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Understanding the characteristics of the soil water content and preferential flow is critical for a thorough comprehension of soil nutrient loss in Karst slopes/ecosystems. We monitored the soil water content and soil temperature at 0–20, 20–40, and 40–60 cm depths on a typical Karst dolomite slope at a high frequency to determine the water distribution characteristics and confirm the occurrence of preferential flow from 2018 to 2021. The soil properties and nutrients in different soil layers during the rainy and dry seasons were determined along the slope (from upper to lower slope positions, with a total of 9 sampling sites). The results revealed that the saturated hydraulic conductivity of the soil at the upper slope position was significantly (p < 0.05) greater than that at the middle and lower slope positions. The soil water content at the down slope position was greater than that at the middle and upper slope positions, further more, coupling monitoring of the soil water content and temperature revealed obvious preferential flow in the Karst dolomite slope. In addition to the spatial variability in the water content, the soil nutrients exhibited regular spatial variations. The dissolved organic carbon (DOC), dissolved organic nitrogen (DON), total nitrogen (TN), total phosphorus (TP) and total potassium (TK) contents were the lowest at the upper slope position and the highest at the down slope position, whereas the difference in nutrients between the rainy and dry seasons was the greatest at the upper slope position. Our results demonstrated that the patterns of the soil water content and surface nutrient loss are consistent along the Karst dolomite slope and are related to the occurrence of preferential flow. Furthermore, the results suggested that, compared with those in previous studies, which focused only on soil properties in the Karst regions of Southwest China, the variation in the soil water content and occurrence of preferential flow may be more important than previously assumed.
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1 INTRODUCTION
Karst landforms constitute one of the main types of landforms worldwide, accounting for approximately 12% of the Earth’s land area, and occur primarily in the Mediterranean Sea area, Eastern Europe, the Middle East, Southeast Asia, Southeast America and the Caribbean region (Peng and Wang, 2012; Lu et al., 2014; Hartmann et al., 2015). Owing to notable development and severe soil erosion, the soil in Karst regions is thin and scattered (Herman et al., 2012; Li et al., 2019; Liu et al., 2020; Zhang et al., 2021).
Notably, total nitrogen (TN) and total phosphorus (TP) in soil are the major limiting nutrients of ecosystem productivity and play key roles in ecosystem restoration or succession (Zhang et al., 2015; Wen et al., 2016). The ecological problem of soil nutrient degradation in Karst regions has attracted the attention of many researchers (Turrión et al., 2009; Albaladejo et al., 2012). Li et al. (2017) studied the impacts of agricultural abandonment on soil C and N contents and reported that the soil C and N contents increased following agricultural abandonment. Moreover, the significant effects of the lithology and land cover type on soil nutrients have been reported in a few studies (Kooijman et al., 2005; Karchegani et al., 2012; Hoffmann et al., 2014; Rossel et al., 2014). In addition, relevant studies have noted that water is the main driving force of soil erosion, as well as the carrier and driving force of nutrient loss (Peng and Wang, 2012). In the absence of significant differences in the lithology, human factors, vegetation coverage, and other conditions, soil erosion may be the main factor leading to nutrient depletion in Karst regions.
At present, studies on the impact of soil erosion on nutrient migration on Karst slopes have focused mostly on surface water movement. Song et al. (2017) reported that runoff erosion directly affects the process of soil nutrient depletion, especially under heavy rainfall conditions, and that an excessive water input can cause a reduction in the soil nutrient content. Wang et al. (2016) analyzed the impact of runoff on soil nutrients on Karst slopes. Yao et al. (2021) studied the effects of rainfall intensity and underground fracture gaps on nutrient loss in karstic sloping farmland and reported that the effect of underground cavities on the loss of sediment nutrients was greater than that of runoff. Owing to the chemical and physical weathering on Karst slopes, the weathering degree of bedrock is high, macropores are obviously developed, the water holding capacity of the soil layer is low, and the permeability is high. Previous research has shown that the surface runoff coefficient on Karst slopes is less than 5% and that almost all of the rainfall infiltrates ( Chen et al., 2012; Fu et al., 2015). Fissures and sinkholes distributed on Karst slopes are important water and nutrient leakage channels, and surface water and soil easily seep into the ground along holes (cracks), resulting in notable nutrient loss (Jiang et al., 2014). In contrast to surface runoff, subsurface flow is the primary mechanism of soil nutrient loss in Karst areas. Subsurface flow determines the infiltration and redistribution of precipitation in soil and affects the soil water content in different soil layers. Further more, due to the presence of cracks, they affect soil water distribution, facilitate rapid infiltration of water, and may lead to more frequent occurrence of preferential flow during water infiltration during rainfall (Sheng et al., 2009; Hardie et al., 2011). The subsurface flow that bypasses part of the soil matrix through macropores and does not follow Darcy’s law is referred to as preferential flow (Clothier et al., 2008). Soil preferential flow is not an individual phenomenon. Moreover, this process is common at various spatial scales (from pores to watersheds) and time scales (from 10 s to 10 years) and can occur in soils with different textures and structures (Nimmo, 2012; Liu et al., 2005). The existence of preferential flow enhances the infiltration depth and infiltration area, accelerates the downward movement of water, and provides a preferential flow path for water infiltration. Water is the main carrier of soil nutrients, and the content of soil nutrients is affected by water content changes (Korkanc and Dorum, 2019), preferential flow may accelerate the loss of surface soil nutrients during rainfall (Hopp and McDonnell, 2009). In summary, preferential flow significantly affects soil nutrient levels, which can promote or inhibit the ability of soil to filter nutrients, thereby enhancing or harming the functionality of ecosystems (Clothier et al., 2008; Wei et al., 2024). Therefore, it is essential to account for the characteristics of preferential flow in Karst soil and understand the relationship between preferential flow and slope water distribution characteristics in slopes, which is conducive to elucidating the impact of preferential flow on soil nutrient loss.
The geological structure and soil characteristics in Karst areas are unique, leading to differences in the water infiltration process compared with those in other regions, and preferential flow may occur more frequently. Although the importance of preferential flow in the process of soil nutrient loss in Karst areas has been recognized, research on the development status of preferential flow in Karst slope soils is lacking, whereas research on the impact of preferential flow on soil nutrients has also been relatively slow. Notably, methodological and technical difficulties are encountered in studying the developmental characteristics of preferential flow on Karst slopes and its impact on nutrient distribution. Previous studies on preferential flow changes have usually been performed via tracer and staining methods. Different methods present distinct advantages and focuses, and it is currently difficult to unify them. In addition, onsite measurement methods are destructive, with limited experimental samples and a lack of monitoring and analysis of preferential flow under natural rainfall conditions (Gerke et al., 2015; Hencher, 2010; Allaire et al., 2009). Therefore, evaluating the impact of preferential flow in soil on nutrient loss within those soils is difficult. Obviously, studying preferential flow on Karst slopes via appropriate methods is important for distinguishing whether preferential flow in soil on Karst slopes has developed and for determining its impact on the distribution of soil nutrients within those slopes. With improvements in experimental and numerical research methods, preferential flow has been analyzed through synergistic observations of the soil water content and temperature (Li et al., 2014; Gharabaghi et al., 2015; An et al., 2017). In alignment with previous studies, this study aimed to analyze preferential flow on Karst slopes through long–term high–frequency monitoring of the soil water content and temperature at different slope positions.
The Karst region in southwestern China is one of the three major areas with concentrated Karst distributions in the world (Jiang et al., 2014; Hu et al., 2021). Dolomite [CaMg(CO3)2] is a widely distributed carbonate rock in this region with favorable porosity and permeability. Therefore, it is realistic to choose a Karst dolomite slope in this region to analyze the impact of preferential flow on soil nutrient loss. The main objectives of this study were to (1) explore the characteristics of preferential flow on Karst slopes under natural rainfall conditions and its relationship with water distribution on those slopes and (2) analyze the characteristics of nutrient loss on Karst slopes and its potential relationship with preferential flow. The results could provide useful information on the conditions under which the spatial characteristics of nutrient loss on Karst slopes are beneficial for the restoration and management of degraded slopes. This study offers a theoretical basis for the prevention and control of rocky desertification and for ecological governance.
2 MATERIALS AND METHODS
2.1 Study area and sample collection
The experimental site is located in the Mulian Comprehensive Experimental Demonstration Zone of Ecosystem Observation of the Chinese Academy of Sciences, Huanjiang County, Guangxi Autonomous Region (24°43′59″–24°44′49″N, 108°18′57″–108°19′58″E). It is a typical Karst landscape unit (Figure A1). This county features a subtropical monsoon climate, with an average annual temperature of 19.9°C. The annual precipitation reaches 1,389.1 mm, with abundant rainfall but an uneven seasonal distribution. The rainy season (April to September) accounts for more than 70% of the annual rainfall, and the greatest amount occurs from June to July. The dry season lasts from October to March of the following year.
The soil in the study area is derived from dolomite residues, the main types of clay minerals are illite (2:1 non expansive clay mineral), montmorillonite (2:1 expansive clay mineral), and kaolinite (1:1non expansive clay mineral), with montmorillonite having a higher content. Except for the mountaintop, the research area is almost continuously covered by shallow soil. The thickness of the soil layer gradually increases downwards along the slope, and the degree of soil development gradually increases. Along the slope direction, clay particles mainly gather at the down slope, while gravel is concentrated on the upper slope. Meanwhile, the soil organic matter content gradually increases from the upper to the down of slope, the soil organic matter content was significantly higher at the down slope (26.96 ± 1.53b) than for the upper slope (22.06 ± 1.84a) and middle-slopes (23.58 ± 1.23a). To eliminate the impact of vegetation on the erosion process, we conducted experiments on slopes where the vegetation and species diversity levels were not significant, and where the main vegetation types included herbs and shrubs. To clarify the physical properties of different soil layers in the vertical profile of the study slope, soil samples were collected in the exact same location from the surface to the deep soil layer in the vertical profile according to the geomorphological characteristics of the dolomite slope. A total of nine sampling points were established along the slope direction in the upper slope (sites 1, 2, and 3), middle slope (sites 4, 5, and 6), and down slope (sites 7, 8, and 9) sections, with two profiles arranged for each sampling point as duplicates. The soil layers on the dolomite slope at the test site were further divided into three layers according to their color and texture (from top to bottom): the A layer, AC layer and C layer. The “A” layer is black surface layer. “AC” is a yellow illuvial horizon and “C” is a white dolomite strongly weathered layer. To clarify the physical properties and nutrient contents in the different soil layers within the vertical profile of the Karst dolomite slope, soil samples were collected from the surface layer to the deep soil layer along the vertical profile according to the abovementioned soil layer division. We collected undisturbed soil samples from these layers with a ring knife to quantify the soil bulk density (BD) and saturated hydraulic conductivity (Ks). Disturbed soil samples were used to determine the soil mechanical composition and soil nutrients, with samples for soil nutrient measurement collected at the same sites in March 2022 and October 2022.
2.2 Soil sample analysis
The soil bulk density (BD) and porosity were determined via the ring knife method (Cerda and Doerr, 2010), The soil mechanical composition was analyzed by the pipette method, and the samples were classified in terms of their sand (0.05–2 mm), silt (0.002–0.05 mm) and clay (<0.002 mm) compositions on the basis of the American standard classification system (Duan et al., 2021). The basic conditions of the soil samples are shown in Figure 1.
[image: Figure 1]FIGURE 1 | The soil physical properties of various layers in different sites: (A) Bulk density (BD) and total porosity (TPOR), capillary porosity (CP) and non-capillary porosity (AP); (B) Soil mechanical composition.
The total nitrogen (TN) content was analyzed via the semimicro-Kjeldahl-flow injection method (HGCF-200, China), the total phosphorus (TP) content was determined via NaOH fusion-molybdenum-antimony anticolor development-UV spectrophotometry (UV-2600, China), and the total potassium (TK) content was obtained via the NaOH melting atomic absorption flame photometry method (AA320CRT, China) (Bao, 2000). Dissolved organic carbon and dissolved organic nitrogen (DOC and DON, respectively) levels were analyzed via extraction with 0.5 M K2SO4 (Xiao et al., 2020). The constant-head method was used to measure the soil saturation hydraulic conductivity, Ks (mm/min), which can be calculated as follows:
[image: image]
where Ks (mm/min) is the saturated hydraulic conductivity, Q (mL) is the outflow within time t, L (cm) is the linear distance of the water flow path, A (cm2) is the water flow cross-sectional area, ΔH (cm) is the total head difference between the beginning and end of the seepage path, and T (min) is the outflow time.
2.3 Monitoring of the soil water content on a karst slope
To obtain the change in the soil water content on the test Karst slope, three soil water monitoring sites were established at three slope sites (upper, middle, and down slope sites). One soil moisture sensor (Hydra II) was installed horizontally to obtain the soil profiles at depths of 0–20 cm on the upper slope, and three soil moisture sensors were installed horizontally to obtain the soil profiles at depths of 0–20 cm, 20–40 cm, and 40–60 cm at the middle and down slope sites. The sensors were calibrated before installation. Rainfall and air temperature data were obtained from meteorological stations within the Mulian catchment. The soil water contents at all the sites were recorded at 30–min intervals beginning in January 2018.
2.4 Data processes
The statistical analyses were performed via the SPSS 21.0 for Windows statistical software package. Additionally, the tests included the normality test, homogeneity test of variance, t-test (significance: 0.05), and one-way analysis of variance (ANOVA) of the soil properties among the different soil layers and sites. Correlation analysis was performed, and related charts were constructed via Origin 21 software.
3 RESULTS AND ANALYSIS
3.1 Soil physical properties and Ks distributions along the slope
As shown in Figure 1, the clay content (particle size<0.002 mm) among the slope positions (sites 1–9) gradually increased from the upper to down slope positions, with the lowest clay content at site 1 and the highest at site 9 for the same soil layer. In addition, the change in the soil BD gradually decreased from the upper to lower slope positions with increasing slope. The lowest BD at site 9 was 1.10 g/cm3, and the maximum BD at site 1 was 1.26 g/cm3. This difference may be due to the higher content of coarse particles at the upper slope position than at the down slope position. The aeration porosity (>0.015 mm) at the upper slope position was obviously greater than those at the middle and down slope positions, and the value ranged from 3.59% to 13.23% from sites 1 to 9. Although the total porosity at the down slope position was high, the aeration porosity was lower than that at the upper slope position. A comparison of the same slope sites in the different soil layers revealed that the sand content (particle size range 0.05–2 mm) and BD significantly increased and that the soil aeration porosity gradually decreased from the A layer to the C layer.
Figure 2 shows that the Ks of the dolomite slope exhibited significant spatial heterogeneity. The Ks decreased gradually from sites 1 to 9, and the Ks of the soil at the down slope position was significantly lower than that at the upper and middle slope positions (p < 0.05). Moreover, the difference in the Ks between the different test sites at the same slope position was not significant. The difference in Ks among the different slope positions was greatest in layer A. For layer A, the average Ks at site 1 was 52.34 mm/min, whereas that at site 9 was 25.24 mm/min. At the same slope position, the Ks values of the different soil layers also significantly differed, and the Ks values of the A layer were significantly higher than those of the AC and C layers. As indicated in Table 1, the differences in Ks among the down, middle and upper slope positions in the A, AC and C layers were significant (p < 0.05). In summary, the Ks values of Karst dolomite slopes exhibit consistent spatial variability.
[image: Figure 2]FIGURE 2 | Vertical variation of saturated hydraulic conductivity of soil profiles at different slope positions. Different uppercase and lowercase indicated significant differences at 0.05 level between different slope positions.
TABLE 1 | Test for saturated hydraulic conductivity of different slope sites (upper slope, middle slope and lower slope) in the test Karst slope different soil layer (A layer, AC layer and C layer).
[image: Table 1]3.2 Variation characteristics of nutrients at different sites on the karst slope during the rainy and dry seasons
As shown in Figure 3, the DOC, DON, TN, TP and TK contents along the slope during the rainy and dry seasons were the lowest at the upper slope position and the highest at the down slope position. In addition, the difference in soil nutrients between the rainy and dry seasons gradually decreased from the upper slope position to down slope position. The soil nutrient levels at each site were lower during the rainy season than during the dry season. Notably, soluble nutrients in the soil were lost after the rainy season. This phenomenon was most evident at the upper slope position, and the decrease in soil nutrients at the upper slope position was greater than that at the middle and down slope positions after the rainy season. In the vertical profile, the soil DOC, DON, TN, TP, and TK contents gradually decreased with increasing soil layer depth. Notably, these values were highest in the A layer and lowest in the C layer. In addition, the analysis of nutrient changes at different soil depths during the rainy and dry seasons revealed that the loss of soil nutrients after the rainy season mainly occurred in the A layer. The loss of nutrients in the A layer was greater than that in the AC and C layers after the rainy season, and the DOC, DON, TN, TP, and TK contents in the A layer at the upper slope position significantly differed between the rainy and dry seasons (p < 0.05). Compared with those before the rainy season, the soil nutrient levels in each layer basically decreased, but the nutrient levels in the deep layers (AC and C layers) at the down slope position slightly increased. Thus, after the rainy season, the DOC, DON, TN, TP, and TK migrated under the influence of water infiltration, resulting in a significant decrease in nutrients in the topsoil layer.
[image: Figure 3]FIGURE 3 | Rainy and dry season variations of soil nutrient content in different slopes and soil horizons on karst dolomite slopes.
The correlations between the changes in soil nutrients and the basic properties during the rainy and dry seasons are shown in Figure 4. The results revealed that the correlations between the soil nutrient changes and soil properties were consistent across the upper, middle and down slope positions, indicating that the losses of soil DOC, DON, TN, TP, and TK were consistent. Further analysis of the correlations between the changes in soil nutrients and soil properties revealed a significant positive correlation between the changes in soil nutrients and Ks at the three slope positions (p < 0.01).
[image: Figure 4]FIGURE 4 | Correlation analysis between soil nutrient content variation and soil properties at different slope locations on karst dolomite slopes.
Further analysis of the correlation between the soil nutrient change rate and basic soil properties revealed that the change in soil nutrients at the three slope positions was significantly positively correlated with Ks (p < 0.01) and significantly positively correlated (p < 0.05 or p < 0.01) with the noncapillary porosity (NCP). In addition, there was a significant negative correlation (p < 0.01) between the changes in soil nutrients and BD at the upper and middle slope positions. Therefore, soil nutrient loss is related to soil properties, especially NCP and Ks.
3.3 Monitoring results for the soil water content in the karst test slope
As indicated in Table 3, the rainy and dry seasons are very distinct in the Karst dolomite area. The rainfall amount in December 2018 was only 7.0 mm, but in September, it reached 228.0 mm. Similar variation patterns were also observed in 2019, 2020, and 2021. The minimum rainfall during the monitoring period was 0.4 mm (January 2019), and the maximum rainfall was 740.4 mm (September 2020). Due to the significant difference in nutrients between the rainy and dry seasons, mainly concentrated in the surface layer, the dynamic trend of soil moisture content in the surface layer (0–20 cm) of different slope positions was analyzed (Figures 5, 6). As shown in Figure 5, during the monitoring period from 2018 to 2021, the average soil water contents at the upper, middle and down slope positions were 0.14, 0.09 and 0.39 cm3/cm3, respectively. Notably, the soil water content gradually increased from the upper to down slope positions in general, and the down slope position presented a higher soil water content than that at the upper and middle slope positions. Additionally, the coefficient of variation (CV) of the soil water content at the different slope positions was analyzed during the monitoring period. The CV is the ratio of the standard deviation to the average value, which reflects the degree of statistical dispersion of the sample values. The CV values of the soil water content at the upper, middle and down slope positions were 50.23%, 36.76% and 17.49%, respectively. The CV of the soil water content was greater at the upper slope position than at the middle and down slope positions, indicating that the fluctuation in the soil water content at the upper slope position was the greatest.
[image: Figure 5]FIGURE 5 | Descriptive statistics of soil water content on the different slope positions during the observation period.
[image: Figure 6]FIGURE 6 | Temporal variation of daily average soil water content on the different slope positions during the observation period.
Furthermore, as shown in Figure 6, the variation characteristics of the soil water content and the response to rainfall at the three slope positions were basically consistent. The soil water content is generally high during rainfall, and the maximum soil water contents at the upper, middle and down slope positions are 0.38, 0.43 and 0.57 cm3/cm3, respectively. The maximum soil water content occurs during rainfall. Moreover, the difference in the soil water content between the upper and middle slope positions was small, whereas the difference between the upper and down slope positions was notable. In general, the characteristics of the soil water content on the Karst dolomite slope during the monitoring period were as follows: down slope > middle slope > upper slope. In addition, the variation trends in the soil water content and CV were opposite. That is, the soil water content at the upper slope was low, with a relatively large variation range and a relatively dispersed distribution. In contrast, the soil water content at the down slope position was high, with a small variation range and a relatively concentrated distribution, and the response to rainfall was not as obvious as that at the upper slope position.
3.4 Characteristics of the moisture and temperature changes in the preferential and substrate flow processes on karst slopes
The changes in soil water and temperature during the monitoring period when typical preferential and matrix flow processes occurred in the slope are shown in Figures 7, 8, respectively. Figure 7 shows that the soil water content gradually increased from depths of 0–20 cm, 40–60 cm and 20–40 cm. During preferential flow, water directly infiltrated from the surface to depths of 40–60 cm, and the deep soil water content changed rapidly. Moreover, temperature analysis revealed that because the air temperature (20.9°C) was lower than the topsoil temperature (25.8°C and 24.7°C) and heat exchange between rainwater and soil was greater, resulting in the topsoil temperature gradually decreasing with increasing rainfall. The 20–40 cm layer exhibited soil matrix flow, and because the soil temperature at 0–20 cm was greater than that at 20–40 cm and 40–60 cm, the soil temperature at 20–40 cm first increased but then decreased. The preferential flow caused the soil temperature at depths of 40–60 cm to decrease prior to the other layers. Moreover, during the infiltration process, the rainwater temperature increased due to the heat exchange with the high-temperature soil, resulting in the soil temperature at depths of 40–60 cm gradually rising later.
[image: Figure 7]FIGURE 7 | Trends of the soil water content and temperature during preferential flow.
[image: Figure 8]FIGURE 8 | Trends of the soil water content and temperature during typical substrate flow.
The changes in the soil water content and temperature during matrix flow differed from those during preferential flow (Figure 8). In particular, with rainfall infiltration, the soil water content at depths of 0–20 cm, 20–40 cm and 40–60 cm increased in turn. During rainfall, the temperature within the 0–20 cm soil layer gradually decreased because the rain temperature was lower than the surface soil temperature. However, due to the difference in temperature among the three soil layers, the soil temperature at 0–20 cm was greater than that of the deeper soil, so water replacement occurred with rainfall infiltration. That is, before the rainfall arrives, the water in the surface soil infiltrates into the deeper soil, causing the soil temperature to rise at the depth at 40–60 cm, however, when the rainfall arrives, the temperature begins to decrease.
4 DISCUSSION
4.1 Characteristics and mechanisms for water distribution in slopes
During the monitoring period, the soil water content in the Karst slope varied among different slope positions under the same climatic conditions, as shown in Figures 5, 6. The soil water content at the down slope position was significantly greater than that at the middle and upper slope positions. The CV of the soil water content was the lowest at the down slope position, which was the opposite of the trend in the soil water content. Cui and Zhi (2018) noted that the main controlling factors affecting soil hydrological processes and water distributions differ at different regional scales. On a small scale, when there are no significant differences in the slope topography or vegetation, factors including the soil BD, texture, and cracks, more greatly impact soil hydrological processes.
We consider that the low soil water content at the upper slope position during the monitoring period may be related to the large number of aeration pores and the high Ks of the soil at that position. The distribution of pores in the Karst slope is evident, and the content of aeration pores is high at the upper slope position, which notably affects the process of soil water infiltration (Hincapie and Germann, 2009). Zhang et al. (2014) noted that soil with more aeration pores and a denser macropore distribution exhibited greater soil connectivity and greater Ks. This may be the main reason why the Ks at the upper slope position is significantly (p < 0.05) greater than that at the middle and down slope positions (Figure 2; Table 2). In addition, soil with more aeration pores can provide favorable infiltration channels for surface water (Sheng et al., 2009; Krisnanto et al., 2016). Therefore, preferential flow occurs easily in the surface soil later because soil water content is less concentrated in that soil layer, the depth of the wetting front is significantly greater than that in soil with fewer aeration pores, and the subsurface flow process is fast, so preferential flow easily occurs (Liu et al., 2005; Abaci and Papanicolaou, 2009).
TABLE 2 | Dynamic variation characteristics of rainfall during 2018–2021.
[image: Table 2]An analysis of the monitoring results of the soil water content revealed that preferential flow occurs on Karst slopes during rainfall (Figure 7). We speculate that the frequency of soil preferential flow varies among the different slope positions and that the frequency of soil preferential flow at the down slope position is lower than that at the middle and upper slope positions. This may be due to the significant difference in the soil Ks among the different slope positions, as shown in Figure 2 and Table 2.
The soil at the upper slope position exhibits a higher water permeability than that at the down slope position, and the Ks is significantly greater than that at the down slope position. Therefore, the resistance of the soil water content on the down slope in the process of infiltration is high, and resulting in a lower possibility of preferential flow at the down slope position. In addition, when the soil water content at the lower slope position is the highest, but the CV is the lowest, as shown in Figures 5, 6. Bodner et al. (2013) pointed out that the frequency of preferential flow is lower for soils with high water content and low CV values, and the transport capacity of soil water is lower, which is consistent with our view. Moreover, the close relationship between the occurrence frequency of preferential flow and the soil water content has also been widely recognized. The main principle is that water easily infiltrates soil with a high frequency of preferential flow, resulting in a low soil water content in the surface layer (Greve et al., 2010; Hardie et al., 2011; Tao et al., 2017; Wei et al., 2024).
In addition to the porosity and Ks, the difference in the soil mechanical composition affects the frequency of preferential flow (Hincapie and Germann, 2009; Beven and Germann, 2013). As shown in Figure 1, the soil mechanical composition at the different slope positions on the Karst slope exhibits obvious spatial variability, and the soil sand content at the upper slope position is significantly greater than that at the down slope position. Tao et al. (2020) noted that on granite Benggang slopes, an increase in the sand content promotes the formation and development of preferential soil flow, and the amount of preferential flow in the sand layer is three times greater than that of matrix flow. This is consistent with the analysis of preferential flow and texture in this study. The occurrence frequency of preferential flow at the upper slope position with a higher sand content is greater than that at the down slope position with a lower sand content. The reason for this phenomenon may be that the specific surface area of sand particles is smaller than that of clay particles, and the adsorption capacity for soil water content is low. Therefore, under the same porosity, water is more likely to be discharged from pores in soils with higher sand contents (Carbajal-Morón et al., 2017), which improves the soil water infiltration capacity, and thus the degree of preferential flow is greater.
4.2 Characteristics and influencing factors of soil nutrient loss in karst dolomite slopes
We found that the soil DOC, DON, TN, TP, and TK contents in the dolomite Karst slope exhibited obvious spatial heterogeneity. Along the slope direction, the soil nutrient content gradually increased from the upper to down slope positions. In addition, the degree of nutrient loss at the different slope positions varied, and the difference in soil nutrients between the rainy and dry seasons gradually decreased at the nine test points from the upper to down slope positions. Along the vertical profile direction, the DOC, DON, TN, TP, and TK contents in the A layer during the rainy and dry seasons significantly differed, whereas the nutrient contents in the AC and C layers slightly changed (the difference was not significant). As shown in Figure 4, the soil aeration porosity and Ks significantly affected the changes in soil nutrients during the rainy and dry seasons. From the upper to down slope positions, the soil sand content, aeration pore content and Ks gradually decreased, and the loss of soil nutrients between the rainy and dry seasons was low. The significant effects of the lithology and soil properties on the loss of soil nutrients have been reported in a few studies (Albaladejo et al., 2012; Hoffmann et al., 2014; Rossel et al., 2014; Turrión et al., 2009). Teixeira and Misra (2005) noted that the magnitude of the soil nutrient loss was affected by the distribution of macropores. In addition to the soil properties, this difference may be related to subsurface flow. Soil physical properties and lithology affect the soil nutrient loss by influencing the distribution and development of subsurface flow.
Soil water–nutrient seepage is the primary mechanism of soil and water loss in Karst areas (Perakis and Hedin, 2002), and soil nutrients migrate mainly through hydrodynamic forces, which are closely related to water infiltration (Fu et al., 2016; Dai et al., 2017). Combined with Figures 3, 5 the trends in nutrient loss are consistent with the variation characteristics of the CV of the soil water content, with a high CV of the soil water content associated with an increase in the migration rate of soil nutrients. These findings indicate that soil water infiltration due to rainfall is the most direct factor influencing soil nutrient loss on Karst slopes.
Moreover, owing to the pronounced development of surface Karst features and the dense distribution of underground fissures in the Karst area of Southwest China, there is obvious underground seepage in this area (Zhang et al., 2011; Yuan et al., 2012). The results of this study also revealed a preferential flow phenomenon on the Karst slope (Figure 7). We considered that the existence of preferential flow further caused differences in nutrient loss along the slope direction. Preferential flow is an important component connecting the aboveground and underground systems in Karst areas and provides seepage and storage spaces for soil, water, and nutrients. Preferential flow can lead to water displacement, and some of the collected upper soil water moves to the deeper soil to replace the original water (Ma et al., 2016). Soil nutrients, especially DOC and DON, are active components of soil nitrogen and exhibit notable mobility, which can be lost by runoff or leaching with water transport (Perakis and Hedin, 2002; Teixeira and Misra, 2005). Combined with the theory of water replacement, these findings indicate that soluble nutrients may directly reach the deep layer via preferential flow channels. Soil water infiltration at the upper slope position progressed rapidly, and preferential flow frequently occurred, resulting in underdeveloped slope surface runoff, which could easily result in a reduction in the nutrient content in the soil through subsurface flow during rainfall. The rapid infiltration of soil water at the upper slope position and frequent preferential flow contribute to the rapid infiltration of surface water into deep layers, resulting in underdeveloped slope surface runoff and soil nutrient loss during rainfall. This finding is similar to the results of Yan et al. (2019), who reported that fissures with poor connectivity have better soil nutrient and fertility conditions. With decreasing slope position, the soil type on Karst dolomite slopes transitions from lithologic and shallow soils to Alfisols (Meng et al., 2022). The high clay content of Alfisols at the down slope position and the low frequency of preferential flow are helpful for maintaining the relative stability of nutrient levels. The existence of preferential flow easily leads to the direct downward migration of nutrients without interactions with upper soil organisms, which notably impacts the regional nutrient distribution (Allaire et al., 2009). The rate of nutrient loss at the upper slope position was greater than that at the down slope position, indicating that the preferential flow area at the upper slope position was the main zone of rapid soil nutrient loss.
In addition, the variation in TP between the rainy and dry seasons was the lowest among all soil nutrients. This may be due to the intense transformation reaction of phosphorus in soil and the high ability of the soil to adsorb and retain phosphorus, which makes it difficult to transport phosphorus in the soil. In conclusion, preferential flow in Karst dolomite rock leads to nutrient migration, resulting in significant differences in soil surface nutrient changes between the rainy and dry seasons at different slope positions.
5 CONCLUSION
The Ks of the Karst dolomite slope exhibited clear heterogeneity along the slope, the Ks at the upper slope position is significantly (p < 0.05) greater than that at the middle and down slope positions. Owing to the low hydraulic conductivity at the down slope position, the soil water content was greater than that at the middle and upper slope positions. Coupling monitoring of the soil water content and temperature revealed obvious preferential flow on the Karst dolomite slope, and the water content and temperature changes in the soil layer with preferential flow occurred earlier than those in the other soil layers without preferential flow. The patterns of the soil water content and surface nutrient loss on the Karst dolomite slope are consistent across the various positions and are related to the occurrence of preferential flow. There are significant differences in the changes between the different slope positions during the rainy and dry seasons. The average water content at the lower slope position is the highest, and the CV values of the soil water content and nutrient loss are the lowest. Our results demonstrate that the preferential flow area at the upper slope position is the main zone of soil nutrient loss. Therefore, in Karst areas with rocky desertification and ecological management, we should first analyze the occurrence of preferential flow in surface Karst zones and then explore nutrient migration mechanism. Moreover, soil and water conservation measures should be implemented based on the preferential flow and nutrient characteristics of different slope positions. Seal off on the upper and middle slopes to avoid human disturbance, while coverage and no tillage measures should be carried out on the down slope to reduce nutrient loss.
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APPENDIX
To better describe and more clearly show the sampling sites for karst slope, we added the photographs of actual peak-cluster depression karst landscape, and marked the sampling sites of slope shown in Figure A1.
[image: Figure A1]FIGURE A1 | The photographs of actual peak-cluster depression karst landscape in Mulian catchment in Huanjiang county, Guangxi, China.
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