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Abstract

:

The Northeast black soil region is China’s vital commercial grain base. However, severe soil erosion on slope farmland poses a significant threat to this region’s sustainable agricultural productivity. The transition from traditional downslope ridging to contour ridging (briefly referred to as “contour ridging”) is one of the primary sustainable measures for preventing soil erosion on slope farmland. By integrating high-precision Digital Elevation Models (DEMs) and design standards, ArcMap can plan the orientation and position of contour ridgelines and estimate the reduction in soil erosion on slope farmland after implementing contour ridging. Therefore, the degree of discrepancy between the designed and implemented positions of the contour ridgelines directly affects the effectiveness of contour ridging and the precision in evaluating its impacts and benefits. This study aims to assess the position accuracy of contour ridgelines designed by ArcMap 10.5 (here after ArcMap) using high-precision DEMs obtained from unmanned aerial vehicles (UAV). For this purpose, three fields where contour ridging had already been implemented were selected in the Sanjiang Plain of Heilongjiang Province, China. CORS RTK was used to measure the XYZ coordinates of verification points along implemented ridges precisely. Those measured coordinates were compared with the designed ridgeline positions to analyze the positional discrepancies between the designed and implemented ridgelines. The results indicated the following: (1) The average slope gradient along contour ridgelines measured in the field (0.5~0.6°) was relatively close to that along the ridgelines designed using ArcMap (0.6°), and the elevation changes along most of the contour ridgelines showed a pattern of being higher in the middle and lower on both sides. (2) The positional offset between most of the measured and designed ridgelines was less than the width of a single ridge (1.3 m), and the median offset was one-third of the width of a single ridge. (3) The positional offset caused by the movement of ridging machinery could be larger than the offset resulting from the baseline setup, and verification points with larger positional offsets were often located at the edges of the plots as well as turns of the ridgelines. Therefore, during the designing ridgelines process, the turns should be made as smooth as possible. During ridging, reducing the speed at these turns to minimize errors and maintain the accuracy of the ridgeline was recommended. The findings of this study can provide a scientific basis to improve contour ridging design and effect prediction in slope farmland to control soil erosion and enhance agricultural sustainability.
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1. Introduction


The Northeast Black Soil Region noted for its fertile chernozem, is crucial in ensuring China’s food security [1]. It contributes one-third of the country’s commercial grain supply, acting as a stabilizing force for national food security [2]. However, over a century of intensive exploitative management and lack of proper conservation [3] have led to severe degradation of the black soil, posing a threat to the country’s food security. The average thickness of the black soil layer in this region has decreased from 60–80 cm in the 1950s to 20–40 cm today [4]. Erosion of 30 cm from the black soil topsoil can result in a nearly 50% decrease in soybean yield [5]. Additionally, (shallow) gullies mainly developed in slope farmland in this region, causing fragmentation of the arable land and efficiency reduction of agricultural machinery [6,7]. Therefore, preventing and controlling soil and water erosion in the slope farmland [8] of the Black Soil Region is essential for preserving the black soil and enhancing sustainable grain production capacity.



Traditional downslope ridging is the primary cultivation measurement on the slope farmland in the Northeast black soil region of China. Although this measurement can quickly drain rainwater and melting snow runoff from slope farmland [9], the resulting “ridge-gully” system also accelerates soil erosion [10]. Adjusting traditional downslope ridging to contour or cross-slope ridging (from now on referred to as “contour ridging”) is an essential measure for managing soil erosion in slope farmland [11]. The benefits of contour ridging in preventing soil and water erosion, increasing soil organic matter content [12], and reducing non-point source pollution [13] have been validated through runoff plots and field experiments across various soil types and erosion-prone areas [14,15]. Compared with other slope farmland soil conservation measures such as subsoiling or crop rotation, contour farming could maintain agricultural productivity without additional agricultural machinery, making it an appropriate soil conservation strategy for slope farmland in this region. Considering its significant benefits and low investment requirements, the government has listed contour ridging as an essential measurement for black soil conservation.



Although the many advantages of contour ridging have been confirmed, improper design of this measurement could lead to more severe soil erosion than traditional downslope ridging [16,17]. Contour ridging works by intercepting surface runoff and delaying runoff generation on slope farmland, thus controlling soil loss caused by runoff erosion. However, its drainage effectiveness is weaker than downslope ridging, making it prone to water accumulation [18]. Due to variations in the micro-topography of slope farmland, an unreasonable design might create low points along the contour ridges. These low points can lead to waterlogging in autumn, reducing harvest efficiency [19]. During heavy rainfall, excessive water accumulation can cause overland flow and ridge breakage [20]. Hence, rational design is critical to ensure contour ridging works properly.



Most previous studies on contour ridging have focused on runoff plots, around 100 square meters in size [14,21]. Due to their small size, these plots typically have flat terrain with primarily straight-line contour ridging, making it easier to design the position and orientation of all ridgelines and achieve an ideal form of contour ridging. However, slope farmland in fields is larger in scale (several tens of hectares or more) and has uneven terrain, making implementing contour ridging within slope farmland more challenging. Most of the literature on field contour ridging focuses on post-implementation ecological benefits [22,23], with fewer reports on the design and effectiveness of contour ridging implementation.



The traditional design process for the baseline in contour ridging in northeast China usually applies a total station or RTK (Real Time Kinematic) to collect surface elevation data. This data, combined with the elevation change rules along the baseline, is used to design baseline locations. Ground markers or flags are placed at regular intervals (such as every 15 m) to establish the baseline. Once this layout process is complete, ridging machinery equipped with a navigation system travels along the baseline to acquire data on its direction. Subsequently, the navigation system guides the ridging process, allowing all farming activities to be performed parallel to that baseline. During the traditional design phase of the baseline, topographical maps or Digital Elevation Models (DEMs) of the slope farmland are used as reference data. Their primary purpose is to provide the general direction of the baseline. However, the traditional design process for contour ridging only calculates the primary direction of the contour ridges and the gradient along the baseline, neglecting the elevation changes and gradients along ridges within the remaining area in the field. This oversight can lead to low points within the remaining area due to minor undulations in the terrain, resulting in impractical contour ridging designs. The geographic information system software platform, such as ArcMap, has a feature for translating (or shifting) linear features, which allows the baseline to be moved at set intervals within the remaining area of the slope farmland [24,25]. The high-precision DEM obtained by drones can reflect the fine elevation of the Earth's surface [26]; thus, using multi-temporal DEMs from drones to investigate the soil erosion process has been widely applied [27,28]. Combined with the slope farmland’s Digital Elevation Model (DEM), the software can calculate the elevation changes and gradients along the shifted contour ridges. The slope gradient along the ridge would be reduced when traditional downslope ridging is converted to contour ridging. The reduction in slope gradient along the ridge can be calculated from high-precision DEM and changes in ridge direction, and this reduction can also represent the magnitude of soil erosion reduction. However, these shifted contour ridges may not align with their implemented positions after ridging by navigation-equipped machinery. The discrepancy between the implemented position and the simulated position of the ridgelines may affect the estimation of soil erosion reduction after the implementation of contour ridging [29].



This study aims to evaluate the position accuracy of contour ridgelines designed by ArcMap using high-precision DEMs obtained from unmanned aerial vehicles (UAV). For this purpose, three slope farmlands where contour ridging had already been implemented were selected in the Sanjiang Plain of Heilongjiang Province, China. The coordinates of verification points along these ridges were measured to evaluate the discrepancies between the implemented and designed positions of the contour ridgelines. The findings of this study can help improve the design process for contour ridging to avoid impractical designs and provide technical support for the broad application of contour ridging in the slope farmland of the Northeast Black Soil Region.




2. Materials and Methods


2.1. Study Area


The slope farmland plots for contour ridging are located at Beixing Farm and Shuangyashan Farm in the northeastern part of the Sanjiang Plain in Heilongjiang Province, China (Figure 1). These three plots are identified as A, B, and C, with geographic coordinates at E 131.466 and N 46.198, E 131.419 and N 46.153, and E 131.388 and N 46.588, respectively. Their areas are 17.3, 19.8, and 20.2 hectares, with natural slope gradients of 2.5°, 3.0°, and 3.0°, respectively (Table 1). All three plots were initially under traditional downslope ridging. Aspect and initial ridge orientations of these three plots were as follows: Plot A had a southeast-facing slope with ridges higher in the north and lower in the south, Plot B had a south-facing slope with ridges higher in the north and lower in the south, and Plot C had a west-facing slope with ridges higher in the east and lower in the west. Therefore, all these slope farmlands met the natural slope gradient and ridge orientation requirements for contour ridging in the black soil region. The slope gradient along the downslope ridge for these three slope farmlands was 1.3°, 2.6°, and 2.7°, respectively.




2.2. Design and Implementation of Contour Ridging


Considering the benefits of rapid drainage of spring meltwater to raise the surface temperature and facilitate seed germination in the region, this study opted to design contour ridges with appropriate gradients along the ridge direction. Previous studies have shown that black soil with gentle slope tops yields higher production [30]. Consequently, the baseline design adopted a configuration that was higher in the middle and lower on the sides. This design shortened the length of the concentrated flow slopes and potentially increased yield. Combining the “Code for design of water and soil conservation engineering (GB 51018-2014 [31])” with the field conditions of soil erosion in this region, the study ultimately established a baseline configuration that was higher in the middle, lower on both sides, with a slope gradient of ten thousandths along ridge direction.



After harvest in November 2022, the DJI Phantom 4 RTK drone was utilized to obtain DEM with a resolution of 3 cm for these three slope farmlands (Figure 2). Once this DEM was imported into ArcMap, one of the two intersection points where the longest contour line crossed the plot’s boundary was randomly selected as the initial point. From the initial point, XYZ coordinates of ground points were obtained at 15 m intervals, continuing until reaching the other side of the slope farmland. The coordinates of these ground points were calculated based on the elevation values from the DEM and the elevation changes along the baseline (higher in the middle, lower on both sides, with a slope gradient of ten thousandths along the ridge direction), as well as point interval of 15 m. After the baseline design was completed, vector data of points along the baseline were imported into the CHCNAV RTK notebook. Utilizing the CORS network RTK mode, flags were placed every 15 m on the ground within farmland based on the coordinates of ground points. The line formed by these flags represented the baseline. Ridging machinery with a navigation system was applied to travel along the baseline to record its trajectory. Then, the navigation system guided the ridging machine to perform parallel ridging. The ridging machine had three rows, each 50 inches wide. The Trimble CFX-750 model navigation device was used for Plots A and B, while the Qianyun QY210 model navigation device was employed for Plot C.




2.3. Data Collection


Within each slope farmland, nine contour ridges, including the baseline (eight ridges for plot 3), were selected as verification lines for verifying the accuracy of the contour ridgeline positions. These ridgelines were evenly distributed across the corresponding slope farmland area. Along each ridgeline, a point was selected every 15 m as a verification point. The verification point’s coordinates (XYZ) were measured using the CHCNAV RTK in a fixed solution state (10 mm + 1 ppm horizontally and 20 mm + 1 ppm vertically). During measurement, the bottom of the RTK pole was placed in the middle of the furrow on the ground and kept level. Since the RTK pole might penetrate the topsoil under its weight, ensuring that the bottom of the RTK pole remained on the surface of the topsoil was important, thereby guaranteeing the elevation measurements represent the surface elevation. The designed ridgelines and the verification points were based on the WGS84 planar coordinate system. In total, 223 verification points from nine contour ridges on plot A, 204 verification points from nine ridges on plot B, and 118 verification points from eight ridges on plot C were measured.




2.4. Data Analysis


The difference between the implemented ridgelines’ positions and the designed ridgelines’ positions reflects the accuracy of designing contour ridging using ArcMap software. The XYZ coordinates measured along the ridgelines represent the field positions of the implemented ridges, and the designed ridgelines’ position could be obtained by replicating and shifting the designed baseline to the measured ridgelines in ArcMap. Taking Plot A as an example, the designed baseline in ArcMap was copied and shifted to overlay the measured ridgelines. A total of eight designed contour ridgelines were replicated and moved. Including the baseline, this study will assess the differences between the designed and field positions of nine ridgelines in plot A.



The slope gradient between adjacent verification points on the same ridge line was calculated based on their elevation change and interval (about 15 m). The slope gradient along each contour ridgeline was calculated by averaging the slope gradients of all verification points on that ridge.



Using the ‘Near’ function in the ArcMap software, the distance from each verification point along the implemented contour ridge to the corresponding position on the designed ridge was calculated. This distance was considered as the positional offset value of the corresponding verification point. The average offset value of all verification points on each ridge was then calculated, representing the average positional offset for that ridge.



The frequency distribution of these offset values was analyzed, and spatial distribution maps of the offsets were generated to examine their spatial characteristics. Besides, the study quantified the average offset for individual contour ridges and analyzed the spatial variation characteristics of these offset values.





3. Results


3.1. Slope Gradient along Contour Ridgelines


Results showed that there were no significant differences in the average slope gradient along contour ridgelines among the three slope farmlands, which were 0.54° ± 0.08°, 0.62° ± 0.07°, and 0.54° ± 0.06°, respectively (Table 2). Although contour ridging could only design the gradient along the baseline, the measured slope gradient along implemented ridges was marginally different from the designed value (ten thousandths, approximately 0.57°). This indicates that the designed slope gradient along the baseline could approximately represent the average slope gradient along other contour ridges. On the other hand, although the average value of the measured slope gradients was closely aligned with the designed value, there was still some variation between the measured and designed slope gradients. Across all ridgelines in the three farmlands, the minimum measured slope gradient was 0.4°, and the maximum was 0.8°. This range indicates that the measured slope gradient along contour ridgelines fell within a 40% range above and below the design values of 0.57°.




3.2. Elevation Variation along Contour Ridgelines


Based on the elevation values of verification points along individual ridges, elevation changes along the ridges in the three farmlands were created (Figure 3). Most contour ridges were higher in the middle and lower on the sides, consistent with the baseline design (Ridge 5 in plot A, Ridge 3 in plot B, and Ridge 4 in plot C). Some measured ridges exhibited a trend of being higher on one side, such as Ridge 8 in Plot B and Ridge 8 in Plot C. However, the elevation changes along the implemented ridgelines did not completely match those of the designed baseline. For some implemented ridgelines, the highest elevation points were not located precisely in the middle of the ridgeline, such as ridges 6 and 7 in plot A, ridge 7 in plot B, and ridge 2 in plot C.




3.3. Statistical Analysis of Verification Point Positional Offsets


The average offset values of the verification points for the three farmlands were 0.38 ± 0.03, 1.11 ± 0.38, and 0.52 ± 0.12 m, respectively (Table 3), with plot B significantly larger than plots A and C. There was no significant difference between plots A and C. Given that the maximum offset value of verification points in plot B (16.69 m) was substantially larger than those in plot A (1.45 m) and plot C (3.61 m), it implied that some verification points in plot B could exhibit significantly larger offset values. Therefore, the median value could be more appropriate for describing the distribution of offset data. Compared to the average values, the median offsets of verification points in the three plots were relatively similar at 0.32, 0.43, and 0.31 m, respectively. This indicated that 50% of the verification points in each plot had offsets less than 0.32, 0.43, and 0.31 m.



Since the design and implementation processes of contour ridging were consistent across the three plots, further investigation was required into why the offset values for verification points in plot B were significantly larger than those values in plots A and C. Considering that the maximum offset value in plot B (16.69 m) substantially surpassed the range of offset values in plots A and C (1.45 and 3.61 m), a new dataset was created by extracting verification points from plot B with offset values less than the maximum value of 3.61 m observed in plot C. This revised dataset, named B-Corrected, retained 180 points out of the original 204 points. Statistical analysis revealed significant differences in the offset data of plot B before and after the correction. After the correction, the offset values of the verification points in plot B did not significantly differ from those in plots A and C.



Due to the significantly larger maximum (16.69 m) and average (1.11 m) offset values of verification points in plot B compared to plots A and C, a frequency distribution with a logarithmic x-axis was utilized to examine the data distribution of substantial offset values (Figure 4). Most verification points had offset values less than 0.4 m (indicated by the green vertical line), aligning with the median values in Table 3. In plot B, the offset values of verification points displayed a long-tail distribution. The number of points within the 0 to 2.2 m offset range was 176, accounting for 87% of the total, while only 30 points fell in the 2.2 to 16.7 m offset range, representing 13%. This pattern indicated that a small proportion of the verification points in plot B had substantial offset values, significantly skewing the overall distribution.




3.4. Spatial Distribution of Verification Point Positional Offsets


For each of the three farmlands, the offset values of the verification points were interpolated using the inverse distance method within their respective areas. Since the median offset values for plots A and C were slightly larger than 0.3 m and the average values were less than 0.6 m, and considering the presence of significantly larger offset points in plot B, a five-tier color grading was established for depicting offset magnitudes (Figure 5): the minimum median offset value among all three plots (0.3 m), the more considerable average value between plots A and C (0.6 m), the maximum value in plot A (1.5 m), the maximum value in plot C (3.6 m), and the maximum value in plot B (16.7 m). In this scheme, the deeper the color, the larger the offset value. Most of the verification point offsets for these three plots were under 1.5 m. For plot A, verification point offsets between 0 and 0.3 m, 0.3 and 0.6 m, 0.6 and 1.5 m occupied 25%, 64%, and 11% of total points, respectively. Such values of plot C were 32%, 31%, and 29%, respectively, and the left 9% were between 1.5 and 3.5 m. For plot B, around one-third of the total points’ offsets were larger than 1.5 m.



These interpolated values were then overlaid with the designed ridgelines to analyze the spatial distribution pattern of the verification points’ offset values. Figure 5 also demonstrates a spatial distribution pattern for verification points with larger offsets. In plot B, the points with the largest offsets (indicated by the darkest color) were all located at the edges of the plot (Figure 5B), meaning these points had larger positional offsets than the maximum values found in plots A and C (3.6 m). Combining this with Section 2.3, it was evident that the presence of these extreme outlier verification points was why the positional offsets of verification points in plot B were significantly larger than those in plots A and C. In the three plots, areas with the same color were continuously spread, indicating that verification points with similar offsets were predominantly clustered. At the same time, a small number of patchy areas were dispersed in a dotted pattern. By comparing the color of these spotty patches with the surrounding areas, it was evident that these patches, typically surrounded by lighter-colored areas, represent verification points with larger offsets than their neighboring regions. The correlation of the larger offset patches with the corresponding ridgelines indicated that these dispersed dot-like patches with larger offsets were typically located at the turns of the contour ridgelines. On the other hand, within each farmland, areas with larger offsets (indicated by darker colors) were predominantly along the edges of the respective regions. This suggests that verification points with larger offsets were also more commonly found at the edges of these regions. Given that the designed baseline was situated in the middle of the slope farmland, the offset of verification points tended to decrease as they approached the center of the farmland or the designed baseline.




3.5. Positional Offsets of Ridgelines


The average offset value for each ridgeline was calculated by averaging the offset values of verification points along the ridgeline. This average value was used to represent the positional offset of that ridgeline. A dot distribution chart of ridgeline positional offsets was created, following the spatial arrangement of the implemented ridgelines with the baseline in the middle and successive ridgelines extending on either side. Figure 6 demonstrates a distribution trend of ridgeline offsets being lower in the middle and higher on both sides, indicating that the positional offset of the ridgelines increases with distance from the baseline. Several ridgelines in plot C, including ridges 6, 7, and 8, exhibited significant positional offsets. However, the short length of these ridgelines did not significantly affect the average ridgeline offset. Moreover, there was a notable variation in ridgeline positional offsets across different plots. For instance, ridgeline offsets in plot A ranged from 0.3 to 0.5 m, while plot C ranged from 0.2 to 1.0 m.





4. Discussion


4.1. Soil and Water Conservation Effects of Contour Ridging


Contour ridging primarily mitigates soil erosion by reducing the gradient along the ridgelines. Therefore, the percentage reduction in slope gradient along the ridgeline is a crucial indicator of the effectiveness of contour ridging implementation [32]. In this study, the slope gradient along ridges of the three slope farmland decreased from 1.3°, 2.6°, and 2.7° to 0.54°, 0.62°, and 0.54° respectively. This represents a 58%, 76%, and 80% decrease in slope gradient along ridgeline within these three farmlands (see Table 4), which indicates that the soil conservation benefits increased by at least 50% after implementing contour ridging. As runoff in slope farmland flows along the ridges’ direction, the slope gradient reduction due to contour ridging significantly lowers the surface runoff velocity. The decrease in runoff velocity reduces sediment’s carrying and transporting capacity by runoff, thus diminishing topsoil erosion, increasing sediment deposition, and mitigating the spatial heterogeneity of nutrients caused by nutrient loss with sediment-laden runoff [33]. The reduction in slope gradient along the ridge also implies that surface runoff would be difficult to discharge, which may cause waterlogging within slope farmland. Given that soybeans are susceptible to waterlogging [34], contour ridging might be more appropriate for corn. Additionally, for soils with low infiltration rates, such as vertosols, increasing the slope gradient along ridge to enhance the capacity for surface runoff discharge is advised; for soils with high infiltration rates, such as sandy soils, decrease the ridge orientation slope to reduce the capacity for surface runoff discharge could be appropriate.



Empirical or process-based soil erosion estimation models [35], such as RUSLE (Revised Universal Soil Loss Equation) and WEPP (Water Erosion Prediction Project), are the primary methods for assessing the benefits of soil conservation measures at slope farmland. These models can evaluate the soil conservation benefits of contour ridging by modifying the gradient along ridges. Since this paper’s primary focus was on the ridgelines’ positional offsets, direct measurements or model calculations of soil loss intensity were not applied. This study utilized existing research on soil erosion in the Northeast Black Soil Region’s slope farmland to estimate the intensity of soil erosion after contour ridging in these plots. Dai et al.’s [36] results from runoff plots in the black soil region showed that soil erosion on downslope ridge farmland was 1094 t/km2·a. Zhu et al.’s [37] soil loss model simulations for slope farmland indicated an average soil erosion of 709 t/km2·a. Both studies reported soil loss intensities exceeding 700 t/km2·a for slope farmland. Considering the soil conservation factor for contour ridging of 0.2 in this study, it could be inferred that after implementing contour ridging, the soil erosion intensity on slope farmland could be approximately 150 t/km2·a. The current national standard for soil loss tolerance (T) in the black soil region of Northeast China was empirically determined at 200 t/km2·a [38], and the result from 21 black soil types in this region indicated a range of soil loss tolerance from 68 t/km2·a to 358 t/km2·a. This variability highlighted the diverse soil erosion characteristics within the region. Therefore, it could be inferred that the soil erosion intensity resulting from contour ridging in this study was close to the permissible soil loss range for the region. Investigation of 290 observations of crop yields from topsoil removal experiments worldwide demonstrated that a horizon depth of 25 cm may be a threshold for sustainable soil productivity in eroded soils [39]. Given that the average depth of black topsoil is less than 30 cm due to serious soil erosion [40], contour ridging could be crucial for sustainable agriculture in Northeast China because it could ensure agricultural yield while reducing soil erosion intensity to soil loss tolerance.




4.2. Positional Offset of Contour Ridging Ridgelines


Despite the reduced slope gradient along ridgeline demonstrated that contour ridging effectively mitigated soil erosion in slope farmland, a discrepancy existed between the implemented and designed positions of the ridgelines. Results indicated that the three farmlands’ median positional offset of verification points was 0.3 to 0.4 m, approximately one-third of one ridge width. Verification points with larger offsets were primarily distributed along the edges of slope farmland and at the turning points of the ridgelines. The positioning of baseline markers and the navigation-guided ridging by the machinery were two distinct phases in the implementation of contour ridging. Consequently, the positional offsets of the verification points could be the result of these two processes. Due to most of the navigation software on sale in northeast China currently not supporting the import function for designed ridgelines, manual baseline setup methods were needed. The baseline markers were positioned using CORS RTK in a fixed solution state, ensuring a positioning error of less than 2 cm. The navigation devices in the ridging machinery utilized GPS or BeiDou satellite signals, typically achieving accuracy with an error of less than 5 cm [41]. After recording the baseline information by traveling along the baseline points, the ridging machinery performed ridging parallel to the baseline, relying on navigation guidance. Various technical factors, including navigation positioning, path planning, and motion control, influenced the accuracy of the ridging trajectory of machinery [42,43]. Although the navigation device calculates and guides the movement trajectory of the ridging machinery based on the baseline position and ridging width, the long-distance work could lead to positional error accumulation [44]. This error accumulation made it challenging to maintain accuracy over extended periods. Thus, relative to the baseline marker setup, the navigation process during ridging was likely the leading cause for the increasing offset observed with larger distances from the baseline.



Currently, many agricultural machinery navigation devices in China are retrofitted systems, predominantly using electric power steering, which has inherent steering slack and is less precise. If the curvature of the ridgeline was too sharp, it could lead to a delay in steering control relative to the navigational position [45], causing the path of the agricultural machinery to diverge from the navigational guidance. Therefore, during the phases of baseline design and the placement of marker points, it was essential to ensure that the curvature of turns was kept within a specific limit and as smooth as possible.




4.3. Impact on the Baseline Setup of Contour Ridging


The implementation process of contour ridging includes designing the baseline, setting up the baseline, and ridging guided by navigation. Importing the baseline coordinate data into the layout equipment was needed during the baseline setup. Then, marker points were placed on the ground at certain intervals, and the line connecting these points represented the position of the baseline. The layout equipment for setting up the baseline is influenced by factors such as the equipment’s portability, ease of use, and precision. Typically, the higher the accuracy of the layout equipment, the lower its portability and ease of use. Additionally, the acquisition cost and expertise required for operating the equipment tend to increase with higher precision. Traditional surveying equipment like total stations or level instruments could offer millimeter-level accuracy in layout precision, but their setup and measurement processes are complex and time-consuming. Satellite-based differential GPS surveying devices, such as base station-dependent RTK and network-based CORS RTK, can achieve centimeter-level accuracy. However, using these devices generally involves tasks like setting coordinate zones and converting formats, requiring a certain level of professional knowledge from the operators. With the development of the BeiDou Satellite Navigation System [46], it now offers users dynamic decimeter-level high-precision positioning capabilities. Devices capable of sub-meter and decimeter-level positioning also feature good portability and ease of use, like BeiDou Probe. In this study, CHCNAV RTK was utilized in connection with Qianxun’s FindCM high-precision positioning service, which offered centimeter-level positioning accuracy. However, the positional offset of the baseline after implementation still reached a decimeter level, ranging between 20 to 30 cm. If the offset of verification points set using decimeter-level positioning devices were similar to the offsets observed in this study, it would significantly reduce the equipment cost and enhance the efficiency of marker placement. Consequently, future research could figure out the offset values associated with baseline setup using decimeter-level positioning devices.




4.4. Recommendations for Navigation-Based Ridging


The agricultural machinery navigation system computes the operational routes within defined areas based on the baseline position information and ridging width recorded by the system [47], thereby guiding the movement of the machinery. The accuracy of navigation devices and the operator’s driving habits influence the machinery’s movement accuracy [48]. Although most navigation devices in the agricultural sector have a precision of ±2.5 cm along straight lines, the field navigation accuracy may exceed this designed value because the machinery follows a curved path during contour ridging. Communicating with the agricultural machinery operators revealed that a few navigation devices with stable signals could maintain stability within 2.5 cm. However, the accuracy of most navigation devices can reach up to 5 cm, especially with large turning angles on the ridgelines, which could lead to overlapping between two adjacent ridgelines. Reducing the driving speed appropriately could often improve movement accuracy when ridgeline turning angles were large, thereby reducing the offset at turning points. Additionally, due to accumulative errors, gaps or overlaps between adjacent ridgelines often emerged after completing the ridging of several dozen lines. In such cases, the most recently completed ridgeline could be used as a new baseline and re-entered into the navigation system. Then, using this ridgeline as the baseline, navigational ridging could be conducted for the remaining areas yet to be ridged. Although re-establishing a baseline and then ridging cannot eliminate the error, it can reduce the occurrence of gaps or overlaps between adjacent ridgelines.




4.5. Implications for Future Works


The spatial distribution of the baseline, as well as simulated ridgelines, were obtained using ArcGIS and high-precision DEM in this research. Indeed, the spatial distribution of slope gradient along contour ridgelines could also be obtained based on the spatial distribution of these simulated ridgelines. The research revealed that the positional offsets of ridgelines varied within the slope farmland. Consequently, discrepancies between the measured and simulated values of slope gradient along contour ridgelines might exist and exhibit spatial heterogeneity. The effect of spatial variability of slope gradient along contour ridgelines on the redistribution of soil moisture, nutrients, and sediments needs to be further demonstrated. Besides, investigating the impact of the discrepancies between the measured and simulated values of slope gradient along contour ridgelines on the model simulations of the aforementioned processes is worth exploring.





5. Conclusions


	(1)

	
Designing contour ridgelines using ArcMap can effectively estimate the effect of implemented contour ridging. The average measured slope gradient along ridgelines (0.5~0.6°) closely matches the designed value (0.6°), representing a 50% to 70% reduction compared to the original slope gradient along traditional downslope ridging. Regarding elevation changes along the ridgelines, most of the measured ridgelines were consistent with the designed baseline, being higher in the middle and lower on both sides, which shortened the length of overland flow on the slope;




	(2)

	
At the field scale, the average positional offset between the contour ridgelines designed using ArcMap and the implemented ridgelines is less than a single ridge width (1.3 m wide). The median offset is only one-third of a single ridge width. Additionally, the error contributed by the movement of the ridging machinery may be larger than the error of the baseline setup;




	(3)

	
The larger the distance from the baseline, the larger the positional offset between the measured and designed ridgelines. Besides, the positional offset between the measured and designed ridgelines is notably larger at the turning points. Therefore, the turns should be made as smooth as possible when designing ridgelines. During ridging, reducing the speed at these turns is recommended to minimize errors and maintain the accuracy of the ridging path.
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Figure 1. Location of study area ((A,B) are located at Beixing Farm, and (C) is located at Shuangyashan farm). 
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Figure 2. Flowchart of contour ridging design and positional accuracy evaluation. 
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Figure 3. Elevation variation along contour ridges of three farmlands ((A), plot A, (B), plot B, (C), plot C; the ridge line numbers correspond to the ridgelines from south to north in Figure 1. The ridgeline numbered as 1st in plot B in Figure 3 is the southernmost ridge line in plot B in Figure 1). 
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Figure 4. Frequency distribution of positional offsets of verification points (A, plot A; B, plot B, C, plot C. Green line showed 0.4 m that most verification points had offset values less than this value). 
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Figure 5. Spatial distribution of positional offsets of verification points ((A), plot A; (B), plot B, (C), plot C). 
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Figure 6. The positional offset between implemented and designed ridgelines ((A), plot A; (B), pl