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Abstract

:

Understanding soil loss pathways in karst regions is crucial for erosion control. Combining high-density measurements of grid points with runoff plot monitoring, we attempt to use a new indirect method to study the characteristics of soil loss in karst rocky desertification areas of Salaxi Town, Guizhou province. One cycle year monitoring data of 12640 grid points were applied in the soil loss analysis. This study identifies underground leakage as the primary pathway of soil loss, with an mean soil leakage of 21.51 kg in potential areas, accounting for 83.12%, and an average leakage of 22.69 kg in in mild karst rocky desertification areas accounting for 81.48%. Mixed vegetation types (forest, shrub, and grass) were better at preventing surface soil loss but increased underground leakage compared to single vegetation types. The rainy season significantly influences soil erosion, accounting for 67.88% of total loss, with slight variations among different karst rocky desertification grades and vegetation types. Mean underground leakage rates during the rainy and dry seasons are 63.34% and 36.66%, respectively. Although this method still has certain limitations, it plays a positive role in revealing the mechanism of soil erosion processes in karst regions.
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1. Introduction


Land degradation caused by soil erosion is one of the main problems affecting global sustainable land use [1,2]. In China, rocky desertification regions, covering an area of 45.2 × 104 km2, are experiencing serious soil erosion, which threatens the security of the ecological environment and human survival and development [3]. Distinguished from the features of soil and water loss in other areas, the karst areas possess a special double-layer structure, and this coexistence of soil surface loss and underground leakage makes it a hot spot of current research [4,5,6,7]. Consequently, the prevention of soil and water loss is crucial to control the ecological damage of karst rocky desertification.



The special soil surface loss and underground leakage structure limits the application of traditional soil erosion monitoring methods in karst areas to a certain extent, e.g., runoff plots and erosion lines. To study the soil leakage loss of karst areas, researchers have conducted many explorations of monitoring methods [8,9]. For example, Yang et al. [10] indicated the source of cave leakage soil by analyzing the composition of cave soil particles and their hydrogeochemical indices. Bai et al. [11] and Zhang et al. [12] applied isotope tracer technology to estimate soil loss and track sediment sources in karst areas. Dai et al. [13] analyzed the effects of rainfall intensity and slope on surface soil erosion and underground leakage loss on karst slopes through a rainfall simulation experiment using a variable slope steel trough. Currently, isotope tracers, cave drip tracers, scratching and erosion pins, and simulation experiments constitute the main methods of soil underground leakage estimation [14], but there are still limitations in accurate monitoring. 137Cs tracers have difficulty providing the soil erosion rate on a short time scale and are suitable only for underground leakage monitoring under homogeneous soil cover conditions [15]. The soil leakage obtained via cave drip is generally larger than the true value because of the uncertainty of the inflow area [14]. Although leakage simulation experiments facilitate operation and are extensively used, they are not able to reproduce the complex underground pipeline structure, and the simulation results still deviate from the actual situation in nature [3]. Therefore, more effective methods need to be developed to monitor soil leakage in karst rocky desertification areas.



The contribution rate of soil binary structure loss in karst regions and the main leakage channels have always been a focus of academic attention. Some scholars believe that the continuous cracks, pipes. and holes in karst regions are the main channel of the downwards leakage of surface soil and account for a higher proportion of the total amount of soil erosion [16,17]. A study of a typical karst peak cluster depression showed that underground leakage was inhomogeneous in different parts of the mountain, as the leakage percentage from the top to the foot of the mountain slope ranged from 65.6% to 96.2% of the total erosion [16]. Luo et al. [17] inferred that the underground soil leakage of Puding and Zhenfeng in Guizhou Province accounted for two thirds of the total erosion using a dendrogeomorphological method. However, there are also different opinions on the leakage rate. A few studies have suggested that soil leaks slightly along the cracks because the pores are generally filled with soil, weathered materials, or their mixtures, and karst fissure soil leakage accounts for only 3–34% of the total loss [18,19]. Additionally, it has been found that the principal soil loss path of karst regions is closely related to rainfall intensity; that is, underground leakage is the main mechanism in light rain, while surface soil loss mainly occurs in rainstorms [20,21]. It is precisely because of the complexity and high heterogeneity of karst dual loss structures, as well as the immaturity of monitoring technology, that there are great differences in the results of research on underground leakage. To date, no consensus has been reached regarding the contribution rate of underground leakage and, thus, this topic needs more research results to support and confirm current findings.



Therefore, taking potential and mild rocky desertification as an example, this paper attempted to develop a new approach to estimate the soil leakage loss in a typical karst rocky desertification region. Runoff plot monitoring and grid point field measurements were conducted to measure the soil surface loss and underground leakage loss at the plot scale. The objectives of this study were as follows: (1) to quantitatively estimate the contribution rate of soil surface and underground loss and (2) to reveal the difference in soil leakage of different degrees and vegetation covers of karst rocky desertification. These findings are expected to enrich the methods of soil underground leakage research and provide a reference for ecological restoration in karst regions.




2. Materials and Methods


2.1. Study Area and Experimental Designs


This study was conducted in a typical integrated control area of karst rocky desertification called Salaxi, which extends from 27°11′09″ to 27°17′28″ N and from 105°01′12″ to 105°08′32″ E longitude, with an area of 84 km2. The area is located in Qixingguan District, Bijie city and belongs to Guizhou Province of southwest China. The region is located on the Yangtze paraplatform, mainly composed of carbonate rocks with a large expose area of Cambrian, Permian, Triassic, and Jurassic strata. Karst landforms are widely developed and diverse in type, such as funnels, sinkholes, dissolution fissure, and karst depressions, and have wide distributions of potential and mild rocky desertification. The soil is mainly yellow soil, with severe soil erosion, low fertility, and shallow humus horizons. It is a typical subtropical monsoon region that is affected by the East Asian monsoon and South Asian monsoon, the average annual temperature is approximately 12.8 °C, and the average annual rainfall is approximately 900–1000 mm, 90% of which is concentrated from April to September. Secondary forest, shrub, and shrub–grass are the most common vegetation types.



We divided the runoff plots into two groups, four in each group, based on the level of potential karst rocky desertification (PKRD) and mild karst rocky desertification (MKRD) of the study area. It should be noted that the classification of rocky desertification levels is mainly based on differences in the bedrock exposure rate, soil layer thickness, lithological conditions, etc. The runoff plot was 12 m long and 3 m wide, and the slope was approximately 15 degrees (Figure 1). On the basis of a field survey of land use, the vegetation of each group was set as CL: cultivated land (Corn), FG: forage grass (Ryegrass), FS: forest and shrub–grass mixed planting (Walnut, Rosa roxburghii), and FSG: forest shrub–grass mixed planting (Walnut, Rosa roxburghii, Ryegrass). All crops were planted or transplanted in the same year. At the same time, the synchronous comparative monitoring experiment of soil loss was carried out based on the aforementioned groupings.




2.2. Monitoring of the Total Soil Loss


Field measurements were conducted from May 2021 to May 2022 in the runoff plots, with a total of 7 periods (measurement period: May 2021, June 2021, July 2021, September 2021, November 2021, March 2022, and May 2022). First, the runoff plot was divided into a grid of 15 cm × 15 cm, and there were 1580 grids in each runoff plot. Then, the surface elevation of each grid node was measured on the spot using a steel drill marked with a scale, and the surface elevation changes of each node represented the changes in a grid of 15 cm × 15 cm. The purpose was to obtain the surface microscale landform of the runoff plot in each measurement period.



The total soil loss of each runoff plot was estimated via filling and excavation analysis. Its specific operation process included taking each grid as the minimum accounting unit. We first multiplied the surface elevation change in the grid by the grid area to obtain the volume change during a certain time interval, and then we summarized all the grids to obtain the total soil loss of the entire runoff plots (Figure 2). It should be emphasized that the premise of filling and excavation analysis is to block the input of external soil and water; in this paper, we achieved this goal by using cement enclosure in the runoff pool. The total soil loss of 1580 grids was then calculated using the following equation:


  M t = ( V c − V f ) × ρ  



(1)




where Mt is the total soil loss (g/yr); Vc and Vf are the volume of soil eroded and soil deposited (m3) at different time, respectively; and   ρ   is soil bulk density (g/m3). Due to the concentrated distribution of runoff pools and small difference in soil structure, the soil bulk density came from the average value of multiple samples obtained using a soil ring knife, which covered all runoff plots.




2.3. Monitoring of Surface Soil Loss


Additionally, we used a water gauge to measure the water depth in the collecting tanks of the runoff plots, and the total surface runoff in a certain period of time was obtained by multiplying the water depth and the bottom area. The calculation formula is as follows:


  Q = h × s  



(2)




where Q is the surface runoff of each runoff plot (m3), h is the water depth of the collecting tank (m), and s is the bottom area of the collecting tank (m2).



After that, the muddy water in the collecting tank was fully stirred, and three duplicate samples were collected in each runoff plot using a 1000 mL sampling bottle. The sediment of the samples was obtained using the drying and weighing method, and the main operation process of this method was precipitation, filtration, drying, and weighing. The average sediment of three samples was then calculated, which was regarded as the sediment content per unit of water sample. Finally, the surface soil loss of each runoff plot is acquired by multiplying the runoff and unit sediment concentration. The formula for this calculation is as follows:


  M s = Q × S c  



(3)




where Ms is the surface soil loss (g/m2) and Sc is the sediment concentration of runoff in the slope erosion (g/m3).




2.4. Estimation of Soil Underground Leakage


Due to the difficulty of directly monitoring soil and water underground losses in karst rocky desertification areas, the soil underground leakage within a period was indirectly determined through the difference between the total soil loss and the surface loss, as shown in Equation (4):


  M l = M t − M s  



(4)




where Ml represents the soil underground leakage (g); the meanings of Mt and Ms refer to Equations (1) and (3).





3. Results


3.1. Soil Erosion in Different Karst Rocky Desertification Grades


The annual soil loss of field measurements is shown in Table 1, and the amount of soil loss was obviously different for surface loss and underground leakage. In the potential karst rocky desertification area, the average values of the total soil erosion, surface soil erosion, and underground soil loss were 25.9 kg, 43.7 kg, and 21.5 kg, respectively. The degree of soil erosion in mild karst rocky desertification (MKRD) was larger than that of potential karst rocky desertification (PKRD), and the corresponding total soil erosion, surface erosion, and underground soil were higher by 7.60%, 18.04%, and 5.49%, respectively. Soil erosion was mainly caused by underground leakage, because the mean proportions of total surface soil loss of potential rocky desertification and mild rocky desertification were 15.61% and 17.24%, respectively, and the corresponding percentages were 84.39% and 82.76% in underground soil loss. Furthermore, in the case of consistent land cover, the soil erosion of potential karst rocky desertification was lower than that of mild karst rocky desertification for both the surface loss and the underground leakage. The degree of rock exposure and karst fractures may be the main reasons for the differences, and this result also reflected that the degree of rocky desertification is an important factor affecting soil erosion in karst areas.



Figure 3 quantitatively illustrates the comparative difference in the erosion amount for the eight runoff plots. The results indicated that the mixed vegetation type was more conducive to the prevention and control of soil erosion, and the effect of the potential karst rocky desertification area was generally better than that of mild karst rocky desertification areas. Compared with the single vegetation type, the total amount of soil loss of FSG could be reduced by 44.10%, at most. However, the largest difference in intensity was observed in the surface soil erosion, and the soil loss of CL was more than 75% higher than that of FSG in the monitoring period. Specific to underground leakage, the difference in soil erosion caused by land cover was still large. The soil underground leakage of FSG was decreased by 33.97% in comparison with CL, which was also the maximum reduction proportion in underground leakage among the different vegetation types. The underground erosion amount in the potential karst rocky desertification was almost equal between FS and FSG, with a difference of only 5%. Overall, the relative difference in surface soil erosion amount among the eight runoff plots was greater than that of underground leakage.




3.2. Characteristics of Soil Leakage under Different Vegetation Types


Land cover types play an important role in the prevention of water and soil loss [22,23]. Changes in the plant combination or vegetation coverage may result in an increased or reduced rate of soil loss, and this metric performed well in this study. The difference in plant combinations led to an obvious difference in the contribution rate of soil surface and underground losses. In the areas of potential and mild karst rocky desertification, the proportions of surface soil erosion were 10.48–24.21% and 11.17–26.61%, respectively, while the underground leakage rates were 75.79–89.52% and 73.39–88.83%, respectively. Overall, the contribution rate of surface erosion in mild karst rocky desertification areas was larger than that in potential karst rocky desertification areas, while the contribution rate of the underground leakage rate was the opposite.



Additionally, Figure 4 shows that the more complex the vegetation combination is, the lower the contribution rate of soil erosion to surface loss and the higher the contribution rate of underground leakage. The FSG type, which is a mixed planting of forest, shrub, and grass, had the lowest surface loss rate and the highest underground leakage rate, while the monoculture corn field had the highest surface loss rate and the lowest underground leakage rate. This result may be due to the increase in surface vegetation coverage caused by the mixing of forest, shrub, and grass, which enhances the effect on leaf interception and plant root network fixation, thereby avoiding direct erosion via raindrops and weakening the direct erosion of surface soil via precipitation and surface runoff. The soil and water conservation effect of mixed vegetation types are significantly better than that of single crop species.




3.3. Contribution of Soil Leakage in Dry and Rainy Seasons


The study area is heavily influenced by the Asian monsoon and Indian monsoon, which have uneven distributions of precipitation throughout the year. Soil erosion mainly occurs in the rainy season with abundant rainfall. Therefore, the characteristics of soil erosion in the rainy season (May 2021–September 2021) and dry season (October 2021–April 2022) were further analyzed (Figure 5). The results show that the rainy season dominated the amount of soil erosion, with the average loss of 18.3 kg accounting for 67.88% of the total soil loss and the average soil loss in the dry season of 8.6 kg accounting for 32.12%. In particular, the surface soil loss was highly concentrated in the rainy season, contributing 91.46% of the total surface soil loss on average and only 8.54% in the dry season. The mean underground leakage of soil in the rainy season and dry season was 63.34% and 36.66%, respectively, and the differentiation in a year was smaller than that of surface loss. The above statistics indicate that precipitation is the key driving force of soil erosion in the study area, but there were differences in the utility of surface and underground soil losses. Furthermore, we found that the percentage characteristics of soil loss in the dry and rainy seasons were relatively similar regardless of the different karst rocky desertification grades or vegetation types, which further indicate that the main pathway of soil loss was consistent.




3.4. Comparison of Soil Underground Leakage


Some research has been conducted on the rate of soil underground leakage using different methods, mainly resulting in two views: one view is that underground leakage accounts for only a small proportion of soil erosion in karst areas, and the other view is that underground leakage is the main form of soil loss in karst areas. The 137CS isotope tracer results of soil loss showed that underground leakage did not dominate the soil and water losses of karst areas, and its proportion of total soil loss was less than 30% [19,24,25]. The average contribution of fractures to depression sediments is 22.1%, which was obtained using composite fingerprint identification technology [26]. Li et al. [27] found that the proportion was just 0.81% through a cross-section monitoring of a subterranean stream.



However, there are some findings, including those in this paper, supporting the view that soil underground leakage is more serious than surface loss (Table 2). This study found that the proportion of underground leakage in potential and mild karst rocky desertification ranged from 73.39% to 89.52%, which is consistent with the research obtained by some scholars through other methods, such as isotope tracing and artificial simulation experiments [28,29,30,31]. Simultaneously, this demonstrated that combining high-density measurements with runoff plots to monitor soil underground leakage is practicable. By comparing the above two viewpoints, it is not difficult to find that there is no unified consensus on whether soil surface erosion or underground leakage is the dominant path of soil and water loss in karst areas to date as a result of the complex geological conditions.





4. Discussion


Compared with the active exploration of soil erosion in karst areas of China, there is relatively less research conducted on soil leakage in karst regions abroad. Although the phenomenon of soil underground leakage was discovered as early as the 1960s in foreign countries, due to low population pressure and a good ecological environment, the problems of soil erosion in karst areas are not prominent and so only a few researchers carried out partial research [34,35,36,37]. The average soil erosion modulus of the eight plots in this paper is 7.46 t·a−1·y−1, with the highest average soil erosion modulus of 9.95 t·ha−1·y−1 for corn land. This is not only less than the 12–13.7 t·ha−1·y−1 observed in karst regions of Havana, Guba [34] (Febles-Gonzalez et al., 2012) but is also lower than the result of 26.41 t·ha−1·y−1 monitored in the Corrente river watershed of Brazil [37]. However, the results of this study are obviously higher than the karst simulation results conducted in the Mediterranean region, which found that the erosion modulus ranged from 0.9 to 5.3 t·ha−1·y−1 in bare soil and from 0.04 to 1.3 t·ha−1·y−1 in covered soil based on 2-year monitoring [35]. The differences in karst topography, fissure characteristics, soil, vegetation, and climate conditions may be the main reasons for these differences.



Vegetation plays an important role in controlling soil erosion through root network fixation and rainfall interception [38]. Vegetation types and combinations are the key way to regulate the dual soil loss pattern in karst areas. Previous studies have indicated that the vegetation cover can significantly influence runoff and soil loss, and the soil erosion control effect of composite vegetation land is better than that of cultivated land [39]. Ding et al. (2022) explored the impact of vegetation arrangement and combination on soil erosion and found that the grass arranged on a strip-shaped cross slope had the best effect on preventing erosion and reducing sediment, which reduced by 78% of the average erosion amount compared to bare land [40]. The above research results have been further supported in this study; it found that the soil erosion modulus of agroforestry is clearly lower than that of maize monoculture and grass monoculture. The main reason is that the combination of forest and grass is more conducive to reducing soil and plant transpiration, increasing soil moisture content, and improving soil structure, which showed a stronger inhibitory effect on surface runoff [41,42]. Therefore, developing agroforestry and economic fruit forests is an ideal model for karst fragile ecological restoration. It not only effectively controls soil erosion but also increases the economic income of farmers in karst areas [43].



Precipitation is not only the driving force of soil erosion but is also an important transmission medium for soil and water leakage [44]. Rain and heat are synchronous in the karst area of southwest China, and the distribution of rainfall is uneven in a year. During the rainy season, heavy rainfall events such as rainstorms occur frequently and intensity, which greatly aggravate the risk of water and soil loss [45]. In this study, the annual differences in soil loss were obvious. The total soil loss amount, soil surface loss, and underground leakage during the rainy season were nearly 2.12, 11.22, and 1.73 times higher than those of in the dry season, respectively. The surface soil loss showed the largest difference, possibly because of the low rainfall and intensity during the dry season, and most of the runoff entered the soil through leakage, making it difficult to form erosive surface runoff. The small base of soil erosion in the dry season leads to a significant multiple difference in the amount of soil erosion between the two periods. And, some scholars have pointed out that the amount of rainfall required for surface runoff in karst areas is much greater than that in non-karst areas [46]. Furthermore, the research results of this paper have also been demonstrated via indoor simulation experiments, which found that the intensity of rainfall is directly proportional to the amount of soil surface loss/underground leakage. When strong rainfall occurs in the later stages of the rainfall process, it is more likely to cause soil underground leakage; the longer the interval between short-term and multiple rainfall periods, the less likely it is that soil erosion will occur [47].



The path of soil underground leakage in karst areas is hidden and difficult to monitor in the field. Many quantitative methods have been developed to monitor underground leakage and have achieved a series of beneficial research findings, but each method also has certain limitations. For instance, the method of 137CS tracing relies on the assumption of uniform settlement in local space, but Parsons and Foster [15] noted that these assumptions are invalid and that 137Cs tracing cannot be used to provide information about soil erosion rates. Subterranean stream section monitoring cannot determine whether the soil carried by a river originates from underground leakage, as there is difficulty in accurately identifying the catchment area. In addition, the influencing factors of karst soil erosion are complex, and there are inevitable deviations between the artificial simulation results and the actual situation in nature. Specific to this paper, the limitations of this method, which combines high-precision, fixed-point measurement and runoff plot monitoring to indirectly obtain underground leakage, are that it consumes a considerable amount of time and energy and there may be deviations due to differences in the personnel completing the measurements. We will conduct in-depth research on this in the future.



Currently, research on soil erosion in karst areas is continuously deepening, and there is significant controversy about the pathways of soil underground leakage. Therefore, it is necessary to continuously enrich and improve the existing methods of monitoring soil underground leakage, establish a relationship model between surface erosion and underground leakage, and provide support for revealing the mechanism of karst soil erosion. Meanwhile, the identification and quantification of factors affecting soil underground leakage need to be strengthened, and the interaction mechanisms of various influencing factors under different environmental conditions and artificial intervention methods need to be explored [48].




5. Conclusions


Karst areas have a specific surface and underground binary structure, and the proportions of soil surface loss and underground leakage are hot research topics. This study quantitatively estimated the amount of soil underground leakage by combining high-density, fixed-point measurements with surface runoff monitoring in a typical karst mountain area in Southwest China. The main pathway of soil loss in the study area is underground leakage, with an average underground leakage percentage of 83.12% and 81.48% for potential and mild karst rocky desertification runoff plots, respectively. The type of land cover showed a clear impact on soil erosion, and the mixed planting of forest, shrub, and grass had the lowest surface loss rate and the highest underground leakage rate. The corresponding combination is also more effective in controlling soil erosion in karst rocky desertification areas. The corn cultivation showed the largest soil loss with the average amount of 35.84 kg/yr due to the high disturbance intensity on the soil layer. Furthermore, the rainy season dominated the amount of soil erosion, accounting for 67.88% of the total soil loss. The mean underground leakage rates of soil in the rainy season and dry season were 63.34% and 36.66%, respectively. The uneven distribution of regional rainfall in a year is also an important factor inducing differences in karst soil erosion, and more attention should be paid to the prevention and control of soil erosion during the rainy season. This study provides an indirect method to quantify underground leakage contributions to karst soil loss. Although it requires high operational skills and is time-consuming for measurement personnel and there is some uncertainty, it has a positive effect on soil erosion monitoring in karst regions. In the future, we should continue to strengthen the research and development of monitoring methods for soil underground leakage in karst regions and then enhance regional comparison and improve data accuracy.
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Figure 1. Experimental designs and field measurements. CL: cultivated land, FG: forage grass, FS: forest and shrub–grass mixed planting, FSG: forest shrub–grass mixed planting. 
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Figure 2. Profile of soil erosion process in runoff plot. (a): Surface before erosion, (b): Surface after erosion, (c): Change in soil volume. 
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Figure 3. Comparison of soil loss between two vegetation types. (a): Potential rocky desertification, (b): Mild rocky desertification. 
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Figure 4. Contribution rate of surface and underground loss of different vegetation types. (a): Potential karst rocky desertification, (b): Mild karst rocky desertification. 
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Figure 5. Soil loss of surface and underground in dry and rainy seasons. (a): Total soil erosion of PKRD, (b): Total soil erosion of MKRD, (c): Surface soil erosion of PKRD, (d): Surface soil erosion of MKRD, (e): Underground soil erosion of PKRD, (f): Underground soil erosion of MKRD. 
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Table 1. Statistics of soil erosion in different runoff plots.
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Degree of Karst Rocky Desertification

	
Land Cover

	
Total Soil Erosion

(kg)

	
Surface Soil Erosion (kg)

	
Underground Leakage (kg)






	
Potential karst rocky desertification

	
CL

	
34.9

	
8.5

	
26.5




	
FG

	
28.3

	
4.6

	
23.7




	
FS

	
20.8

	
2.4

	
18.4




	
FSG

	
19.5

	
2.1

	
17.5




	
Average value

	

	
25.9

	
4.4

	
21.5




	
Mild karst rocky desertification

	
CL

	
36.8

	
9.8

	
27.0




	
FG

	
29.5

	
5.4

	
24.1




	
FS

	
23.7

	
3.1

	
20.7




	
FSG

	
21.5

	
2.4

	
19.1




	
Average value

	

	
27.9

	
5.2

	
22.7











 





Table 2. Statistics of research results on underground leakage.
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	Document
	Underground Leakage Ratio
	Study Site
	Research Method





	He et al. [24]
	29.87%
	Maolan, Guizhou
	137CS



	Wei et al. [25]
	25.45%
	Beibei, Chongqing
	137CS



	Wei et al. [19]
	4.5%
	Nanchuan, Chongqing
	137CS



	Wang et al. [28]
	88%
	Huangjiang, Guangxi
	137CS



	Cheng et al. [29]
	62–68%
	Puding, Guizhou
	137CS, Magnetic susceptibility



	Li et al. [27]
	0.81%
	Qingzheng, Guizho
	Subterranean stream sections monitoring



	Li et al. [26]
	22.1%
	Huanjiang, Guangxi
	Composite fingerprint recognition



	Luo et al. [17]
	2/3
	Puding, Zhenfeng, Guizhou
	Root anatomy, Age determination of trees



	Peng [31]
	53.1–100%, 58.1–89.6%, 32.1–58.9%, 50.8–85.33%
	
	Artificial simulation experiments



	Dai et al. [21]
	Approximately 100% (Light rain)
	
	Artificial simulation experiments



	Zhang et al. [32]
	80%
	Maolan, Guizhou
	Mass balance



	Jiang et al. [33]
	More than 75%
	Pingguo, Guangxi
	Mathematical model for soi