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Abstract

:

Non-homogeneous soil’s high gravel content (also known as the “soil-rock dual structure”) may render it more prone to erosion and the significant development of gullies. In order to reveal the morphological characteristics and erosion rate of gullies in “soil-rock dual structure” areas, this study focused on the Shagou Reservoir basin in the Yimeng mountain area as the study area. Based on a complete digital orthophoto map (DOM, 0.03 m) and a digital elevation model (DEM, 0.03 m) acquired by an unmanned aerial vehicle (UAV), the researchers calculated the length (L), top width (TW), depth (D), area (A) and volume (V) of 19 gullies and built and optimized the volume estimation model. The DOM and the DEM were used to modify the morphological parameters of 43 gullies extracted from high-resolution remote sensing (RS) stereopair images (Worldview, 0.5 m), and the development and evolution of gully erosion were evaluated in large scale. The results showed that: (1) after correction, the average relative errors of parameters L, TW, D and A computed from the UAV data and the high-resolution RS stereopair image data fell below 0.005%; (2) the mean of TW/D was 5.20, i.e., the lateral erosion development of gullies far outweighed the downcutting erosion. The retrogressive erosion, lateral erosion and downcutting erosion rates of gullies were 0.01~0.83 m/a (averaged at 0.23 m/a), 0.01~0.68 m/a (averaged at 0.25 m/a) and 0.01~0.19 m/a (averaged at 0.09 m/a), respectively, between 2014 and 2021; (3) the volume-area (V-A) model for gullies is the optimal one (p < 0.01, R2 = 0.944).A total of 90.7% of the gully volume was growing at an erosion rate of 0.42~399.39 m³/a and the total erosion rate of the gullies was 3181.56 m3/a from 2014 to 2021. These research findings can serve as a basis for the quantitative modeling of gully erosion in water-eroded locations with a large-dimension “soil-rock dual structure”.
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1. Introduction


Water and soil loss due to soil erosion has severely restricted the development of local economies [1,2,3]. Gullying is the major soil erosion in many areas of the world [4,5]. Worldwide gullying has caused a degeneration of productive land over approximately ten million square kilometers and an annual economic loss of up to USD 231 billion [3,6,7]. Gully erosion is a form of gullying, whose evolution process and erosion rate hinge markedly on soil texture and lithology [8,9,10]. On the one hand, nonhomogeneous soil with a high content of gravel may facilitate the infiltration of water and reduce the acting force of overland runoff on the gully [4]; on the other hand, it may lead to stony desertification and an increase in its sensitivity to erosion [11]. Therefore, a shallow soil layer, high content of gravels in the soil and the extensive development of gullies are the unique characteristics of the “soil-rock dual structure”. However, the evolution of gully morphology and the dynamic change in the erosion volume of gullies remain unclear. Meanwhile, the development of gullies is rarely studied in the “soil-rock dual structure” area, which has seriously restricted the sustainable development of regional agriculture and the construction of the ecological environment.



Over the recent years, gully erosion has been monitored mostly by remote sensing (RS) technologies (e.g., high-resolution RS imagery, aerial photography, Light Detection and Ranging (LiDAR), 3D laser scanning, 3D photo reconstruction and oblique photogrammetry), field surveying and combined methods both at home and abroad [12,13,14,15,16,17,18,19,20]. Among them, high-resolution RS imagery is superior to other traditional surveying methods in accuracy and effectiveness, delivering relatively accessible and reliable data [21]. The continuously developing UAV technology has demonstrated such advantages as low cost, high precision, high sensitivity, wide range and high efficiency and promised enormous potential in landscape mapping and geomorphic surveying [22,23]. While topographic data are acquired, the point cloud of the structure from the motion (SfM) of the UAV is nicely matched with the point cloud of LiDAR, at high precision [22]. In recent years, UAV photogrammetric technology has been widely applied in spatial modeling and the erosion monitoring of gully systems in many countries and regions [4,24,25,26]. The combination of UAV oblique photogrammetric technology and high-resolution RS imagery is of special value in the monitoring of the variations in gully length, width, area and volume [4]. Zhang et al. [27] used Google images and UAV images from the Loess Plateau region to accurately predict the severity and leading factors of road erosion. Gullies have developed extensively in the Yimeng mountain area with a “soil-rock dual structure” due to the impacts of slope cropland and other human activities. However, few reports have ever covered the gully erosion monitoring in this area. It is not clear whether it is feasible to apply UAV photogrammetric data to modify the morphological parameters of gullies extracted from high-resolution remote sensing stereo images to monitor the development of gully erosion in a larger scale.



The calculation of gully erosion rate is implemented mainly by RS images with comparable resolutions and accuracies over different periods. Typically, the average erosion rate within a period is obtained by calculating the differences in gully length, width, depth, area, volume and other parameters [16,28]. The gully length and area are accessible from RS images, but the measurement of erosion volume is controversial to some extent, and the estimation of volume needs further development [4,13]. Therefore, the relation between volume and each morphological parameter has become a research hotspot. Existing studies show that the volume of gully erosion can be calculated by building a volume estimation model based on morphological parameters [12,19,29,30,31,32,33]. However, due to the differences in topography, precipitation, lithology, soil property, land-use type and other environmental characteristics and in gully development scale, the fitting relationship and coefficient between gully volume and each parameter are largely different across China [32,34,35], Ethiopia [12,19,36], Spain [30], Nigeria [33], Iran [37] and other study areas. The relationships between gully volume and gully length, area and other morphological parameters remain unclear in regions where the soil texture has a typical “soil-rock dual structure”, restricting the evaluation research of its erosion rate and the dynamic change in erosion volume.



Therefore, this study aims to explore the development and evolution and volume estimation model of gullies with a typical “soil-rock dual structure” in the Yimeng mountain area for quantitative erosion simulation. The probe into the relationship between the morphological parameters and the development rate of gullies provides a new idea for the research of gully erosion in water-eroded areas with a “soil-rock dual structure”. This study takes the gullies of the Shagou Reservoir basin in the Yimeng mountain area of China as the research object. In this study, a complete digital orthophoto map (DOM, 0.03 m × 0.03 m) and a digital elevation model (DEM, 0.03 m × 0.03) of the gullies were built by UAV-enabled oblique photography to calculate the morphological parameters, and a gully volume estimation model was established through screening. The morphological parameters of the gullies extracted from the high-resolution RS images in two periods of 2014 and 2021 were corrected through applying the morphological parameters and data acquired by the UAV. The results of the study provide a theoretical basis not only for research on gully erosion development and evolution in the Yimeng mountain area but also for the quantitative modeling of gully erosion in water-eroded regions with a “soil-rock dual structure”.




2. Materials and Methods


2.1. Study Area Overview


Located in the south-central part (36°06′04″N~36°08′57″N, 118°38′01″E~118°39′59″E) of the Yimeng mountain area, the Shagou Reservoir basin in Yishui County (Figure 1 and Figure 2a,b), Shandong Province is a typical northern hilly and mountainous area, where the soil texture features the typical “soil-rock dual structure” [38]. In the study area, the bedrock is predominated by limestone, and the soil types include skeletal soil (majority), with more gravel, loose soil and shallow soil layers. Through investigation, the soil rock ratio of the gullies was found to be evenly distributed within the range of 0~5 in the study area. The 2–5 mm gravel content is the highest (24.94%) of the total gravel content (37.33%) (Figure 2e) [39]. The entire study area covers 6.8 km2, at an altitude of 310~340 m; it has a continental monsoon climate in the warm temperature zone, with an annual average temperature of about 13 °C, annual average precipitation of 700~900 mm; precipitation is concentrated, mostly in the summer flood season (June~September) and dominated by rainstorms, with great interannual variation. The main arbor species include Populus tomentosa and Robinia pseudoacacia. The study area is dominated by slope croplands and woodlands, followed by garden plots and other land types.




2.2. Multisource RS Data Acquisition and Processing


The research methods mainly adopted in this study were (Figure 3): (i) gully morphology parameters were obtained through UAV data, and the optimal volume model was constructed and verified; (ii) gully morphology parameters in the study area were obtained through high-resolution remote sensing images combined with the volume model; (iii) the analysis of gully morphology parameters was undertaken by UAV and high-resolution remote sensing images and a correction model; (iv) the corrected gully morphology parameters were obtained and the development rate was calculated through two high-resolution remote sensing images. The specific data processing methods were as follows.



2.2.1. UAV Data Acquisition and Processing


The image data acquired by the UAV have a high resolution (0.03 m). However, the UAV equipped with an oblique photographing camera consumes power rapidly in flight, and it can scan only a small area per flight. It would take a long time to obtain a sufficient number of gully image data by flying such a UAV. To reduce the effects of the vegetation and snow over the gullies in the Yimeng mountain area on the accuracy of the DEM data, mid-March 2021 was selected as the study period, when the vegetational noise was lowest and there was no snow on the ground. All UAV flights were carried out between 8:30 and 15:30 at a low wind speed and in a clear sky. An oblique photographing camera (model: FAST X1, single lens pixel: 24.3 million, focal length of lens: 35 mm × 5, mapping scale > 1:500, comes with RTK, external pos) was mounted on a Dajiang Matrice 600 Pro UAV (SZ DJI Technology Co., Ltd., Shenzhen, Guangdong Province, China). The UAV hovered at a height of 150 m and the ground resolution was set to 2.5–3.0 cm. The front and side overlaps were, respectively, 80% and 75%.



The RTK-GPS had been used to detect 15 control points within the study area for UAV-enabled RS image correction before the UAV was located with an oblique photographing camera to take five groups of photos (8606 × 5) at a height of 150 m. Based on the software Context Capture Center Master, the control points and pos data were imported to generate the photos taken by the UAV into orthoimages, a digital elevation model (DEM) and a 3D model. Through photomosaic processing, a complete digital orthophoto map (DOM, 0.03 m × 0.03 m) and the DEM (0.03 m × 0.03 m) were created, from which gully edge lines could be extracted for the calculation of the gully area.




2.2.2. High-Resolution RS Stereopair Image Processing


The high-resolution RS images (Worldview-3 (OR2A, 0.5 m)) with stereopairs in the two periods March 2014 and February 2021 were used, including satellite panchromatic data, a base map, elevation data and multi-band satellite data. The pre-processing procedure mainly includes the following steps. First, in the PCI geographic imaging accelerator (PCI GXL) software, the detected control points are used for geometric correction. Next, the pan-sharpening method is used for image fusion pre-processing, and then ortho-graphic correction. Finally, Photoshop software is used to homogenize, inlay and crop the images and finally generate a complete DOM (0.5 m × 0.5 m). In the process of DEM production, the first step is space-three encryption with PixeGrid software. Then, stereo image pairs are created based on image orientation and kernel line generation, and a regional digital elevation model is built through algorithm matching. Finally, the complete DEM is generated through human–computer interaction editing, inlaying and cropping.





2.3. Acquisition and Verification of Morphological Parameters of Gullies and Volume Calculation


A gully develops through erosion on a single slope. Its longitudinal profile is not parallel to the slope, and its main body is below the gully edge line [40]. Based on the oblique photography data from the UAV, the morphological parameters length (L), top width (TW), bottom width (BW) (The ratio TW/BW gives the type of each gully), depth (D) and area (A) of 19 gullies were extracted to verify the precision of the high-resolution RS imagery and build the corrective model. The gully L, TW, D and A obtained from the UAV RS image and high-resolution RS image were used to construct the correction model, and the error correction of morphological parameters obtained from the high-resolution remote sensing image was carried out to make it more accurate. Therefore, 19 uniformly distributed gullies were randomly selected for flight data collection, and then the morphological parameters of these gullies collected by the UAV were used to correct the morphological parameters extracted from the high-resolution RS stereopair images in the study area (Figure 2b). The straight-line distance from the gully head to the mouth was taken as the gully length. A curve was made along the contour line of the gully bottom, and a Thiessen polygon was constructed to obtain 4–9 cross sections, and accordingly the parameters TW, BW and D. Their mean was calculated (Figure 4) [41]. Meanwhile, the gully volumes were calculated by the following procedure. Through the depression-filling treatment of the complete DEM generated from UAV data, an elevation value is first assigned to the gully edge lines to generate a triangular irregular network (TIN). Next, a DEM is constructed and clipped. Finally, the original erosion surface of the gullies (DEM0) is determined [42,43,44]. The above parameters could be acquired based on the DEM and the DEM0 of the gullies.



The gully volume (V) was estimated in terms of the higher-precision parameters L, TW, BW, D and A. The gullies in the study area were investigated on the spot through the close observation of their characteristics. The gullies with a typical morphology (wedge shape, lane shape or palm shape) and an obvious gully edge line were visually interpreted, and their distribution was reflected in the high-resolution RS images [45]. Through the same procedure, the morphological parameters L, TW, BW, D and A of 43 gullies were extracted from the DEM and DOM data acquired from the two periods of high-resolution RS stereopair images for building a gully volume estimation model in large dimensions and calculating the gully erosion rate. The length, width and area of the gullies in the study area range within 35–250 m, 5–55 m and 500–1300 m2, respectively, with the medians being 120 m, 23 m and 3189 m2, respectively (Figure 2c,d).




2.4. Model Verification Method


The accuracy of the volume estimation model was evaluated in terms of average relative error (Er) and Nash-Sutcliffe efficiency (Ens) [46], which are calculated, respectively, by the following formulae:


    E r  =  1 n      ∑  j = 1  n       |     M j  −  P j     M j     | ,    



(1)






   E ns  = 1 −     ∑  j = 1  n      (   M j  −  P j   )   2        ∑  j = 1  n      (   M j  −  M m   )   2    ,    



(2)




where Mj is the measured volume of the jth gully; Pj is the predicted volume of the jth gully; Mm is the mean of the measured volumes. The smaller the value of Er or the greater the value of Ens, the closer the model’s predicted value to the measured value.





3. Results


3.1. Precision Analysis and Correction of Morphological Parameters of Gullies Extracted from High-Resolution RS Stereoscopic Images


To verify the precision of the high-resolution RS imagery interpretation of the gullies, a comparative analysis was conducted on and between the errors of the morphological parameters of the gullies interpreted by the UAV imagery and by the high-resolution RS imagery. The overall error ranges between 0.09% and 32.12%. The more significant errors occur in the maximum, overall value and mean of D, all of which exceed 26%, while the errors of all other morphological parameters are below 10%, mostly concentrated below 5%. The average errors of 19 gully L, TW, D and A are 2.06 m, 0.45 m, 1.49 m and 208.09 m2, respectively. Moreover, the maximum errors of single gully L, TW, D and A are 8.18 m, 2.54 m, 3.14 m and 877.50 m2, respectively; the minimum errors are 0.21 m, 0.03 m, 0.15 m and 14.96 m2, respectively. The relative errors of total L, TW, D and A are 1.36%, 1.88%, 32.12% and 5.09%, respectively, and are 39.08 m, 8.49 m, 28.32 m and 3953.67 m2. The values of L, TW and A acquired by high-resolution RS imagery are larger than their actual values, while the value of D is smaller than its actual value (Table 1). The main reason is the vegetation coverage at the bottom of some of the gullies, leading to a small depth of interpretation based on the high-resolution RS stereopair images and to a large error.



To acquire higher-precision morphological parameters for the evaluation of the development and evolution of the gullies, a linear regression model was built for L, TW, D and A acquired separately by visual interpretation high-resolution RS imagery and by UAV RS imagery (Figure 5) for error correction. The average relative errors all fell below 0.005% after correction. After correction, the accuracy of the average L, TW, D and A of the 19 gullies was improved by 2.05 m, 0.45 m, 1.49 m and 207.88 m2, respectively. Eventually, higher-precision morphological parameters L, TW, D and A of gullies based on high-resolution RS imagery were acquirable separately using the corrective model. The accuracy of the total L, TW, D and A of the gullies in 2014 and 2021 was improved by 164.92 m, 37.37 m, 128.28 m and 14,947.91 m2, respectively. Moreover, the accuracy of single gully L, TW, D and A was improved by 1.20–2.64 m, 0.09–1.11 m, 1.19–1.67 m and 0.74–812 m2, respectively.




3.2. Development Rate of Gullies in Yimeng Mountain Area


3.2.1. Development Rate of Retrogressive Erosion of Gullies


As calculated based on the high-precision gully length data after correction, the total gully lengths in 2014 and 2021 are 5693.49 m and 5718.64 m, corresponding to the average lengths of 132.41 m and 132.99 m, respectively. Amid the 7a, 65.12% of the 43 gullies experienced an increase in length. Considering the gullies alone that experienced the increase in length (Figure 6), 57.14% had a length increment of greater than 1 m, and the development rate of gully length ranges within 0.01~0.83 m/a, and that of an average gully’s length was 0.23 m/a (Table 2).




3.2.2. Development Rate of Lateral Erosion of Gullies


This study established a Thiessen polygon for the vector boundaries and curve lengths of the bases of the 43 gullies, selected 534 cross sections to calculate the TW and D of the gullies on the high-resolution RS images of the two periods, and then obtained the corrected values of TW and D. Amid the 7a, the 43 gullies experienced an increase of 54.13 m in total TW, or equivalently an average gully experienced an increase of 1.26 m in width; 81.39% of the gullies experienced an increase in width (Figure 7), with a maximum increase in width of 4.74 m, maximum decrease in width of 3.73 m and a median of 1.30 m. Considering the gullies alone that experienced the increase in width, the development rates of gully width range within 0.01~0.68 m/a, and that of an average gully’s width is 0.25 m/a.




3.2.3. Development Rate of Gully Downcut


Amid the 7a, the 43 gullies experienced an increase of 0.04 m in total depth, and 53.5% of them experienced an increase in depth. A total of 79.1% of the gullies experienced variations in depth centralized between −1 m and 1 m, with a maximum increase in depth of 1.36 m, maximum decrease in depth of 2.46 m and a median of 0.14 m. Considering the gullies alone that experienced an increase in depth, the development rates of their depth range within 0.01~0.19 m/a, and that of an average gully’s depth is 0.09 m/a.



The TW-D relation of the 43 gullies in 2021 was further figured out. The TW/D values of the gullies range within 0.91~17.99, with a mean of 5.20 and greater than 1, with all points located to the upper left of the 1:1 line (Figure 8), showing that the lateral erosion rate is greater than the downcutting erosion rate of the gullies [47].





3.3. Optimal Gully Volume Model Building and Verification


Deng et al. classified the cross-sectional shape of gullies into shape V (0~0.4), shape V~U (0.4~0.6) and shape U (0.6~1.0) by the BW/TW value [47]. The gullies selected in this study have a BW/TW value ranging between 0.04 and 0.17, with a mean of 0.08, so all are V-shape gullies. The erosion gully measurement technology has successfully recognized gullies with large width and depth, but the practice of volume estimation needs further development [13]. The volumes of the 19 gullies acquired by UAV RS imagery range from 1588.11 to 33,291.44 m3, averaged at 10,398.07 m3. A regression analysis was conducted on the L, TW, D and A of the 19 gullies acquired by UAV RS imagery versus the volume V of each gully (Figure 9). All the four morphological parameters are significantly related with V by some power function. Among them, the A-V regression relation is fitted by the formula V = 0.0513 A1.4535, and it is the most significant (R² = 0.944). Through the above regression model, the gully volume was predicted, and the relative error (Er) and Nash–Sutcliffe efficiency (Ens) between the predicted and measured volumes were calculated (Table 3). The smaller value of Er, greater value of Ens and the coefficient of determination R2 indicate the V-A model has a higher precision in predicting gully volume than the V-L and V-TW models, showing that gully area is a key factor of gully volume estimation in the Yimeng mountain area.




3.4. Analysis of the Dynamic Change in Gully Erosion Volume


According to the V-A model, using the corrected gully area, it was estimated that 90.7% of the gullies in the study area experienced an increase in volume during 2014~2021, which is consistent with the variation in gully area (Table 4 and Figure 10). The annual increment in erosion volume of 39 of the gullies with increases in both area and volume ranges from 0.42 m³ to 399.39 m³, averaged at 81.58 m3. The gullies were graded and classified by annual erosion volume. A total of 10.26% of the gullies selected within this study area can be identified as middle-sized developing ones (annual erosion volume > 200 m3) [48], and the total erosion rate of all gullies within the study area is 3181.56 m³/a.





4. Discussion


The implementation of the dynamic monitoring of soil erosion is of vital significance in the Yimeng mountain area in North China, where the soil texture features a typical “soil-rock dual structure”. The research results show that V is more strongly correlated to A than to L, TW and D. This research finding is similar to those of Belayneh et al. [12] and Zhang Yan et al. [25] in Northwest Ethiopia and in the China Loess Plateau, respectively, despite a certain discrepancy. The values of A and V of the gullies within the study area are both greater than their counterparts in the northwestern part of the Ethiopian Highland and smaller than those in the loess hilly region. Such a discrepancy stems mainly from the fact that the historical trend of the gully extension researched by Belayneh et al. [12] is limited, hence the younger ages of the gullies, and that human measurements were taken during the development process to restrain the gully development scale in their study area. The gullies studied by Zhang Yan et al. [35] were developing in a larger scale in the loess area with loose soil texture. This study is oriented at the gullies developing in the “soil-rock dual structure” region, part of which features high gravel concentration or bare bedrocks, limiting the gully development rate, and the proportion of soil-rock structure could also have a certain inhibitive effect on gully development by accelerating water infiltration [4]. The V-A model derived in this study is shown in Figure 9a, where a = 0.01513, b = 1.4535 and the coefficient of determination R2 = 0.944. The value of b is 1.04 to 1.28 times that in the northwestern part of the Ethiopian Highland and in other regions of China [12,28,31,32], suggesting a higher vulnerability and a greater rate of increase in gully depth per unit area of the gullies within the study area than in other homogeneous soil regions, with great variations in depth from the gully head to gully center to gully mouth [32,35].



The variability of the ratio BW/TW reflects the leading factors affecting the gully bottom width and gully shore spreading rate [19]. Referring to the research results of Deng et al. [44], this study selected the gullies with the ratio BW/TW ranging within 0.04~0.17, classified as V-shape gullies (0~0.4). Yibeltal et al. [19] studied the ratios BW/TW (0.18~0.85, 0.64~0.90 and 0.17~0.39) of three distinct agroecological environment gullies in Ethiopia. Under the effect of soil physical properties, the ranges of variations are all wider than those of the gullies in this study area, and the gully forms are complex. Unfortunately, the gully type in this study is simple, and the soil-rock content proportion in the soil remains vague, so the effect of the “soil-rock dual structure” on gully shore spreading calls for further exploration. The ratio TW/D reflects the gully section morphology [36], as well as the TW-D relation of gullies. The ratio TW/D of the gullies in this study area varied between 1.77 and 7.55 (mean 5.06), with the gully crosswise development rate overtaking the bottom downcutting erosion rate [47] in 2021. A similar TW/D value was found in the black soil region of Northeast China studied by Li et al. [32], while that found in the Ethiopian Highland from the research by Frankl et al. [36] and Yibeltal et al. [19] was smaller than the TW/D value in this study area. This discrepancy stems mainly from the differences in soil texture and land-use type. This study focused on the gullies developing on croplands, which were prone to crosswise erosion without corresponding preventive measures taken against the low vegetation coverage on their two sides. The soils at the gully head and on both sides of the gully slope have been washed into the gully bottom and deposited due to erosions such as runoff erosion and gravity collapse, resulting in the gully bottom deepening or shallowing, Indeed, the depth of most gullies varies from −1 m to 1 m.



During 2014~2021, the average development rates of the gullies in L, TW, D and V were 0.23 m/a, 0.25 m/a, 0.09 m/a and 81.58 m3/a, respectively, the retrogressive erosion rate was smaller than that of the eroded gullies in other homogeneous soil regions, the erosion volume was greater than that in other regions, and the development rate of lateral erosion was far greater than that of the dissected valleys in the loess hilly and gully region (Table 5). This suggests that the lateral erosion on both sides of gully slope dominated the retrogressive erosion and the downcutting erosion throughout the gully erosion development process in the Yimeng mountain area (Figure 11). Different from the research results of Samani et al. [49] and Yibeltal et al. [19] in three agroecosystems in Southwest Iran and Ethiopia, the retrogressive erosion rate in this region is smaller, but the erosion volume is far greater than in the above-mentioned regions. Affected by precipitation, the gully erosion volume in Southwest Iran is smaller; affected by local slope, land-use type and soil erodibility, the retrogressive erosion of the gully heads in the three agroecosystems in Ethiopia has a great contribution in sediment yields from gullies [19,49], different from the research findings of Guan et al. [50] in the loess hilly and gully region that the forward erosion volume of gully heads took up a proportion far greater than did the spreading volume of gully cliffs due to the effect of the basin area on the dissected valleys studied by them. This study suggests that the increase in gully width leads to increases in both area and volume and that the crosswise widening of gullies has a great contribution in sediment yields from gullies. The gullies within this study area were teeming mainly with croplands on both sides, with low vegetation coverage. Also, the “soil-rock dual structure” of the soil texture has significantly affected the development and evolution of gullies.



The gully erosion in the Yimeng mountain area is subject to the joint influence of multiple factors including vegetation, slope, slope length, soil property, land use type and human activities. The research results will lay a theoretical groundwork for erosion gully treatment, water soil conservation and ecological restoration in the Yimeng mountain area and even in regions with a “soil-rock dual structure”. However, this study only focused on the gully erosion evolution in this region during 2014–2021, rather than on the roles of its influencing factors. Different time scales may lead to slight differences in gully development rate in the Yimeng mountain area. In the future, gully development and evolution patterns could be explored by expanding the time scale and selecting several different time stages.




5. Conclusions


In this study, the erosion rates and erosion amounts of gullies in the Yimeng mountain area, a typical area of “soil-rock dual structure”, were estimated based on the data of a 3D model and high-resolution RS stereopair images. Unmanned aerial vehicle RS imagery was used to correct the errors in gully length (L), top width (TW), depth (D) and area (A) acquired by high-resolution RS imagery, so that the relative errors all fell below 0.005% after correction. After correction, the accuracy of single gully L, TW, D and A in 2014 and 2021 were improved by 1.20–2.64 m, 0.09–1.11 m, 1.19–1.67 m and 0.74–812 m2, respectively. Within the 7a from 2014 to 2021, the parameters L, TW and D of all 43 gullies changed to varying degrees, corresponding to an average development rate of 0.23 m/a, 0.25 m/a and 0.09 m/a, respectively. Among them, TW changed most significantly, and the lateral erosion development experienced by the gullies far outweighed the downcutting erosion. The optimal volume model V = 0.0513 A1.4535, with R² = 0.944, was built and screened out according to the UAV RS images, and the gully volumes were calculated in combination with the gully area correction model. Amid the 7a, 90.7% of the 43 gullies within the study area experienced an increase in volume. Considering the gullies alone that experienced the increase in volume, each gully had a volume increment of 571.05 m³ on average. The gully erosion rate within the study area ranges between 0.42 m³/a and 399.39 m³/a, and the total erosion volume of all gullies is 3181.56 m³/a. In the future, the study area could be enlarged and diversified to accommodate further exploration of the influences of vegetation coverage, “soil-rock dual structure”, and other factors on the development and evolution of gullies, so as to provide methods and theoretical support for studying the dynamic change of gullies in large-dimensional “soil-rock dual structure” water-eroded regions using RS data.
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Figure 1. Location of the study area. 
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Figure 2. Gully distribution and introduction. (a,b) Map of gully distribution in high-resolution remote sensing stereo image pairs (ground sampling distance: 0.50 m) in 2014 and 2021, respectively. (c,d) Sample of a typical gully. (e) Experiment on soil-rock dual structure. 
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Figure 3. Flowchart of research. 
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Figure 4. (a–c) Example of typical gully length, width, depth and cross section. 
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Figure 5. Linear regression model for error correction of 3D morphological parameters of the gullies: (a) Gully length error correction; (b) Gully top width error correction; (c) Gully depth error correction; (d) Gully area error correction. 
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Figure 6. An example of gully length increase. 
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Figure 7. An example of gully width increase. 
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Figure 8. The TW-D relation of the gullies. 
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Figure 9. Relation between gully volume (V) and the main parameters by UAV RS imagery interpretation: (a) Gully volume—area relation; (b) Gully volume—length relation; (c) Gully volume—top width relation; (d) Gully volume—depth relation. 
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Figure 10. An example of gully area increase. 
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Figure 11. An example of lateral erosion and downcutting erosion in a gully. 
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Table 1. Statistics on the morphological characteristics of gullies interpreted by UAV imagery and high-resolution RS imagery (n = 19).
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	Image
	UAV Image
	RS Image
	Error
	Image
	UAV Image
	RS Image
	Error





	Length max/m
	225.32
	225.11
	0.09%
	Depth max/m
	8.05
	5.88
	26.96%



	Length min/m
	86.08
	85.48
	0.70%
	Depth min/m
	2.36
	2.21
	6.42%



	Total length/m
	2875.46
	2914.54
	1.36%
	Total depth/m
	88.15
	59.83
	32.12%



	Average length/m
	151.34
	153.40
	1.36%
	Average depth/m
	4.64
	3.15
	32.12%



	Width max/m
	37.16
	36.14
	2.74%
	Area max/m2
	8808.67
	9131.90
	3.67%



	Width min/m
	10.96
	11.06
	0.91%
	Area min/m2
	1160.70
	1257.08
	8.30%



	Total width/m
	452.37
	460.86
	1.88%
	Total area/m2
	77,691.33
	81,645.00
	5.09%



	Average width/m
	23.81
	24.26
	1.88%
	Average area/m2
	4089.02
	4297.11
	5.09%
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Table 2. Annual variation in gully length during 2014–2021 (n = 28).
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	Statistic
	2014 Gully Length/m
	2021 Gully Length/m
	Gully Linear Growth Rate/(m·a−1)
	Linear Growth Ratio/%





	Maximum
	221.22
	222.50
	0.83
	6.73



	Minimum
	39.23
	39.58
	0.01
	0.03



	Mean
	120.27
	121.89
	0.23
	1.53



	Median
	104.40
	105.01
	0.17
	1.16



	Total
	3367.52
	3413.04
	6.50
	1.35







The gullies under investigation total 43, 28 of which have experienced an increase in length.
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Table 3. Relative error (Er) and Nash–Sutcliffe efficiency (Ens) between measured gully volume and predicted gully volume.
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Predicted

Model

	
Total Measured

Volume/m3

	
Total Predicted

Volume/m3

	
Er

	
Ens

	
R2






	
V-A

	
197,563.27

	
191,077.97

	
0.178

	
0.929

	
0.944




	
V-L

	
173,440.16

	
0.438

	
0.696

	
0.695




	
V-TW

	
179,900.83

	
0.293

	
0.786

	
0.854
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Table 4. Increments in area and volume of 39 gullies during 2014–2021.
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Statistic

	
A/m2

	
V/m3

	
A Growth/m2

	
A Growth Rate/(m2·a−1)

	
V Growth/m3

	
V Growth Rate/(m3·a−1)




	
2014

	
2021

	
2014

	
2021






	
Maximm

	
12,056.12

	
12,291.58

	
43,868.45

	
45,119.30

	
733.39

	
104.77

	
2795.71

	
399.39




	
Minimm

	
518.11

	
588.18

	
452.41

	
544.00

	
1.28

	
0.18

	
2.96

	
0.42




	
Means

	
3,535.42

	
3,710.00

	
8,598.70

	
9,169.75

	
174.59

	
24.94

	
571.05

	
81.58




	
Medians

	
2,830.65

	
3,188.92

	
5,338.68

	
6,348.38

	
140.07

	
20.01

	
415.01

	
59.29




	
Total

	
137,881.30

	
144,690.25

	
335,349.48

	
357,620.37

	
6808.95

	
972.71

	
22,270.89

	
3181.56








The gullies under investigation total 43, 39 of which experienced an increase in area and volume. 
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Table 5. Development rates of gully erosion in different erosion areas.






Table 5. Development rates of gully erosion in different erosion areas.





	
Study Area

	
Major Soil Type

	
Times

	
Growth Rates

	
Author (Year)






	
Loess Plateau

	
Loess

	
62

	
0.54 m/a (L)

	
Guan et al. [50]




	
58.3 m3/a (V)




	
Loess Hilly and Gully Region

	
Loess

	
14

	
0.27 m/a (L)

	
Yang et al. [51]




	
0.004 m/a (W)




	
Southwest of Iran

	
Fars Lithological Groups

	
15

	
1.23 m/a (L)

	
Samani et al. [49]




	
6.70 m3/a (V)




	
Tunisia

	
Calcil or Chromic Vertisols

	
50

	
68 m3/a (V)

	
Slimane et al. [16]




	
Upper Blue Nile

basin, Ethiopia

	
Acrisols and Leptosols

(Guder)

Leptosols and Luvisols

(Aba Gerima)

Vertisols and Luvisols

(Dibatie)

	
11

	
0.76 m/a (L)

6.77 m3/a (V)

2.09 m/a (L)

19.58 m3/a (V)

3.42 m/a (L)

42.16 m3/a (V)

	
Yibeltal et al. [19]




	
This Study Area

	
Soil-Rock Dual Structure

	
7

	
0.23 m/a (L)

	




	
0.25 m/a (TW)




	
0.09 m/a (D)




	
81.58 m3/a (V)

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
et st

H

sossuiooss
W56, 19,p000)

H

AV RS imagery gl engim
H

A I A,
()
3
o
@-06204, w10, p00) 5 | 1093 4n A8
: e B8
R

——— T w0 @n e
Highesoluon RS imagery guly dephim Highresoluion S imagey gl v’

(€ (d)

Tiioo





media/file13.png
 ]2021 Gull\ houndar\
[12014 Gully boundary %

2014DOM

Red: Band 1
P Green: Band 2
B Blue: Band 3

z() 25 S0 75 100
O —

12021 Gully boundary ‘
2014 Gully boundary
2021DOM

Red: Band 1
P Green: Band 2

B Blue: Band_3 (M g/lctcr

..3.»‘

Meters





media/file12.jpg
1y boundary |

Gully boundary
'
Red: Band_1

Gree: Band_2
Lo TS M ckers| Bl B

[t





media/file18.jpg
boundary 3 AT 2014 Guly bounanry
2021 Guly boundary
amb0M
R Ban 1

B Grcen: Band_2 0 25 50 75 100 cen: Band 2
B Bluc: Band_3 e Meters i B Bluc: Band_3






media/file9.png
250 ,
.~ 95%confidence bound lines of predicted values e
— Linear regression line e .
\E: - --1:1 Line o
=
g‘) 200
=
2
=
N
2 150t
)
&
g y=0.9924x—0.8946
%) (R*=0.9951, n=19, p<0.01)
R4 100 F
>
< i
- R
50 L= L L L :
50 100 150 200 250
High-resolution RS imagery gully length/m
(a)
10 . .
, 95% confidence bound lines of predicted values 5
— Linear regression line v ’
= = == 171 Tane /,’
E 8 [ o ’ g
~— s
Q_‘ s
Q et
o -
= %
E 6 E 7’ &
en
5
C%D y=0.9306x+1.7088
4t 2
£ " (R?=0.6204, n=19, p<0.01)
A ,
a7 L
e
= o g
> 2
O 7 1 1 1 1 ]
0 2 4 6 8 10

High-resolution RS imagery gully depth/m
(c)

40

| 95%confidence bound lines of predicted values P
— Linear regression line ° 7 .
= - -~ 1:1 Line &
= 35F
—
2
i 30F
=
en
£ 25t
en
<
& y=0.9785x+0.0743
% 20} (R?=0.976, n=19, p<0.01)
>
< sl
10 : : : : : :
10 15 20 25 30 35 40
High-resolution RS imagery gully top width/m
(b)
10000 ¢ , .
. 95%confidence bound lines of predicted values .7
—— Linear regression line i .
& === 1:] Line > 1
£ 8000}
o
<
e,
gﬂ 6000
Ex
O
en
<
g <000; y=0.93 14x-+86.489
g (R*=0.9945, n=19, p<0.01)
>
< 2000 F
=
0L- . : L L 4
0 2000 4000 6000 8000 10000

High-resolution RS imagery gully area/m?

(d)





media/file14.jpg
80

60

TW=4.84D+1.40
(R*=0.60, n=267, p<0.01)

D/m

60

80





media/file20.jpg





media/file5.png
-
-

UAV data acquisition

!

[ UAV RS image processing (DOM, DEM) ]
(Context Capture Center Master)

| !

B |
I 1/

data in 2014 and 2021

|

[ High-resolution RS stereopair image J »
[ High-resolution RS stereopair image

processing (PCI GXL, PixeGrid)

4

Fill DEM

Gully visual
interpretation
43)

Construct
Thiessen
polygon

TW,BW,D

T T, TN T Ty T T " """ S S " " " ' SSSSSSSsSSsSsSssT'nDB5'vwo

065

— e R R R e e
- —— e

-
-





media/file15.png
80

TW=4.84D+1.40
(R*=0.60, =267, p<0.01) .

s
e
”

&
s *Qp
il

20 40 60
D/m

80





media/file19.png
~ 4 - J Pl
~ ;. 4[_12014 Gully boundary
2021 Gully boundary
2021DOM
Red: Band 1 | Red: Band 1

40 2; 50 75 10'0 % I Green: Band_2 40 25 50 75100 . Green: Band_2
~ s wem Meters & I Blue: Band_3 ~ worsss—wmm Meters & [l Blue: Band_3






media/file2.jpg





nav.xhtml


  remotesensing-15-00233


  
    		
      remotesensing-15-00233
    


  




  





media/file11.png





media/file6.jpg
D/m

- 330

Gully cross section

313
312
31
310
309
308
307
306
305
304

W/m
©





media/file1.png
117°30'0"E 118°0'0"E 118°30'0"E 119°0'0"E

36°0'0"N

35°30'0"N

: :;? . Gully Elevati(.)n/m
T - High : 882
|:| China
B Yishui County

:| Shandong Provice Low : 97

0 10 20 30 40 50
Km

117°30'0"E 118°0'0"E 118°30'0"E 119°0'0"E

36°0'0"N

35°30'0"N





media/file10.jpg
)
0 25 5075100 |
Pl iod SRES -





media/file7.png
Gully width
Gully length
Gully bottom curve

Gully boundary

E Thiessen polygon
Elevation/m

- High : 330 3
L 0 25 50 75 100
= Low : 287 BN N . Meters
. (b)
Gully cross section
313 52 -
312 \ ........ Top Width A P
311 P

310 ..\

300 |

308 i &

307 £
306 i
305 o /

304 >,/ Bottom Width.

0 10 20 30 40 50
W/m
(©)

Depth

D/m






media/file16.jpg
Vi’

s ot s s

e bl s+

so0m)
Fagsnien 2| Jeamsem
0sihn o0 @0t oy .
A Lm
@ ®)
s ot o e L T —
sy o s
0838 1,0 o (R0Sa0)
som)






media/file3.png
[_1UAV Gully boundary
12021 Gully boundary
oM

: Band_3
250 500 750 1000
o —— Vit






media/file17.png
- 35000 . ,
S0 .~ 95% confidence bound lines of predicted values | 95% confidence bound lines of predicted values .
fitted curve fitted curve
30000 [ 30000
25000 |- V=0.05134"4% 25000 |- V=0.07597 23035
2__ _ = ] .
(R —0944, n—19,p<001) . (R2:06954, n:lg, p<001) ° ®
- 20000 . 20000 |
E £
= 15000 - ~ 5000 L
10000 | 10000
5000 5000
0 | | | | | 0 1
0 2000 4000 6000 8000 10000 0 50
A/m?
(a)
33000 77 95% confidence bound lines of predicted values 35000 95% confidence bound lines,of predicted values
fitted curve fitted curve
30000 30000
25000 F 25000
V=3.0245TW>4%? . V=328.35D*07% . .
R*=0.8535, n=19, p<0.01 ] (R*=0.5478, n=19, p<0.01) I
20000 - ( =19, p=0.0D) 20000 - P
5 5
15000 =~ 15000
10000 10000
5000 5000
0 ' | 0 L L L L
0 40 50 0 2 4 6 8
TW/m D/m





media/file4.jpg





media/file0.jpg
36°00"N

35°300"N

17°300"E

1800"E.

118°300"E

119°00"E

;S

N

A

® o Elesaionin
g High' 882
[ ] china
I Vi County
[ Shundoug Hrovico B 10r: 97
0 0 W 4 s
S R
117°300°E TI8°00"E T187300°E T19°00°E

36°00N

35300'N





media/file21.png





