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Abstract

:

In this paper, a method for extracting Fenglin and Fengcong landform units based on karst topographic feature points is proposed. First, the variable analysis window method is used to extract peaks, nadirs, and saddle points in the karst area based on digital elevation model (DEM) data. Thiessen polygons that cover the karst surface area are constructed according to the locations of the peaks and nadirs, and the attributes of the saddles are assigned to corresponding polygons. The polygons are automatically classified via grouping analysis according to the corresponding spatial combinations of peaks, saddles, and nadirs in the Fenglin and Fengcong landform units. Then, a detailed division of the surface morphology of the karst area is achieved by distinguishing various types of Fenglin or Fengcong landform units. Experiments in the Guilin research area show that the proposed method successfully distinguishes the Fenglin and Fengcong terrain areas and extracts Fengcong landform units, individual Fenglin units, and Fenglin chains. The Fengcong area covers approximately two-thirds of the whole area, the individual Fenglin area covers approximately one-fourth, and the Fenglin chain area covers approximately one-tenth. The development of Fenglin has different stages in the Guilin area. This study provides data support for the detailed morphological study of karst terrain, and proposes a new research idea for the division and extraction of karst landform units.
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1. Introduction


Fenglin and Fengcong are typical karst landforms with prominent features (Figure 1) and are among the important signs of karst landform maturity [1]. Several studies on individual morphology have been conducted in terms of karst geomorphology, and the extraction method has matured [2,3,4,5,6,7,8,9,10]. However, studies involving only individual morphology are insufficient. In many areas, two terrains have very similar morphologies; therefore, directly distinguishing them is difficult [11,12,13]. These terrains are products of various hydrological processes on carbonate rocks. Fenglin is mainly formed by runoff erosion, whereas Fengcong is mainly formed by precipitation dissolution [14,15,16,17]. Fenglin and Fengcong are products of different hydrological conditions and developmental stages [18,19,20]. Accurate identification of Fenglin and Fengcong topographic units is the key to understanding the karst development process [21,22,23].



In previous studies, the distinction between Fenglin and Fengcong was made mainly according to individual morphological characteristics, such as slope, length–width ratio, and roundness. In general, most pinnacles in karst Fenglin areas are tower-shaped with large slopes and short and less dense peaks. In karst Fengcong areas, pinnacles are mostly cone-shaped, with small slopes and tall and evident saddle points [25,26,27,28]. Depressions are visible in the areas surrounded by peaks and saddles. However, no such clear differences are observed between the morphologies of Fenglin and Fengcong pinnacles. Fenglin can be conical and connected, whereas Fengcong can be tower-shaped [1,13]. The main difference between Fenglin and Fengcong is whether plains or depressions can be observed among pinnacles. In traditional karst research, single pinnacles are typically regarded as Fenglin, whereas pinnacle chains are regarded as Fengcong. However, Fenglin pinnacles can also be connected, and individual pinnacles can be surrounded by Fengcong. At present, research on the extraction of pinnacle chains in Fenglin plain areas remains scarce, and studies on Fenglin and Fengcong mixed areas are rare [29]. Thus, the results of Fenglin and Fengcong topographic studies based on digital elevation models (DEMs) frequently deviate from the actual situation.



To date, two main methods are used to extract Fenglin and Fengcong landform units based on DEM. One method is based on the extraction of feature lines [24,29]. The common idea is to identify mutation lines, such as contours and toe lines, by extracting the catastrophe or extremum of the terrain based on DEMs. The mutation lines are only the numerical calculations of gray values, and geographic characteristics are not considered. The accuracy of the extraction results is only a line with abrupt topographic change, which is insufficient for identifying whether the area is Fenglin or Fengcong. Individual landform units can be extracted on the basis of the nested structure of contours, but such a method wrongly regards the connected Fenglin pinnacles as Fengcong in most cases. The second method involves constructing a recognition model of Fenglin, Fengcong, and other karst landform units and extracting object-oriented texture features according to the morphological characteristics of objects [30,31,32,33,34]. This method mainly calculates the objects in the analysis windows by terrain factors, such as elevation, slope, curvature, and texture, then it differentiates karst landform types. This method considers the entire topographic unities in a region. However, the structure of karst topography is typically complex and frequently includes various topographic units (e.g., mixed zones of Fenglin, Fengcong, and depressions). No unified form exists for various landform units (Fenglin pinnacles can be cone-shaped or clustered, and slope largely varies across areas). However, there may be no significant differences in morphology between Fenglin and Fengcong pinnacles. This method cannot extract individual landform units in mixed areas, and these units are frequently treated as a whole.



Peaks, saddles, and nadirs are the typical feature points of Fenglin and Fengcong karst geomorphology. Peaks correspond to pinnacles, whereas nadirs correspond to depressions. These feature points and their spatial relations reflect different karst topographic units, which can reflect the development process of karst landforms. Accurately extracting peaks, saddles, and nadirs through traditional methods is difficult due to the complex topography of karst areas. Studies that focus on feature point extraction in Fenglin and Fengcong areas are scarce and do not focus on karst spatial relations based on these feature points [35,36,37]. In previous studies [13,19,29], Fenglin chains were always regarded as Fengcong terrain. Moreover, Fenglin chains are an important sign of karst development. Therefore, in this study, karst landform units are classified into three types: Fengcong, typical Fenglin, and Fenglin chains. Here, Fenglin chains are units composed of pinnacle chains, which are several striped pinnacles with a common base.



This paper proposes a novel approach for distinguishing surface karst topography; that is, distinguishing between Fenglin and Fengcong topography based on the spatial relationship of peaks, saddles, and nadirs in the karst area without considering the morphological characteristics of single pinnacles. If obvious saddles exist among pinnacles, and these saddles can form closed areas around a circle with depressions in the middle, then these pinnacles are Fengcong areas. If a single individual pinnacle exists without saddles, then it is a typical Fenglin area. If saddles exist among pinnacles but they cannot form closed areas, and no depression exists, then these pinnacles are Fenglin chains. In this study, Guilin, China, was taken as the study area. Fengcong landform units, individual Fenglin units, and Fenglin chains were extracted. This research lays a foundation for the accurate study of karst surface morphology.




2. Study Area and Data


Guilin (110.33°–110.45° E, 24.90°–25.10° N) is recognized as the most typical and obvious karst area in the world. It is the main area where Fenglin and Fengcong coexist and is regarded as one of the most beautiful and spectacular landform assemblages in China, and in the world [38,39]. The main study area (Figure 2) is located in Guilin, Guangxi Province, southwest China, has a total area of 236 km2, and is mainly composed of the Rongxian Formation of the Upper Devonian. Its elevation is high in the east and low in the west and mainly consists of middle and low mountain areas. In general, the pinnacles are cone-shaped, with a height of approximately 200 m. The Fengcong depression area is dominant in the east, whereas the Fenglin plain area is dominant in the west.



Individual Fenglin pinnacles are located at the edge of Fengcong, and isolated Fengcong is located in the Fenglin plain area. In the middle, a valley lies along the east–west direction. The study area features a subtropical monsoon climate, and precipitation decreases from northwest to southeast. Small surface runoffs are visible in the west, and underground rivers can be found in the east. It is a complete hydrogeological unit [40,41,42].



The test data are DEMs with 5 m grid size interpolated from the contours of 1:10,000 topographic maps with a 5 m contour interval produced by the National Administration of Surveying, Mapping and Geoinformation of China. The spatial resolution of the data is 5 m, and the vertical accuracy is 1.2 m [43].




3. Methods


In karst geomorphology, a typical Fengcong area towers above the surrounding terrain, and its boundary is either adjacent to the plain or surrounded by rivers with little external water involved in development. Isolated Fengcong is mainly distributed in the Fenglin plain with low height and small enclosed depressions. The typical Fenglin plain is mostly composed of single pinnacles with steep slopes and has low height. A Fenglin chain appears on small flat ground among Fengcong and is similar to a single Fenglin in height. The main difference between Fenglin and Fengcong is the presence or absence of depressions or plains among pinnacles.



In this study, topographic feature points such as peaks, saddles, and nadirs are extracted on the basis of DEM data. Then, spatial relation models of typical Fenglin and Fengcong terrain are constructed according to their morphological characteristics. Different landform units are automatically extracted according to their spatial relations.



3.1. Extraction of Feature Points


In a karst area, peaks and nadirs correspond to the highest and lowest points of pinnacles and depressions, respectively, whereas saddles are the intersection points of valley and ridge lines. Extracting peaks and nadirs in a karst area involves identifying the extreme points of a region. This study proposes an extraction method for Fenglin and Fengcong peaks and nadirs based on variably sized windows, which are the key contours in the study area. The contours that represent the boundaries of Fenglin and Fengcong basic landform units are defined as the key contours. Key contour nodes are selected from the contour tree based on the inclusion relationship of nodes. The maximum closed contour line that includes only a single contour is taken as the key contour line and extracted. The hierarchical structure of the contour lines is established, and the key contour lines are selected by the methods proposed by Liang and Wu (as shown in Figure 3a) [29,44]. In traditional methods, the analysis window is often used to calculate the extremum points in each contour circle [45,46,47,48]. However, traditional methods based on fixed window analysis are not always applicable in this study area. When the analysis window is small, numerous extreme points will be found in a large area. When the analysis window is extremely large, several small mountains are regarded as a single unit, and several key points are omitted. Thus, extraction results are often inaccurate.



In this study, the size of the analysis window is set in accordance with the area surrounded by the key contours. The minimum key contour range is used as the size of the analysis window to search the extremum point. When only one extremum in the contour area is enclosed by each key contour line, the point is recorded, and the contour area is deleted. That is, each key contour corresponds to an analysis window of the same size, and only one extremum point can be found in such a window. Then, the analysis window for the remaining areas is expanded and operated in a loop until only one extremum point can be found in each key contour area. When the contour is located in a positive terrain, the maximum point is a peak. If the contour coil is located in a negative terrain, then the limit point is a nadir. The main workflow is shown in Figure 3b.



Saddles in the karst area can be seen as intersections of ridge and valley lines [49,50,51]. The ridge and valley lines are usually extracted from DEM data using the digital terrain analysis method. In this study, the commonly used confluence accumulation method is utilized to extract the ridge and valley lines [52,53,54,55]. The saddles are located at the intersections of ridge and valley lines; however, not all intersections are saddles due to the influence of surface uplift. Real saddles can be extracted from intersection points based on the characteristics of small slope and large slope changing the rate of saddles in a karst terrain [56].




3.2. Constructing Spatial Relationship between Feature Points


The spatial relationship among feature points is constructed according to the distribution of peaks, saddles, and nadirs in Fenglin and Fengcong terrains. In Fenglin, the typical cases are single individual pinnacles (A in Figure 4). These pinnacles only include peaks with no obvious saddles or nadirs around them. The peaks and control areas of these pinnacles can be easily found, and the single Fenglin terrain unit can be extracted. Moreover, pinnacle chains (B in Figure 4) are observed in addition to individual pinnacles. For such topographic units, peaks and saddles are distributed in a linear manner. Peaks and saddles cannot form a closed area, and no nadir is observed in the middle. In Fengcong, peaks and saddles tend to form a closed polygon with typical nadirs in the middle (C in Figure 4). A typical Fengcong terrain unit is composed of a nadir in the center, surrounded by peaks and saddles. This type of terrain is identified by establishing spatial relationships among peaks, saddles, and nadirs. First, the nadir locations in the study area are extracted. Then, each nadir is taken as a center to search the peaks and saddles that are nearest to it. An area that is composed of these peaks and saddles is a typical Fengcong unit.



According to the morphological characteristics and spatial combinations of the Fenglin and Fengcong topography, we found that peaks and nadirs are the main control points of the entire study area. Peaks, saddles, and nadirs construct a system of karst feature points. Peaks control the positive terrain, whereas nadirs control the negative terrain. In this study, peaks and nadirs are combined as seed points to create the Thiessen polygons. Therefore, the control area of the positive and negative terrains is obtained through the Thiessen polygons. By relating the attribute information of extracted peaks, saddles, and nadirs to corresponding Thiessen polygons, the spatial relationships of peaks, saddles, and nadirs are expressed in the form of polygon adjacency.




3.3. Division of Fenglin and Fengcong Landform Units


By analyzing the spatial relationship of feature points, the study area can be divided into three types of units: Fengcong, Fenglin, and Fenglin chains. The discriminant rules are as follows:




	(1)

	
Nadirs are present in the Fengcong units, and peaks and saddles are distributed around the nadirs.




	(2)

	
The typical Fenglin unit is composed of individual pinnacles (peaks), and no saddles or nadirs are present around the pinnacles. The nearest point is also a peak.




	(3)

	
The Fenglin with pinnacle chains is typically distributed in strips; peaks and saddles are distributed alternately, whereas strips are open.









According to these rules, the corresponding polygons are divided into three groups: Fengcong units, typical Fenglin units, and pinnacle chain units.



Polygons with attributes of various feature points are classified via grouping analysis, which uses unsupervised machine learning to determine the natural grouping of data [57,58]. This research mainly uses the ArcGIS platform. This method groups elements according to attributes and optional spatial or temporal constraints. Element similarity is based on a set of characteristics specified by the analysis field parameters. It can also include spatial or spatiotemporal attributes. When spatial or spatiotemporal constraints are specified, the algorithm will use a connected graph (minimum span tree) to seek natural groupings.



First, we start with polygons that contain nadirs (polygon A in Figure 5) and search the polygons adjacent to them. These polygons belong to the Fengcong area. In these circles of polygons, if peaks and saddles are present in the polygon (polygon B in Figure 5), then the search for an adjacent polygon is continued (polygon C in Figure 5) in the direction of the peaks–saddles, which also belong to the Fengcong area. Then, we start with the polygon that contains peaks only (polygon E in Figure 5) and search for adjacent polygons. If all the surrounding polygons contain peaks only, then they belong to an individual Fenglin area. In the remaining polygons, start with the polygons that contain peaks and saddles at the same time, take them as seed points, and search the polygons along the direction from peak to saddle. If the polygon belongs to the Fengcong area, then the seed point also belongs to the Fengcong area (polygon D in Figure 5). If the polygon is unlabeled, then the two polygons form a pinnacle chain (polygons F and G in Figure 5). Finally, the remaining unmarked polygons belong to individual Fenglin. The boundaries of Thiessen polygons do not exactly coincide with actual Fenglin or Fengcong units. However, for the entire study area, the control area of Thiessen polygons is roughly consistent with the actual Fenglin or Fengcong area. Therefore, the range of Fenglin or Fengcong landform units can be represented by the range of Thiessen polygons.





4. Results


4.1. Extraction of Peaks, Saddles, and Nadirs


The contour lines are generated with a contour distance of 10 m from the 5 m resolution DEM data in the Guilin area. We establish the hierarchical structure of the contour lines and select the key contour lines (as shown in Figure 6a). The maximum point is the peak of the region, whereas the minimum point is the nadir point. Then, the saddles in this area are calculated by the changing rate of slope method (Figure 6b). A total of 1061 peaks, 958 saddles, and 252 nadirs are extracted in this area (Figure 6c).



In terms of the spatial locations of the extracted feature points, peaks are uniformly distributed in the entire region. The density of the peaks in the western part of the study area is slightly low. Saddles are mainly distributed along the eastern Lijiang River, scattered in the west, and mostly concentrated in the northeast. The nadirs are only distributed along the Lijiang River. The north is denser than the south, and sporadic nadirs are present in the middle of the east. According to the distribution of these characteristic points, the study area can be divided into eastern and western parts. In the western part, the terrain is flat with very little fluctuation. Pinnacles are scattered sparsely on a large area of flat land with a large amount of external water entering the area. The eastern part is generally Fengcong. The northeastern part is a complete Fengcong area with a uniform interior and nearly flattened pinnacle tops. In this area, pinnacles are distributed in large or massive clusters with many closed and infiltrative negative morphologies, such as sinkholes, dolines, and nadirs. In the eastern middle part of the study area, groundwater activity is significant, surface and underground karst development is strong, land surface is incised fiercely, the fluctuation between peaks is high, and small plain areas are present. The southeastern part of the study area is composed of relatively complete carbonate rock with a low degree of dissolution and poor development. Pinnacles are not obviously differentiated. In addition, the saddles have relatively high elevation.




4.2. Fenglin and Fengcong


A total of 1312 Thiessen polygons are found in the study area. The largest and smallest areas are 1.21 and 0.028 km2, respectively. The average area is 0.18 km2. The attribute information of peaks, saddles, and nadirs is related to the corresponding polygons. Through the grouping analysis method, the polygons are divided into three groups according to the spatial relations of peaks, saddles, and nadirs in Fengcong, typical Fenglin, and Fenglin chains (Figure 7). A total of 1043 Fengcong units are present, with an area of 155.9 km2, which accounts for 66% of the total study area (including 25 isolated Fengcong units, with an area of 3.77 km2). Specifically, 173 individual Fenglin and 96 Fenglin chains are identified with areas of 58.7 and 21.3 km2, accounting for 25% and 9% of the total study area, respectively. Table 1 provides the elevation of peaks and saddles across parts. From the distribution of Fenglin and Fengcong, two Fengcong areas are identified. The main part is distributed along the bank of the Lijiang River with a small Fenglin area in the middle, which consists of a Fenglin pinnacle chain with five peaks and seven individual Fenglin units. Another Fengcong area is located at the edge of the Fenglin area in the western part, where Fenglin chains and individual Fenglin pinnacles coexist.



Statistical analysis was conducted based on the data of characteristic points that correspond to individual Fenglin, chain Fenglin, and Fengcong areas (Table 1).



According to the statistical analysis of elevation, the average elevation of saddles in Fenglin area is 234.3 m. The number of saddles below 235 m is 46, which accounts for 75.4% of the total Fenglin area. Four saddles above 300 m are distributed in the Fengcong enclosure area on the right bank of the Lijiang River. The average elevation of saddles in the Fengcong area is 379.3 m. A total of 761 saddles above 300 m are identified, accounting for 84.8% of the total Fengcong area. Findings show that significant differences exist in the elevation of saddles between the Fengcong and Fenglin areas (Figure 8).



The elevation of peaks in the Fenglin area is concentrated in the low-value area, and the distribution in the Fengcong area is similar to the normal distribution. The average elevation of peaks in the individual Fenglin area is 241.3 m, and 90% of the peaks are distributed below 270 m. The average elevation of peaks in the chain Fenglin area is 273.9 m; 81 peaks are distributed below 300 m, accounting for 84.4% of the total Fenglin peaks. The average elevation of peaks in the Fengcong area is 466.9 m, and 750 peaks are distributed above 320 m, accounting for 94.7% of the total Fengcong peaks. Findings show that among the Fengcong, Fenglin chain, and individual Fenglin areas, the elevation difference of peaks is also evident (Figure 9).





5. Discussion


5.1. Comparison with Other Methods Used in the Guilin Area


Guilin is a typical area, where karst Fenglin and Fengcong coexist. Different methods were proposed in previous research to extract topographic units in this area. In the Guilin area, Meng [24] used terrain openness to extract Fenglin and Fengcong, and Liang [29] used the contour tree method. Although they extracted the terrain boundary, they regarded individual pinnacles as Fenglin and mistook the Fenglin chains as Fengcong (Figure 10). This finding is inconsistent with reality. The present study uses the traditional method to extract the boundaries of landform units. By combining the results of Thiessen polygon grouping, the correct classification of each terrain unit can be obtained. The blue wireframe regions in the Yangdi and Dabu areas of Guilin were marked as Fengcong by previous methods. In the present study, they are regarded as Fenglin chains. Most of the banks of the Lijiang River in Guilin is Fengcong terrain. However, it is in the middle of two large Fengcong terrains in the Yangdi area with small valleys formed by surface water alluviation (Figure 10a). A small Fenglin plain terrain is formed in this area due to the effect of surface water. Furthermore, six distinct individual pinnacles are observed in the plain. A group of pinnacles near the bank of the Lijiang River is noted. The areas surrounded by pinnacles are observed as being positive areas. Obvious ridges and saddles are present, but nadirs are lacking among the pinnacles. Surface precipitation flows along the ridges to the flat land around the pinnacles and then into the Lijiang River. In other words, generating nadirs in this area is impossible, to the extent that it cannot be identified as a Fengcong area. Similarly, Dabu in Guilin is generally a Fenglin plain (Figure 10b). Several pinnacles are connected on the plain. Pinnacles cannot form in a closed area, and no depression exists in the middle. The pinnacle group is also a Fenglin unit.



Existing methods for distinguishing Fenglin and Fengcong terrain are based on the morphological characteristics of pinnacles and whether the pinnacles are connected. However, the main difference between Fenglin and Fengcong terrains is whether it is a plain or a depression that is distributed among pinnacles. If no obvious depression is noted among connected pinnacles, then precipitation cannot form a convergence. Thus, dissolving into a depression is difficult; therefore, the terrain can only be considered to bea Fenglin area.




5.2. Implication of Landform Development


Typical Fengcong and Fenglin areas are clear signs of a karst geomorphological development stage. Fenglin chain is an intermediate process from Fengcong to Fenglin [1,13,14,59,60]. The geomorphic development stage of this area can be inferred according to the distribution of Fenglin and Fengcong topography in different areas. The distribution of peaks varies greatly in different areas. From the results of Fenglin and Fengcong extraction, two forms of Fengcong are found in Guilin. The typical Fengcong area in the east rises above the surrounding terrain with the Lijiang River in the east and the plain terrain in the west. Almost no exogenous water is involved in this development. In the western part of Bao’an, a region of isolated Fengcong units scattered over the Fenglin plain, is observed. The typical Fenglin area is located on the plain with individual pinnacles as the main part and a plain among pinnacles. In several areas, several pinnacle bases are connected to form a Fenglin chain. These pinnacles are typically distributed along a line. Saddles are observed, but no closed depression exists in the middle of the pinnacles. Additional statistics show that the vast majority of the Fenglin chains include two pinnacles. In the study area, six Fenglin chains have three pinnacles, five Fenglin chains have four pinnacles, and only two Fenglin chains have five pinnacles.



In the development of karst geomorphology, Fengcong areas are mainly affected by precipitation erosion, which forms depressions, and underground rivers in the interior. With the enhancement of dissolution, areas of depression increase gradually; the depth increases and the pinnacles shrink inward. When precipitation is high, the underground drainage system cannot discharge surface water in time. Thus, temporary drainage channels will form on the ground surface. Surface water will wash the Fengcong topography along the river. Over time, gullies will form in the Fengcong area, small alluvial plains will form near rivers, and a small Fenglin area will forme in the Fengcong area. Fenglin landforms are mainly eroded by exogenous water. When Fenglin landform begins to develop, the flow to the low level of the terrain is large. However, the flow route is random. Exogenous water divides the surface into small isolated karst units. Influenced by varying precipitation and water erosion, the sizes of the isolated karst units divided by water channels are different, and the rock mass is distributed in strips along the direction of the water flow. Small karst rocks gradually develop into individual Fenglin units. The dissolution of precipitation in large karst units is also synchronized, thereby forming small depressions or sinkholes. Flow water mainly occurs in the edge area, which forms isolated Fengcong units. The Fenglin terrain is considered an important sign of karst maturity. Fenglin units in the Fengcong area indicate that phased surface rivers are present and karst has developed to maturity. If Fenglin chains or isolated Fengcong are present in the Fenglin plain, then the karst in the area is continuously developing.





6. Conclusions


Fenglin and Fengcong terrains are extracted based on the spatial relationships of karst feature points. We base our analysis on the connotation of Fengcong and Fenglin topographic concepts in karst areas. We consider that the key to distinguishing Fenglin from Fengcong is whether a closed area is present in the middle of the pinnacles. Peaks, saddles, and nadirs are extracted by using DEM data and the digital terrain analysis method. Thiessen polygons are constructed in accordance with the conclusion that peaks and nadirs are the main control points of positive and negative terrains. Combined with the spatial relationship of the three feature points, the study area is divided by the grouping analysis method into three categories: Fengcong, typical Fenglin, and Fenglin chain areas. By analyzing the spatial distributions and morphological characteristics of Fenglin topography, we find that the development of Fenglin has different stages in the Guilin area. The central part of the Fengcong area may possibly develop into Fenglin. This method provides a scientific basis for the quantitative analysis of Fenglin and Fengcong morphological characteristics of karst in the future. Furthermore, this method provides a new concept for karst research. This method is more automated than the previous manual survey and interpretation of remote sensing images and thus is especially suitable for the extraction of Fenglin and Fengcong in complex mixed areas.



However, the extraction of feature points in complex areas of karst terrain is insufficiently accurate because of the limitations of data quality and the analysis method. Different peaks may be obtained by selecting different contour distances during the extraction of feature points. This variation in peaks may have certain effects on the results of subsequent analysis. In the Fengcong area, some small terrain boundaries are difficult to present accurately. In addition, the proposed method has been successfully used in the karst landform area of Guilin. However, different karst areas have their own specific karst morphology with highly complicated landform units. Especially at the microscale, many small karst landform units should be considered for a good understanding of the karst landform evolution process. These issues should be solved in future research.
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Figure 1. (a) Fenglin and (b) Fengcong landforms [24]. (Source: Chinese National Geography 612nd phase). 
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Figure 2. Study area in Guilin, Guangxi Province, China. 
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Figure 3. (a) Typical karst landform and contour structure; (b) flowchart of the methodology. 
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Figure 4. Typical Fenglin and Fengcong landform units. (a) 3D view of karst landform units; (b) 2D view of karst landform units (A: individual Fenglin B: Fenglin chain C: typical Fengcong). 
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Figure 5. Process of grouping analysis method. 
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Figure 6. Extraction of peaks, saddles, and nadirs (a) key contour (b) feature points (c) final extraction results. 
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Figure 7. Distribution of Fenglin and Fengcong in the study area. 
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Figure 8. Statistical chart of saddle elevation. (a) Fenglin; (b) Fengcong. 
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Figure 9. Statistical chart of peak elevation. (a) Individual Fenglin; (b) Fenglin chain; (c) Fengcong. 
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Figure 10. Comparison with existing methods: (a,b) results of feature point method; (c,d) results of Liang et al. [29]; (e,f) results of Meng et al. [24]. (a,c,e) In the Yangdi area of Guilin, Fenglin chains surrounded by Fengcong. (b,d,f) In the Dabu area of Guilin, Fenglin chains surrounded by individual Fenglin. 
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Table 1. Statistics on the number and elevation of extracted feature points.
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Name

	
Peaks

	
Saddles

	
Nadirs




	
Fengcong Peaks

	
Individual Peaks

	
Fenglin Chain Peaks

	
Fengcong Saddles

	
Fenglin Chain Saddles






	
Total

	
792

	
173

	
96

	
897

	
61

	
252




	
Maximum elevation (m)

	
699.2

	
414.9

	
569.5

	
628.1

	
510.4

	
588.8




	
Minimum elevation (m)

	
221.3

	
195.6

	
210.2

	
166.8

	
195.1

	
155.4




	
Average elevation (m)

	
466.9

	
241.3

	
273.9

	
379.3

	
234.3

	
311.9




	
Median elevation (m)

	
472.6

	
233.3

	
265.6

	
376.5

	
217.9

	
299.1




	
Standard deviation (m)

	
86.1

	
36.1

	
56.5

	
78.4

	
47.7

	
71.6
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