowest part of the watershed), forming new ponding pools (Figure 5A), drop holes (Figure 5B), and erosion gullies (Figure 5C).
Despite the large investment and long duration of GCHP modes, it is important to address that they are short term solutions and that these methods have slow effects in terms of soil and water conservation, and that there are still serious threats to safety in residential areas and cities. To alleviate the above problems, the government has mobilized communities and resources in the construction of physical soil and water conservation structures (stone bunds, terraces) in almost all land uses. However, any improvement was mainly concentrated within the vicinity of the structures, and runoff continued overtop structures, as no measures for in situ soil conservation were taken (Tewodros et al., 2008). In addition, the Chinese local government has mainly adopted the method of gully head land backfilling to control and prevent gullies from advancing. However, the problem of strong manual ditch protection for the backfilling of the gully head has not attracted enough attention, such as the potential engineering catastrophes caused by a change of the soil and water environment on the artificial backfilling surface. Therefore, there is an urgent need for research into the characteristics of the temporal and spatial distribution, dynamic processes, and control factors of water and soil catastrophes that have affected different gully conservation measures from the perspectives of history, regularity, and the system, and to clarify the mechanism and process of loess erosion, especially retrogressive and suffusion erosion.
It is a good measure for GCHP to use the hydrologic analysis method. The hydrological analysis method based on DEM uses hydrological analysis tools to extract the flow direction, the flow accumulation, flow length, and the river network (including the classification of the river network, the hydrologic analysis tool based on DEM can automatically extract about 1175 tributaries.) of the surface water runoff model and watershed segmentation of the study area (Figure 3). The advantage of the hydrological analysis method is that, through the extraction of basic hydrological factors and analysis, the flow process of water can be reproduced on the surface of DEM, which provides technical support for the engineering measures of GCHP. For example, the path of surface runoff and the boundary of the catchment can be determined by hydrological analysis.
Based on the hydrological analysis, the retrogressive erosion control schemes developed traditional control schemes which are limited in erosion areas, such as the gully head and erosion slope, expanding the spatial scale of control areas i.e., extending the scope of the control region to the watershed. Therefore, the control schemes of the CLP based on hydrological analysis is necessary to be fully understood and deeply applied to fundamentally solve the problem of retrogression erosion in the plateau surface, solve the problem of soil and water loss in the CLP, and finally achieve the ultimate goal of GCHP.
We here put forward some recommendations and key points for controlling erosion.
(1) Based on the hydrological analysis, systematic and science-based drainage/catchment systems should be established at catchment zones. For instance, the roads and pipe networks can be effectively utilized to build terraces, which would prevent the surface water erosion from washing away from highland surfaces and avoid the development of erosion gullies (Figure 7).
(2) The “thousand pools and hundred lakes” engineering construction project should be considered and implemented, as efficient drainage systems are needed and should ideally be combined with catchment systems. The “thousand pools and hundred lakes project” will enable the collection and use of catchment water and comprehensive drainage measures should be carried out in urban, rural-urban, and rural-residential areas.
(3) A natural rain and flood runoff collection/use project should be established to shift approaches to water collection from drainage to collection. The scientific and reasonable implementation of this project would alleviate the erosive damage of rain and flooding in the gully heads around Qingyang and reduce urban geohazards.
(4) Gully head protection systems, dominated by flood discharge pipes, should be built at suburban gully heads. To address issues related to eroded gully heads at urban flood drainage outlets on highland edges, the catchment area and drainage quantities should be scientifically measured and estimated to enable a subsequent unified and planned design. In addition, the standards of prevention and control should be raised. Engineering measures should be dominant and assist through biological prevention and control measures. From a long-term and overall perspective, urban soil/water conservation, and protection systems should be built, GCHP measures need to be strengthened, and the suburban eco-environment should be improved.
[image: Figure 7]FIGURE 7 | Cascade drainage system established along the road (taking Huoxiang gully as an example).
A weakness of this study is that it lacked data on the long-term and large-scale prediction of the project. These engineering recommendations based on hydrological analysis have not been implemented on a large scale, lack practical experience, and it is uncertain whether there may be potential harm in large-scale implementation, which needs to be further examined. The GCHP project was proposed in China relatively late (and officially started in 2018), and there is no international precedent. However, at present, the GCHP ecological management project is one of the fastest and most effective solutions to secondary disasters. It is, therefore, necessary to test and explore the project implementation as soon as possible, which will provide practical solutions through problem-solving and enable researchers to accumulate experience and further information. We think the future research should carry the longterm (50-100 years) and watershed hydrological analysis of GCHP.
CONCLUSION
Through field investigation and hydrological analysis, this study has established that the GCHP project is effective on a small space-time scale, but that its effectiveness over a longer space-time scale needs further study. Based on the information discussed here, the present study has several main conclusions:
(1) This study proposes four common control models of gully head retrogressive erosion. The four models are: gully head landfill; drainage+landfill; drainage+landfill+engineering slope protection; and drainage+landfill+engineering slope protection+ecological slope protection. Among them, the effect of the fourth governance mode was relatively good.
(2) Aiming to solve the existing problems of gully head treatment, this study observed that hydrological analysis should be carried out from the perspective of the river basin, and the treatment scheme should be determined based on hydrological analysis. The road and pipe network can be used to managing cascade drainage, and potentially reduce the erosion of surface water on the highland, and prevent the development of erosion gullies.
(3) This paper puts forward the natural GCHP. The core content of the project is to establish a natural rainwater and flood runoff collection and utilization project to realize a transformation in approach from discharge to storage. The scientific and reasonable implementation of this project could reduce the damage of rainfall and flooding to the surrounding area of the city and the erosion damage of the gully heads, reducing the occurrence of urban geological disasters.
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‘Simple guly head landil

Drainage + landfil

Drainage + Landil + Enginesring siope
protection

Drainage + landfil +Engineering siope protection
+ Ecological slope protection

Characteristics of scheme

Two types of gully head andil contents were used: (1) loess from other
places; (2) urban construction waste and household garbage mixed with
loess. The landfil contents were not artiicialy Soficified, and the surface
sois were exposed.

The surfaces of thelandflwere not obviously covered by vegetation. The
highiand surfaces were handied with both filng engineering and

drainage engineering, including cantilever and ladder drop. Runoffs were
drained 1o the gulies, which were set with energy dissipation facilties.

Based on scheme 2, slope protection enginesring with higher anti-side
stabilty and anti-erosion abilty was added either from the on-site
‘assembly of prefabricated components or ffom the on-site casting of
concrete and reinforced concrete.

Gully head andfil was based on and assisted by drainage measures and
slope protection engineering. Vegetation can recover the destroyed eco-
environment and reduce splash erosion, whie the plant roots can
consoldate soil, enhance siope stabilty, and prevent landsip or
collapse. Moreover, vegetation faciitates the degradation of organic
politants, purifies ai, and modlates the microcimate.

Problems of scheme

Only temporariy effective, since the passively-fled erosion gulies, ater
rain washing, stl extend the heads and expand the banks, and the
tamped landfl contents are structurally looser than the original
‘consoidated loess, and 5o the erosion is more active. The landiil with
‘construction waste and household garbage would polute the sois and
groundwater.

“The problems of thelandiil engineering were as discussed n'scheme 1.
“The highland surface drainage only covered the guly heads, but no
large-extent catchment drainage was considered. The geohazards
induced by gravity or hydrauiic erosion were not fundamentally solved,
‘and the landfilengineering was imited by large costs and ow efficiency.

The probiems of crainage and landfil enginesring were s discussed in
‘scheme 2. The local slope protection engineering was not as ideal as.
expected, and the overall siape protection engineering quantity was

large. The erosion strength was delayed and alleviated to some extent.

“The existing gully heads were well sheltered, bu the water flows tended
10 0pen up new guily heads in other directions. Moreover, this scheme.
‘cannot fundamentally solve groundwater erosion.

Position (gully
head)

Yanwachuan,
Figure 6A

Huoxiang quly
Figure 68

Fengjiapan gully
Figure 6C

Yima guly
Figure 6D
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