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A hypsometric integral (HI) is a topographical index with important geomorphological meaning. It can both describe the development state of the watershed and reflect the strength of activity in the geological structure. Based on this index, the integral curve method was used to analyze the HI characteristics of watersheds in the region west of the Lvliang Mountains on the Loess Plateau of Shanxi Province, China, in combination with 30-m resolution Shuttle Radar Topography Mission data. In order to accurately characterize erosion development within the watershed, the HI characteristics of each topographic feature object in the watershed were comprehensively analyzed. The results of HI scale effects show that HI was not strongly dependent on the spatial resolution of Digital Elevation Model (DEM) data, but had some scale dependence on the stable area of the watershed. The spatial distribution of the HI shows that the HI values of the watersheds in the southern loess residual tableland were the largest, and the degree of erosion was the weakest; the HI values of the watersheds in the north-central part of the loess hilly-gully region were relatively small, and the degree of erosion was stronger. This result is consistent with the results of the spatial distribution of sediment yield in literatures. The reasons for the spatial distribution of the HI were analyzed in terms of geological formations and climatic environments. The results show that for the study area, tectonic activity, formation lithology, rainfall, and agrotype were not the main factors affecting the HI values. The structure of the paleotopography and erosion cutting due to the uplift of the Lvliang Mountains and later water erosion controlled the spatial distribution state of HI. Thus, for the study area, the HI value cannot reflect the strength of tectonic activity. The combination of topographic feature object method and the HI index further quantified the erosion development state of the watershed.
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INTRODUCTION
A hypsometric integral (HI) is a macroscopic indicator that can be used to study the quantitative relationship between the area of a regional horizontal section of an area and its elevation, which can reflect the state of watershed development (Chen et al., 2003; Hamdouni et al., 2008; Andreani et al., 2014; Qing et al., 2020; Gharehchahi et al., 2021). The origin of HIs can be traced back to Darwin’s theory of evolution (Slaymaker, 1972; Kowall, 1976), which was applied to characterize the surface of the Earth in the late 19th century (Bannister, 1980; Lifton and Chase, 1992; Hiroo, 1993). Strahler was the first geographer to use an HI to characterize the development of watersheds (Strahler, 1952; Givens 1963). His main idea was to quantify Davies’ model of the erosion cycle. With the development of Geographic Information Science (GIS) and Digital Elevation Model (DEM), the HI has become more widely used in geomorphology. For example, it has been used to classify the stage of watershed geomorphic development (Willgoose and Hancock, 1998; Ohmori, 1993), detect the intensity of glacial activity (Sternai et al., 2011; Brocklehurst and Whioole, 2004), evaluate the relative role of lithology and tectonics (Lifton and Chase, 2021), and assess the relative strength of tectonic activity in orogenic zones (Matos et al., 2016; Rabii et al., 2017). It could even be used on Mars, though this has not been examined in the field (Ansan and Mangold, 2006). The focus of this study was to analyze the application of HI in the Loess Plateau watershed.
Regarding research on the evaluation of watershed development by the geographic indicators, most scholars currently combine various geographic indicators to analyze the development status of watersheds in a comprehensive manner. The area elevation integral index can reflect the watershed development status, as well as the activity of geological structure. However, for the Loess Plateau watershed, except for scholars such as Nanshan Ai (1987), Ai and Yue (1988), Li et al. (1990), and Guoan Tang (Tang et al., 2008; Xiong, 2015), there have been few studies on expanding this index. Professor Guoan Tang’s team, combining the HI with the slope spectrum theory, extended this index in depth on the Loess Plateau in Shaanxi (Cao et al., 2017; Na et al., 2020; Zhou et al., 2010). The method was an important geographic concept extension for the study of area elevation integrals on the Loess Plateau watershed. The main idea of its series of studies was to analyze the development of watersheds in depth from the perspective of smaller topographic units of topographic feature objects for the special loess plateau. Studies on topographic feature objects can be summarized as follows: the study of spatial relationships between summit points, valley bottom points, and saddle points (Okabe and Sadahiro, 1994; Sadahiro, 2001; Sadahiro, 2002; Sadahiro, 2003; Sadahiro, 2004); the analysis of the relationship between landforms and geological formations using summit points and valley floor points (Dornkamp, 1972); the combination of topographic feature points and feature surfaces to delineate landform patterns (Bolongaro-Crevenna et al., 2005); and the study of the influence of gully network nodes on the spatial differentiation pattern of gullies on the Loess Plateau (Dong et al., 2008). Professor Tang introduced the idea of topographic feature object into the study of the area elevation integral of the Loess Plateau watershed, and explored it mainly in the Shaanxi Loess Plateau. However, for the Shanxi Loess Plateau, one of the main sources of sandy and coarse sand in the Yellow River Basin (Yang et al., 2011; Huang et al., 2021), there has been a lack of in-depth HI studies. Duan et al. (2020) did a study on the spatial distribution characteristics of elevation integrals of watershed areas on the Loess Plateau in western Shanxi, and also analyzed the correlation of integrals of individual geomorphic objects. The deficiency of the study is that it does not analyze the spatial distribution characteristics and differences of HI in each geomorphic object, and does not systematically analyze the relationship between HI and geological structure, formation lithology and other factors.
The topography of the Shanxi region of the Ordos Stable Massif has been mainly characterized by the tectonic influence of the Lvliang Mountains and the Shanxi-Shaanxi Gorge, and the topography has mainly showed a stepped combination structure. This feature is completely different from the ring and tree-like combination structure of the Loess Plateau in Shaanxi (Cao et al., 2019). The special geological environment has caused severe soil erosion in the study area. Therefore, it is necessary to analyze the area elevation integral characteristics of the regional watershed and the relationship between HI and factors such as tectonics and lithology. The topographic feature object method was combined with the HI index to analyze the HI characteristics of the Loess Plateau watershed in western Shanxi.
STUDY AREA AND METHODS
Study Area
Shanxi Province is located in the eastern part of the Loess Plateau (34°34′-40°43′ N, 110°14′-114°33′ E). Loess covers 25.6% of the province (Cui et al., 2020), and is mainly distributed in the area west of Lvliang Mountains (35°41′–39°39′N, 110°22′–112°1′E), which is the most serious area of soil erosion in Shanxi Province (Sun et al., 2020). This study focused on the area elevation integral characteristics of this regional watershed. The region belongs to the easternmost part of the Ordos stable massif of the Loess Plateau. Its western side is the lowest part of the Ordos massif, the Shanxi-Shaanxi Gorge, and its eastern side is the continuously deformed Lvliang Mountains. This special geological and tectonic environment forms a typical stepped combination structure topography. According to scholars (Ma, 2004), the Li Shi Fault is the main tectonic zone within the region. Moreover, since the Quaternary, no important neotectonic movements of the Loess Plateau have occurred. The lithology of the strata is mainly sandstone, mudstone, and shale from the Triassic, and the sandy, gravelly loess of the Quaternary. The soil type is mainly loessal soil with weak erosion resistance. The study area has a typical Monsoon Climate of Medium Latitudes. The multi-year average temperature and precipitation shows a spatial trend of gradually increasing from northwest to southeast, with average annual precipitation ranging from 400 to 550 mm and the average multi-year temperature ranging from 4 to 12°C. The average elevation in the region is about 1,250 m, with a trend of high in the east and low in the west. The river basins, from north to south, include the Pianguan, Zhu Jiachuan, Qiushui, Sanchuan, and Xinshui rivers. Among them, the Pianguan, Sanchuan, and Xinshui rivers have important influences on the development of loess landforms. From the north to the south, the landforms are mainly represented by hilly-gully loess, hill loess, and residual loess tableland. In order to study the HI characteristics of these three types of geomorphic object watersheds, sample areas were selected in each region. From the north to the south, Pianguan and Baode represented loess ridges; Xingxian and Linxian represented loess hilly-gullies; and Shilou, Daning, Jixian, and Xiangning represented loess residual tablelands. These eight regions were selected for HI characterization. An overview of the region is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Map of the study area in wastern Shanxi Province, China. An inset map shows the location of the study area within an outline map of other administrative areas of China.
HI Calculation Method
The integral curve (Luo, 1998), volume-ratio (Meerkerk et al., 2009), and elevation relief ratio (Richard and Stephen, 1971) methods have been gradually developed with the application of HI. The integral curve method is based on the physical meaning of the HI and was used in this study to divide the basin elevation into equal intervals. The ratio of the area above different contours to the total was taken as the x-axis, and the ratio of the elevation corresponding to that contour to the total elevational differences was taken as the y-axis. The resulting series of scatter points were curve-fitted, and the curve corresponding to the polynomial with the highest fit coefficient was selected. The area between that curve and the x-axis was the HI value. The integral curve can visually reflect the development of erosion in a watershed more graphically. The HI value calculation models developed based on this principle include CalHypso (Perez-Pena et al., 2009) and others. The volumetric ratio method calculates the ratio of the volume between the existing watershed surface and the lowest elevation to the volume of the original uneroded watershed (Kaliraj et al., 2015). The elevation-relief ratio method is a simplified method for calculating HI, which was proposed by Pike and Wilson (Chorley, 1995). In this study, we need to analyze the integral curve characteristics of each basin, so the integral curve method was chosen to calculate HI values.
The integral curve was calculated as shown below (Strahler, 1952). First, the elevation difference of the watershed was subdivided infinitely, and the area of the watershed greater than the elevation value of each subdivision unit was obtained separately and homogenized as the x value as shown in Eq. 1:
[image: image]
where xi is the percentage of the area greater than the ith graded elevation; ai is the area greater than the ith graded elevation; and A is the total area of the watershed. The homogenization value of the elevation in each subdivision is used as the y value in Eq. 2:
[image: image]
where yi is the relative percentage elevation of the ith classification; hi is the relative elevational difference between the ith classification elevation and the lowest point in the basin; and H is the total range in elevation in the basin. A series of consecutive points were plotted in the Cartesian coordinate system, and a polynomial curve was fitted to the scattered points using Eq. 3:
[image: image]
Next, the polynomial with the highest fitting coefficient was selected, and the value of the definite integral in the range of 0–1 was found:
[image: image]
This value (S) is the HI value of the basin.
We combined previous studies with ArcGIS (ESRI, Redlands, CA, United States) methods to calculate the HI values for each terrain feature object. In the ArcGIS, point, line, and polygon elements are often used to represent terrain objects. For example, watershed boundaries, gully networks, and shoulder lines are line elements; peaks and saddle points are point elements; and watersheds are polygon elements. Theoretically, the terrain feature point and line elements are zero-dimensional and one-dimensional spatial objects, respectively, in GIS, lacking area attributes. However, from the perspective of practical geographic significance, each element is a combination of local elevation groups, occupying a certain spatial area in the geographic location. Therefore, we used GIS methods to generate polygon elements with area properties by properly buffering the point and line elements. The DEM data were extracted with this polygon element, and then its HI value was calculated.
The HI curve is shown in Figure 2; the HI values range from 0 to 1. Generally, values close to 0 or 1 indicate areas of high or minor erosional activity, respectively (Azor et al., 2002). The convex area of the curve indicates relatively “young” eroded areas (HI > 0.6), the s-lines indicate mature eroded areas (0.35 ≤ HI ≤ 0.6), and the concave curve indicates relatively “old” highly eroded areas (HI < 0.35).
[image: Figure 2]FIGURE 2 | Schematic diagram of hypsometric integral (HI) result: A, the total area of the watershed; a, the area greater then the ith graded elevation; H, the total range in elevation in the basin; h, the relative elevational difference betwen the ith classification elevation and the lowest point in the basin.
SCALE EFFECTS OF HI
The area elevation integral is a geographic metric with the scale effect. Currently, the topic most discussed in the literature regarding the scale effect is its scale dependence on DEM resolution and the analysis window (Walcott and Summerfield, 2008). Some scholars (Joel et al., 2018; Mahmood and Gloaguen 2011) found that the HI value was less sensitive to DEM resolution through statistical and autocorrelation analysis and other methods. Previous studies showed that the analysis window could influence the HI values (Chen et al., 2003). When calculating HI values, it is not advisable to choose too large an analysis window, and to try to maintain the relative consistency of physical geographic features (e.g., lithology, landform type, and vegetation type) within the analysis window.
Dependence of HI Value on DEM Resolution
The experiment was based on data at 30-m spatial resolution, with 10-m sampling intervals. The DEMs of eight sample areas were resampled, and 17 datasets were obtained at resolutions of 30–190 m.
Hypsometric integral values were calculated simultaneously for each region at each resolution using the integral curve method. The results show that with the change of resolution, the HI values in each area exhibited a fluctuated slightly pattern, but there were no dramatic fluctuations. The overall HI values exhibited a stable trend. The standard deviations of the HI values at each resolution are shown in Table 1. The results show that the value for Xingxian was 0.046; the values for Pianguan, Jixian, and Xianning were about 1%; and those for Baode, Linxian, Shilou, and Daning were about 0.1%. Studies in the literature have shown that the analysis window affects HI values. For large standard deviations, this may have stemmed from differences in the area of the catchment extracted from data of different resolutions. Therefore, our next step was to examine the influence of the watershed stability zone on HI values.
TABLE 1 | Statistics of the mathematical characteristics of the hypsometric integral (HI) of each region.
[image: Table 1]Small fluctuations in HI values were observed as the DEM resolution progressively increased, but the errors largely met the statistical requirements. Across the range of spatial resolutions, the HI values were stable and less sensitive to DEM resolution. Therefore, a DEM with a 30-m resolution could be used to analyze HI features.
Dependence of HI Value on the Stable Area of the Watershed
The analysis window can be created in various forms, such as using an administrative boundary or a rule analysis window. The present study referred to the idea of a geographical object-oriented analysis (Saadat et al., 2008; Saito et al., 2009). A complete watershed was used as an analysis window to study the HI. The formation of a watershed requires delineation of the watershed within a certain area. Only a watershed with a certain area can be in a geomorphologically stable state. The United States Environmental Protection Agency has classified basins into five classes, which were used here to define the watershed at a sub-watershed scale as one of the following: Catchment, Sub-Watershed, Watershed, Sub-basin, and Basin. The agency has described the defining criteria and scope of application for each category (Table 2).
TABLE 2 | Watershed scale and scope of application (source: United States Environmental Protection Agency).
[image: Table 2]In this section, we describe how the watershed was divided into sub-basins with certain thresholds. The basins were divided into three classes according to the Strahler watershed classification method (Figure 3). The number of level 1 sub-basins was much larger than the number of level 2 and 3 sub-basins, and the areas of level 1 sub-basins were generally smaller than those of levels 2 and 3. Little difference was observed between level 2 and 3 sub-basins.
[image: Figure 3]FIGURE 3 | Three difference grades of sub-watersheds: (A) Level 1 watersheds, (B) Level 2 watersheds and (C) Level 3 watersheds.
In order to fully consider the overall characteristics and the scale level of the watershed, the scatter distribution of HI values versus area is summarized Figure 4. According to the Strahler watershed classification method, the watershed areas ranged from 11 to 1,481 km2. Watersheds with an area of less than 400 km2 accounted for 91% of all watersheds, with a wide range of HI values within this area, demonstrating that HI had a strong scale dependence on the stable area of a watershed. Therefore, the stability threshold was determined to be 400 km2. The area of the watershed subjects was mainly concentrated below 400 km2, and the basin scale is the watershed, based on the United States Environmental Protection Agency system.
[image: Figure 4]FIGURE 4 | Scatter point distribution diagram of hypsometric integral value and area of each level of sub-watersheds.
THE HI OF TOPOGRAPHIC FEATURE ELEMENTS
Correlation of the HI of Terrain Elements
The HI of each type of topographic feature element could reflect the topographic attributes in an angle. However, the shortcoming that still needed to be improved was the lack of comprehensiveness compared with the watershed HI. We considered the spatial topological relationship between geographic objects and the containment relationship of various terrain elements in space. Therefore, a certain correlation exists between the HI values of various types of elements. Typical topographic feature elements were selected, and the strength of their HI correlation was analyzed. The combination of topographic elements with weak correlations was analyzed to better reflect the spatial differences in watershed development.
We selected seven topographic features, watershed boundary, peak, positive and negative terrain, ridge line, gully line, and main gully, and calculated HI values for each element within each area (Table 3). The results of the HI value analysis could be ranked as watershed boundary > peak > ridge line > positive terrain > watershed > shoulder line > negative terrain > main gully. The HI value of watershed boundary was largest, basically around 0.6. The HI value of main gully was the smallest, at about 0.2. The overall position of the watershed boundary was high for the entire watershed. There were more high values of elevation on the watershed boundary, so the HI value was the largest. The main gully had the lowest position and more low values of elevation, so the HI value was the smallest.
TABLE 3 | Hypsometric integral (HI) of landform features in each plot.
[image: Table 3]The correlations are shown in Table 4. The strong correlation combinations were: watershed boundary–peak, watershed boundary–ridge line, peak–ridge line and watershed–shoulder line, and so on. The weak correlation combinations were: watershed–watershed boundary, watershed–peak, watershed boundary–negative terrain and peak–main gully, and so on. Based on the correlations, the three weakly correlated elements, watershed boundary, watershed and main gully, were selected for combination. The HI values of these three elements were initially calculated. Then, the HI differences of the watershed boundary–watershed and watershed–main gully, were calculated.
TABLE 4 | R2 of the hypsometric integral (HI) of each landform feature.
[image: Table 4]Spatial Differentiation of Watershed HI in Eight Plots
The study started by calculating the HI values of the watershed in the eight sample areas and analyzing the status of their development including the integral value and curve of each sub-basin (Figure 5). Among them, 12 watersheds were extracted from Pianguan, with HI values ranging from 0.364 to 0.618 (mean 0.516), and the watersheds were in the early mature stage. In Baode, a total of nine watersheds were extracted, with HI values ranging from 0.386 to 0.505 (mean 0.386), and the watersheds were in the late mature stage. In Xing County, a total of 20 watersheds were extracted, with 85% values ranging from 0.243 to 0.454 (mean 0.317), and the watersheds were in the old stage. A total of 19 watersheds were extracted from Lin County, with 80% values ranging from 0.303 to 0.450 (mean 0.337), and the watersheds were close to the early old stage. In Shilou, a total of 15 watersheds were extracted, with HI values ranging from 0.309 to 0.562 (mean 0.368), and the watersheds were in the early old age. In Daning, seven watersheds were extracted, with HI values ranging from 0.361 to 0.516 (mean 0.404), and the watersheds were in the mature stage. In Ji County, a total of 13 watersheds were extracted, with HI values ranging from 0.378 to 0.536 (mean 0.494), and the watersheds were mature. In Xiangning, ten watersheds were extracted, with HI values ranging from 0.392 to 0.633 (mean 0.536), and the watersheds were in the early mature stage. Using integrated analysis, the HI values could be ranked as: loess hilly-gully < loess ridge < loess residual tableland.
[image: Figure 5]FIGURE 5 | Hypsometric integral (HI) curves of sub-watersheds in each plot: (A) Pianguan, (B) Baode, (C) Xingxian, (D) Linxian, (E) Daning, (F) Shilou, (G) Jixian, (H) Xiangning.
Spatial Differentiation of Watershed HI
In order to analyze the development status of watersheds on the Loess Plateau in western Shanxi as a whole, we selected 18 county-level administrative regions, with a total of 205 watersheds. The HI characteristics of these watersheds were analyzed from five perspectives: watershed, watershed boundary, main gully, watershed boundary–watershed and watershed–main gully.
The spatial variability of watershed HI was divided based on the Strahler watershed classification method as shown in Figure 6. Overall, nearly 78% of the study area was in the mature stage of erosion development. The mature areas were mainly concentrated on the north loess ridge and loess residual tableland in the south. The HI values in the central loess hilly-gully were small overall; some watersheds were already in the old stage. The geographical variation in HI tended to vary from north to south, in a pattern from large to small then to large again. Specifically, the northern part of the watershed from Pianguan to Xingxian north (Pianguan River type) is in the water and wind erosion loess hilly landform area and had a relatively large HI value. In the central part, the watershed from Xingxian south to Yonghe north (Qiushui River type) is in the water-erosion cave erosion hilly landform area with a low HI value. In the southern part, the watershed from Yonghe south to Xiangning (Xinshui River type) is in the water erosion (hanging ditch) cave erosion remnant loess landform area with relatively large HI values. The results indicated that the spatial distribution of HI matched with the Loess Plateau landform type zoning in the study area.
[image: Figure 6]FIGURE 6 | Map of the spatial differentiation of the hypsometric integral (HI) of the watershed based on the Strahler watershed classification method.
Spatial Differentiation of Watershed Boundary HI
To a considerable extent, watershed boundaries inherit the undulating character of the underlying paleotopography and reflect the original mounded topographic form of the loess landform. A watershed boundary has important tectonic significance in studies of erosion development (Wilson et al., 2015). The spatial differentiation of the watershed boundary HI is shown in Figure 7. The watershed boundary HI values were large throughout the study area. Only in the north-central loess hilly-gully area had small HI values. The southern loess residual tableland area showed clustered high values. Nearly 50% of the watershed boundary HI values were greater than 0.6. The HI values of a few wide and slow valleys in Pianguan and Wuzhai in the north were greater than 0.65. Most of Pianguan, Hequ, Baode, and Kelan were in the face erosion hilly area with HI values ranging 0.59–0.65. Xingxian, Linxian, Liulin, Fangshan, Lishi, Zhongyang, Shilou, and Yonghe were in gully erosion area, with HI values of 0.29–0.52. In Yonghe, Xi County, Daning, Puxian, Xiangning, and Ji County, the HI values ranged from 0.65 to 0.75. The results of the study of the watershed boundary show that the most severe erosion occurred in the gully erosion area, and weaker erosion occurred in the surface erosion area.
[image: Figure 7]FIGURE 7 | Map of the spatial differentiation of the Hypsometric integral (HI) of the watershed boundary.
Spatial Differentiation of Main Gully HI
The main gully is a normalization of the gully profile. It generally progresses towards an equilibrium profile over time and is the collection of relatively minimum elevations within the watershed. Its HI magnitude reflects the relative residual mass at the time of erosion equilibrium (Wu and Cheng, 2005; Zhang et al., 2015). Figure 8 shows the classification of the HI values of the main gully through the nature break method. The overall HI values were small, ranging from 0.064 to 0.36. The spatial differentiation is generally consistent with the watershed and watershed boundary. The HI values in the north-central loess hilly-gully area were low overall. In the southern loess residual tableland area, clustered peaks in HI values were observed. An anomaly of high HI values occurred in the northern loess ridge area of Baode and Hequ. The result might be due to an error in the data, which extended over the positive terrain when extracting the main gully, causing the locally HI high values. Among all terrain feature elements, the main valley had the smallest HI values. The main gully was the relatively lowest point of the watershed, representing the stable stage of gully erosion, that is, with a relatively “final” state of watershed development.
[image: Figure 8]FIGURE 8 | Map of the spatial differentiation of the hypsometric integral (HI) of the main gully.
HI Spatial Differentiation of Watershed Boundary–Watershed–Main Gully

1) Spatial differentiation of HI difference of watershed boundary–watershed
The HI characteristics of the watershed boundaries reflect, to some extent, the total amount of the most pristine that has accumulated material in the basin. Watershed HI reflects the amount of material remaining after erosion. Therefore, the HI difference between the watershed boundary and watershed itself can, from a theoretical point of view, represent the amount of material that has been eroded during the development of the watershed.
The spatial characteristics of the HI difference between the two elements are shown in Figure 9. The integral difference in the southern loess tableland area was generally small, indicating that the tableland watersheds were less eroded. The magnitude of change in watershed morphology over time was relatively small, with less material being eroded with the passage of time. The difference in the loess hilly-gully area was larger, which demonstrated that more materials had been eroded, leading to lower HI values. These results indicated that the amount of eroded material varies over time between by approximately 10–20%.
2) Spatial differentiation of HI difference of watershed–main gully
[image: Figure 9]FIGURE 9 | Map of the spatial differentiation of the hypsometric integral (HI) of the watershed boundary-watershed.
The HI reflects current development and the amount of material accumulation in the watershed. The main gully reflects the relative “final” topography of the basin, and the HI reflects the amount of material remaining after the basin has reached the end of the old stage. The HI difference reflects the amount of material that can be eroded in the basin under current erosive conditions.
The HI difference between the watershed and the main gully was not very regular on the loess hilly-gully area (Figure 10), with some sub-watersheds in Linxian showing anomalously high values. The results indicated that some weakly eroded watersheds were present that still had some potential to be eroded. The southern loess tableland area showed clusters of high values, especially around Ji County and Xiangning. The result indicated that a large amount of uneroded material still existed in this part of the area. The combination suggested that, under the current erosive conditions, relatively speaking, 15–25% of the material could still be eroded.
[image: Figure 10]FIGURE 10 | Map of the spatial differentiation of the hypsometric integral (HI) of the watershed-main gully.
The HI difference between the watershed boundary and the watershed reflects the relative amount of material that has been eroded within the basin. The HI difference between the watershed and the main gully reflects the amount of material that can still be eroded within the basin. A single watershed HI can only simply determine the period of erosion development. By referring to these two indicators, the development of the watershed can be further quantified in concrete terms.
DISCUSSION
Scale Dependence of HI on DEM Resolution
The results of the study on the scale effect of area elevation integration show that the HI value was weakly dependent on the DEM resolution. This result is consistent with the findings of Duan et al. (2020). For a long time, scholars have began to pay attention to the scale response of HI to DEM resolution. The results showed that HI values changed slightly with the variation of the DEM resolution (Hurtrez et al., 1999; Pérez-Peña et al., 2009; Chen et al., 2003; Mahmood and Gloaguen, 2011; Mu, 2013). Scholars believed that the reason for this phenomenon was that although the reduction in the DEM resolution causes the elevation to be filtered and smoothed, the spatial structure of the terrain within the analysis window is stable. Changes in the DEM resolution do not have a large impact on the spatial distribution structure of the elevation, so the HI values do not change significantly. However, Joel et al. (2018) fitted the elevation curves of the watershed with polynomials and showed that polynomials of different orders gave different results for fitting the elevation curves. In this case, the HI values did not show a strong robustness to the DEM resolution. His conclusion that HI values were less sensitive to the DEM resolution should be based on the important premise that the study was on a small-scale watershed. Whether this conclusion was appropriate for a large-scale watershed remained to be studied.
Hurtrez et al. quantitatively studied the magnitude of change in HI values for different scale variations in resolution. The results showed that increasing the DEM resolution from 400 to 100 m and 200–100 m changed HIs by approximately 4.7 and 3.6% respectively, and there was no change in HI from 100 to 20 m. However, these results also based on small-scale watersheds. At present, there were few studies on the elevation integration characteristics of large-scale watershed. Especially, there was a lack of literature for the Loess Plateau watershed. As the results of Joel W., polynomials of different orders and watersheds of different sizes might lead to different findings. This issue deserves a more in-depth study on the Loess Plateau.
Influencing Factors of Area Elevation Integral
The comprehensive study results show that the erosion development in the area west of Lvliang Mountains in Loess Plateau, Shanxi, was in its mature overall. The watershed in the southern loess residual tablelands area had the largest HI value and the weakest erosion. The northern loess ridge area had the second-highest HI value and weaker erosion. The central loess hilly-gully area had the smallest HI value and the strongest erosion. The reasons for this spatial distribution of HI in the study area are worth exploring. At present, the most discussed factors influencing HI are tectonics, stratigraphic lithology, rainfall, and soil type (Joel et al., 2018; Qureshi. et al., 2019).
First, we examined the influence of tectonic activity on HI values. According to the description of Quaternary geology and major tectonic system of Loess Plateau in the Geological Atlas of China, no important fracture tectonics had occurred in the eastern region of Ordos stable massif since Quaternary. No neotectonic movement of the Loess Plateau had occurred in the study area. Therefore, the influence of Cenozoic tectonic activity of Loess Plateau on HI value was small, and the magnitude of HI value could not reflect the strength of tectonic activity. The distribution of formation lithology in the study area was overall more uniform (Huang et al., 2011), so lithology was also not the main factor. The factor that had the greatest influence on HI in the climatic environment was precipitation. We counted the multi-year average precipitation on the Loess Plateau from 1981 to 2018 and found that the precipitation trend in the study area was gradually increasing from northwest to southeast. Increased rainfall caused more severe soil and water erosion, which is inconsistent with the spatial distribution state of weaker erosion in the southern part of the study area. Therefore, rainfall had less influence on the spatial distribution of HI values. The soil types in the study area were more uniformly distributed, mainly loessal soil, and the degree of soil erosion resistance was consistent. Therefore, agrotype was not the primary factor controlling HI. Analyzing the sediment yield of the study area, it was found that the sediment yield in the northern part of the study area (6,943 t/a·km2) was much larger than that in the southern part (5,803 t/a·km2), which is consistent with the spatial distribution results of HI.
A comprehensive analysis of the geological and tectonic environment of the study area revealed that the main factors affecting the geological structure were the Li Shi Fault and the Lvliang Mountains, located in the eastern part of the study area. The Li Shi Fault crossed the study area longitudinally and divided the Ordos stable massif from the Lvliang Mountains. Since the Quaternary, the tectonic activity of the Li Shi Fault was weak and had less influence on the erosion of the Loess Plateau watershed. However, the Lvliang Mountains are a continuously deforming tectonic belt (Burchfiel et al., 1991). The uplift of the Lvliang Mountains was the main reason for the topography of the stepped combination structure of the study area (Lin et al., 2001). The study area as a whole showd a high eastern and low western posture. Analysis of the elevation difference in the study area revealed that the elevation difference in the northern part of the study area was 2003 m, the elevation difference in the central part was 2,138 m, and the elevation difference in the southern part was 1704 m. The larger the elevation drop, the smaller the HI value, and the stronger the erosion of the watershed. It could be seen that the uplift of Lvliang Mountaind had caused severe erosion cutting in the study area by watershed erosion. It caused the central part of the study area from Xingxian to Yonghe area to be an area of extremely intense water erosion and the main source of coarse sand in the Yellow River basin.
Numerous studies (Zhang et al., 2009; Lu et al., 2010; Guo et al., 2002) have shown that the topography of the loess hilly-gully was formed long before the Loess cover. Therefore, the causes of the special topographic features in the study area were mainly the control of paleotopography and the erosion of watershed development. Comprehensive analysis show that the factors affecting the spatial distribution state of area elevation integrals in the study area were mainly the control of paleotopography, the continuous deformation of the Lvliang Mountains, and the late water erosion. The area elevation integral characteristics of the region could not directly reflect the strength of tectonic activity.
Based on the previous study by Duan et al. (2020), the experiment systematically and thoroughly analyzed the area elevation integral characteristics of the Loess Plateau watershed in western Shanxi. The analysis focused on the relationship between elevation integration and the geological structure, stratigraphic lithology and rainfall in the study area.
CONCLUSION
In this study, the SRTM digital elevation model with 30-m spatial resolution was used to study the HI characteristics of the watershed in the area west of Lvliang Mountains on the Loess Plateau of Shanxi, China. In order to deeply characterize the developmental features within the watershed, the study synthesized the area elevation integration characteristics of each topographic feature object within the watershed. The area elevation integral features of the topographic feature objects and the watershed showed that the HI value was the largest in the southern loess residual loess area, which also had the weakest erosion of the watershed. The HI value was the smallest in the central part, and the erosion there was the most serious. We analyzed the reasons for the differences in the spatial distribution of area elevation integrals in terms of geological structure, formation lithology, rainfall, and paleotopography. It was found that the control of paleotopography, uplift of the Lvliang Mountains, and late water erosion were the main factors affecting the spatial distribution of HI. The results of the HI did not reflect the strength of tectonic activity in the study area. The analysis method of topographic feature objects we used further quantified the developmental state of the watershed.
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