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Abstract: Preferential flow is the most common form of water loss occurring at the interface between
rock and soil (hereinafter referred to as “rock–soil interface”) in karst areas, and it is also one of
the important factors causing soil water leakage into the underground. Therefore, it is of great
significance to cut off the pathway of soil water loss through control of preferential flow. In this
experiment, rock film mulching (RFM) was used to control the preferential flow at the rock–soil
interface, and its influence on the soil water infiltration pattern and soil water content was analyzed
by simulating rainfall, dye tracer tests, and digging soil profiles. The results show that: (1) the RFM
can significantly control the soil water loss at the rock–soil interface, (2) so that the water intercepted
by the above-ground rocks changed from longitudinal infiltration to transverse diffusion, more water
moved into the surrounding soil patches, and (3) the soil water content was significantly increased.
These results indicate that the RFM has an important blocking effect on preferential flow at the
rock–soil interface, which has important guiding significance for reducing soil water erosion in
karst areas.

Keywords: rock–soil interface; preferential flow; water infiltration; soil moisture content; rock
film mulching

1. Introduction

Rocky desertification is prominent in karst areas in southwest China, accompanied by
serious soil and water losses. Surface soil erosion leads to the gradual exposure of bedrock,
the loss of agricultural use value of the land, and the degradation of ecological environments
in mountainous areas to varying degrees [1–3]. The conversion process of precipitation
from the surface to underground is obvious because of the surface–underground three-
dimensional dual hydrologic spatial structure in rocky karst areas, and the characteristics
of soil water migration paths are significantly different from those in non-karst areas [4–6].
Some studies have shown that the preferential flow at the rock–soil interface is an important
part of soil water leakage in this area, and it is also one of the important causes of drought in
the area [7–10]. Therefore, cutting off the channel of soil water leakage through preferential
flow resistance control technology is of great significance for the comprehensive control of
soil water loss and efficient utilization of water resources in rocky karst areas.

Water infiltration from the surface to the ground is an important hydrological process,
which directly determines the generation and dynamic distribution of surface runoff,
interflow, and subsurface runoff [3,4,11]. In general, the water resources in the total
amount of karst area of southwest China are not lacking, but because of the poor water-
holding capacity of surface soils and serious water leakage, the effective utilization rate of
natural precipitation is generally low, which leads to the more serious rocky desertification
drought [12]. Moreover, in the areas of moderate and severe rocky desertification, rock and
soil show a mosaic of staggered distribution characteristics, and the exposed rock on the
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surface makes the soil properties show a high spatial difference, which has an important
influence on the movement process of soil water [13,14]. Specifically, rainfall can easily
penetrate downward through the interface, cracks, and pipes of rock and soil, which makes
the surface runoff in karst areas less than that in non-karst areas [15,16]. Rock–soil interfaces
are one of the common paths of water loss in karst areas, and it is considered the key to
solve the problem of karst drought in karst areas.

The heterogeneous surface spatial structure in a rocky karst environment has an
important effect on the infiltration process of soil water, resulting in discontinuous surface
runoff distribution in this region [15,17,18]. In karst areas, the soil clay content is high and
the soil crust phenomenon is more serious, so the permeability of the soil matrix is generally
low. Soil crust makes the sealing of the surface soil increase, the water flow channel in
soil is blocked, the vertical infiltration process of water is affected, and the surface runoff
increases sharply [19]. However, overground rocks are widely distributed in karst areas
extending from the surface to the subsurface bedrock, and there is always a clear gap
between them and the surrounding soil. This strongly directs the flow of water deeper into
the underground space, which inevitably has a negative effect on soil water recharge [15,20].
Generally speaking, local soil permeability in a rocky karst area can become extremely high,
especially the soil permeability at the rock–soil interface, which even exceeds the normal
natural rainfall intensity. This leads to the rapid percolation of water into the bedrock along
the narrow preferential flow path of the interface, although the soil is far from reaching
the saturated water content [16]. In addition, even during drought, the karst soil, which
is rich in clay minerals, will shrink due to water shortage and produce more cracks at the
rock–soil interface. These cracks will become the preferred path of soil water flow, thus
increasing the deep seepage of surface soil water in karst areas [21]. Therefore, it can be
seen that the key factor to solve the problem of soil and water loss in karst area is to find a
suitable method to prevent and control the water leakage process at the stone–soil interface.
However, there have been no research reports on this subject to date.

In order to improve the utilization rate of rainwater, artificial rainfall enrichment in
situ has become a common agricultural technical measure in arid and semi-arid areas in
western China and sub-humid areas in southern China, among which, mulching film is
an effective water collection method to enrich precipitation and improve the utilization
of precipitation. By means of mulching film, precipitation resources are transferred and
enriched to the root zone of crops in a certain range, and the soil water content in the
growing zone of crops is increased. This planting mode has been proved to be a feasible
method to improve agricultural productivity [22]. Using the technical idea of plastic film
mulching for reference, rock film mulching can help to solve the shortage of surface water
resources in karst rocky desertification areas. By covering the rock surface with a plastic
film, the precipitation collected by rocks can be directly diverted to the surrounding soil
matrix, so as to avoid the water loss caused by the preferential flow at the rock–soil interface,
and to carry out spatial regulation of water resources to compensate for the water deficit
of farmland crops. This rock film mulching is an original technology to improve water
use by changing the spatial distribution and infiltration of precipitation, which is of great
significance to improve crop productivity in rocky desertification areas.

Since it is difficult to directly monitor the rainfall infiltration process in karst areas, the
dye tracer method has become a common research method to observe the soil preferential
flow process in these areas. There are a variety of colorants available, of which Brilliant
Blue FCF is the most common [23,24]. In this study, the influence of rock film mulching on
water infiltration at rock–soil interfaces was researched in a typical rocky desertification
plot, and the dye tracer method was used to track the water movement, so as to provide a
reference for the prevention and control of soil water erosion in rocky karst areas.
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2. Materials and Methods
2.1. Study Site

The study area is located in Xiaba Township, Wudang District, Guiyang City, Guizhou
Province, China, which is located in the lower reaches of the Nanming River. The total
area of the township is 106.27 km2. Xiaba Township has a subtropical monsoon humid
climate, with an average annual rainfall of 1178 mm and an average temperature of 15 ◦C.
It is a township in the suburbs of Guiyang with a low altitude, with an average altitude
of 1250 m and a minimum of 827 m. It has an annual sunshine of 1059.32 h and a long
frost-free period. The lithology of the area is characterized by carbonate interlayers, lack of
semi-weathered clastic parent material layers, and the shallow soil layer is in direct contact
with the underlying bedrock. The soil is brown lime soil and yellow lime soil, which is
neutral and slightly acidic. The soil has a low sand content, fine particles, slow water
seepage speed, and poor ventilation performance. The soil has a larger bulk density and
belongs to the clay soils. The natural vegetation in Xiaba Township belongs to subtropical
coniferous forests, broadleaf forests, and shrub grassland, and the forest coverage rate is
46%. The mountainous area is large, the land resources are limited, and the hydrological
conditions are not suitable for the growth of agricultural and forest plants.

In this experiment, a farmland (106◦55′57′′ E, 26◦43′38′′ N) with severe stony desertifi-
cation in Xiaba Township was selected as the study sample (Figure 1). The experimental
settings were as follows: rock film mulching (RFM) as the experimental group, no rock film
mulching (NRFM) as the control group, each group was set up with 6 repeated tests. There
was no significant difference in soil, vegetation, or other geographical factors between the
two groups. The perimeter and height of the rocks selected in this experiment and soil
characteristics and plant composition are shown in Table 1.
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Table 1. Geographical characteristics of the sample site.

Number
RFM NRFM Soil Particle Contents (%) Vegetation Composition

Perimeter (m) Height (cm) Soil Water
Content (%vol.) Perimeter (m) Height (cm) Soil Water

Content (%vol.) Sand Silt Clay

1 2.3 83.0 18.6 2.5 77.0 22.3 Humus horizon (0–10 cm) Zea may, Pyracantha
fortuneana, Rubus biflorus,

Ageratina adenophora,
Bidens pilosa, Urtica fissa,

Cirsium japonicum, Setaria
viridis, Eleusine indica,
Oplismenus compositus

2 2.7 72.0 17.3 2.1 79.0 20.1 26.4 62.2 11.4
3 3.2 64.0 22.5 2.9 83.0 24.2 Eluvial horizon (10–30 cm)
4 3.5 82.0 24.1 3.9 65.0 20.7 12.6 54.3 33.1
5 2.9 77.0 16.9 3.1 69.0 18.9 Illuvial horizon (30–100 cm)
6 2.6 73.0 21.2 2.3 88.0 19.1 8.9 32.3 58.8

Mean 2.9 75.3 20.1 2.8 76.8 20.9

Notes: RFM (rock film mulching), NRFM (no rock film mulching). The wet-sieving method American system for soil texture classification were applied to obtain the soil particle size
distributions. There was no significant difference in the soil particle contents and vegetation composition between the groups of RFM and NRFM (p > 0.05).
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2.2. Method of Rock Film Mulching

Polyethylene film (colorless and transparent, 1 mm thick) was used to completely
cover a rock on the ground, and a trench was dug around the rock to fix the edge of the
film. The trench was at least 20 cm deep and a distance of more than 20 cm from the rock
(Figure 2). In the process of covering the rocks with polyethylene film, attention was paid
to avoid the film being cut by the rocks.

Water 2023, 15, x FOR PEER REVIEW 5 of 13 
 

 

2.2. Method of Rock Film Mulching 
Polyethylene film (colorless and transparent, 1 mm thick) was used to completely 

cover a rock on the ground, and a trench was dug around the rock to fix the edge of the 
film. The trench was at least 20 cm deep and a distance of more than 20 cm from the rock 
(Figure 2). In the process of covering the rocks with polyethylene film, attention was paid 
to avoid the film being cut by the rocks. 

 
Figure 2. Diagram showing rock film mulching. 

2.3. Dye Tracer Test 
Brilliant Blue FCF (4 g/L) was used as dye tracer to simulate soil water infiltration. 

The dye tracer solution is non-toxic, highly soluble, and not easily adsorbed by soil. The 
basic process was divided into the following steps: (1) before applying the dye, carefully 
remove weeds and litter from the ground in order to ensure the dyeing effect, while taking 
care to avoid damaging the soil structure. (2) Apply 2 L of tracer solution to the rocks by 
way of spraying for about 10 min. (3) After the staining test, immediately record the soil 
surface staining with a high-definition camera. Additionally, after the tracer solution has 
permeated for 24 h, excavate a soil profile vertically along the stained area, and photo-
graph each stained soil profile with the camera. (4) Correte and clip the soil profile image, 
and measured the staining pattern information (dyeing depth, dyeing width, preferred 
flow index, etc.) 

The preferential flow index (%) was calculated as follows [25]: Preferential low index (%) = (1 − Uniform in iltration depth (cm) × Soil pro ile width (cm)Stained area (cm ) ) × 100 

where the uniform infiltration depth is calculated as the depth at which the dye coverage 
decreases below 80%, indicating the depth to which the matrix flow is prevalent. 

2.4. Soil Water Content Measurement 
After the dye tracer test, a soil water meter (ML2-UM-3.0, Delta-T Devices Ltd., Cam-

bridge, UK) was used to measure the volumetric water content within a measurement grid 
of 10 cm × 10 cm in the soil profile (width 30 cm, height 30 cm) (Figure 3). Additionally, a 
vertical reference profile at a distance of 20 cm away from sampling site was prepared for 
the measurement of antecedent soil water content, which was not affected by the dye 
tracer application in the vicinity of the experimental plot. 

Figure 2. Diagram showing rock film mulching.

2.3. Dye Tracer Test

Brilliant Blue FCF (4 g/L) was used as dye tracer to simulate soil water infiltration.
The dye tracer solution is non-toxic, highly soluble, and not easily adsorbed by soil. The
basic process was divided into the following steps: (1) before applying the dye, carefully
remove weeds and litter from the ground in order to ensure the dyeing effect, while taking
care to avoid damaging the soil structure. (2) Apply 2 L of tracer solution to the rocks by
way of spraying for about 10 min. (3) After the staining test, immediately record the soil
surface staining with a high-definition camera. Additionally, after the tracer solution has
permeated for 24 h, excavate a soil profile vertically along the stained area, and photograph
each stained soil profile with the camera. (4) Correte and clip the soil profile image, and
measured the staining pattern information (dyeing depth, dyeing width, preferred flow
index, etc.)

The preferential flow index (%) was calculated as follows [25]:

Preferential flow index (%) =

(
1− Uniform infiltration depth (cm)× Soil profile width (cm)

Stained area (cm2)

)
× 100

where the uniform infiltration depth is calculated as the depth at which the dye coverage
decreases below 80%, indicating the depth to which the matrix flow is prevalent.

2.4. Soil Water Content Measurement

After the dye tracer test, a soil water meter (ML2-UM-3.0, Delta-T Devices Ltd.,
Cambridge, UK) was used to measure the volumetric water content within a measurement
grid of 10 cm× 10 cm in the soil profile (width 30 cm, height 30 cm) (Figure 3). Additionally,
a vertical reference profile at a distance of 20 cm away from sampling site was prepared for
the measurement of antecedent soil water content, which was not affected by the dye tracer
application in the vicinity of the experimental plot.
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Figure 3. Schematic diagram of the dye tracer test and measurement of soil water content.

2.5. Data Analysis

Microsoft Excel 2010 was used for recording data and IBM SPSS Statistics 22 and
Matlab 2016b were used for the statistical analyses. One-way analysis of variance at the
level of 0.05 was used to determine the statistically significance. OriginPro 2023 and
Photoshop CS6 software were used for drawing.

3. Results

Table 2 shows the staining characteristics and the changes in soil water content after
the staining tracer test under the two different treatments.

Table 2. Staining characteristics and change in soil water content in the dye tracer test.

Number
Dye Depth (cm) Dye Width (cm) Preferential Flow Index

(%)
Soil Water Content

(%vol.)

NRFM RFM NRFM RFM NRFM RFM NRFM RFM

1 49.6 19.3 14.8 27.4 36.3 5.3 37.9 51.3
2 50.2 22.4 13.2 26.3 37.9 5.9 31.1 48.7
3 38.8 13.8 22.4 41.3 27.8 3.7 25.5 44.2
4 53.5 18.2 11.9 29.8 42.3 5.1 32.6 58.9
5 41.9 16.7 20.2 32.5 30.7 4.5 27.1 54.1
6 43.1 14.9 17.3 36.7 31.5 4.1 34.4 61.2

Mean ± SD 46.2 ± 5.7 a 17.6 ± 3.1 b 16.6 ± 4.1 b 32.3 ± 5.8 a 34.4 ± 5.4 a 4.8 ± 0.8 b 31.4 ± 4.6 b 53.1 ± 6.4 a

Notes: Different letters in the table indicate a significant difference of 0.05 between the two groups; NRFM (no
rock film mulching), RFM (rock film mulching); SD (standard deviation).

3.1. Soil Water Flow Paths

In the study, Brilliant Blue FCF had a good effect on soil staining, and the redistribution
of the water intercepted from a rock could be clearly seen through the soil profile. The
results of analysis of variance showed that there were significant differences in staining
results between the two groups of experiments (p < 0.05). In the NRFM, the preferential
flow was very obvious in the soil, and vertical percolation dominated. Water penetrated
down along the rock–soil interface and reached the underground clay layer (Figure 4).
Under this treatment, the average depth of water flow paths was 46.2 cm, the maximum
depth was 53.5 cm, the average width of water flow paths was 16.6 cm, the maximum
width was 22.4 cm, and the average preferred flow index was 34.4%.
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Figure 4. Effect of rock film mulching on the staining characteristics of soil profile.

In contrast, the preferential flow in soil was not so obvious in the RFM. The water
intercepted by a rock did not penetrate down along the rock–soil interface, but was trans-
ferred to the surrounding soil surface by the film cover on the above-ground rock. Under
this treatment, the redistribution of water in the soil was confined to a range of 0~20 cm
depth into the soil. The maximum depth of water flow paths was 22.4 cm, and the average
depth was 17.6 cm, which was 61.9% lower than that under the treatment of no rock film.
The maximum width of water flow paths was 41.3 cm, and the average width was 32.3 cm,
which was 94.6% higher than that under the non-rock film treatment. The average preferred
flow index was 4.8%, which was 86.0% lower than that of the NRFM.

3.2. Change in Soil Water Content

Before the dyeing tracer test, the antecedent water content of the soil in the two test
groups was 16.9~24.2% (Table 1). After the staining tracer test, the soil water content of the
two test groups was increased to different degrees (Figure 5). In the NRFM, the average
water content of the soil profile was 31.4%, an increase of 36.0%. However, in the RFM,
the average water content of the soil profile was 53.1%, which was significantly increased
by 60.6% compared with the antecedent soil water content before dyeing. For the water
content distribution of the soil profile, it has a similar trend as that of the infiltration pattern
of dye tracer solution. The water tended to be distributed near the rock side in the NRFM
but uniformly distributed in the RFM.
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3.3. Change in Dye Coverage

The stained soil profiles (30 cm width × 50 depth) and the change in dye coverage
with soil depth in the profiles are shown in Figure 6. The depth of the uniform front of
the RFM was deeper than that of the NRFM. The dye coverage of the RFM was greater
than that of the NRFM. Comparing the change in dye coverage with soil depth between
the two treatments, a visible difference in soil water flow was found, and the dye coverage
greatly varied with soil depth in the NRFM but slightly varied in the RFM, which means
the uniform infiltration of the water appeared at a shallower depth when the rocks were
not covered with film. On the other hand, it tended to be more uniformly distributed and
matrix flow dominated when the rocks were covered with film.
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4. Discussion
4.1. Change in Soil Water Flow Paths

The dye tracer test clearly visualized some differences in soil water movement patterns
in different treatments. The differences could potentially be attributed to the variability in
water flow paths induced by the rock film mulching. In karst areas where surface rocks are
not widely distributed, the soil clay content is large and the soil layer permeability is poor,
so the vertical infiltration process of water flow will be affected to a certain extent. However,
in rocky areas, rocks can direct vertical infiltration processes (as shown in Figure 6 of the
dye tracer test), allowing soil water to penetrate through narrow bands at the rock–soil
interface. Preferential flow correspondingly become one of the main ways of soil water
loss in karst areas [9,26–28]. Most of the water moves quickly to deeper underground
spaces, leaving little to remain in the soil matrix surrounding the rock. For karst rocky
desertification areas, the preferential flow mainly occurs at the rock–soil interface and is
affected by the characteristics of the underlying surface bedrock and the structure of soil
and rock [29–31]. Especially in severe rocky desertification areas, the exposed bedrock and
shallow soil lead to the very serious water and soil leakage phenomenon. It is of great
significance to realize effective blocking of preferential flow at the rock–soil interface by
rock film mulching to improve the utilization of water resources in rocky desertification
areas and increase the possibility of natural precipitation absorption by plants.

This study shows that rock film mulching can effectively block the preferential flow
at the rock–soil interface in karst areas and has an important effect on the distribution
pattern of soil water around rocks. The quantitative indices (e.g., dye depth, dye width,
and preferential flow index) clearly showed the development degree of preferential flow
in the vertical direction (Table 2). Previous studies demonstrated that rock fragments can
increase preferential pathways [32,33]. We also found similar results. In the case of no
mulching, water can go deeper underground along the rock–soil interface, and only a little
water spreads horizontally towards the soil (Figure 4), which undoubtedly reduces the
compensation effect of rain on soil and makes it difficult for plants to make full use of rain.
It is precisely for this reason that the formation of drought in karst areas is accelerated.
Compared with the antecedent soil water content, the soil water content in the stained
area did not significantly increase without mulching. On the other hand, the experiment
proved that the water leakage at the rock–soil interface can be prevented to a certain extent
by the film mulching treatment of above-ground rocks (Figure 4). The film covering the
rock surface blocks the preferential flow channel of water infiltration when water moves
down along the rock surface and thus preventing water leakage. Additionally, the water is
subsequently transferred to the nearby soil patch and then permeated down from the soil
surface evenly in the form of matrix flow (Figure 6). The experimental data showed that,
compared with the antecedent soil water content before dye tracer test, the water content
of the stained area under the rock film mulching treatment was mostly preserved in the
soil matrix, and the soil water content was significantly increased (Table 2 and Figure 5).
The comparison of the two treatments demonstrated that it was the bare rocks that showed
a stronger preferential flow. Therefore, preventing and limiting the process of water loss at
the rock–soil interface can be an effective means to solve water scarcity and improve water
use efficiency in karst areas.

The rock film mulching changes the process of soil water infiltration, so that the
overground rocks’ eco-hydrological utility can be preserved and maintained to the greatest
extent. A large proportion of soil in rocky desertification areas is occupied by exposed
rocks on the surface, which will collect a large amount of rainwater and deliver it to the
surface soil in the process of rainfall. This phenomenon can be called the “funnel effect”
or the “flowerpot effect” of overground rocks [34,35]. Using resin to randomly collect
nutrient elements from overground rock runoff in Alpine mountains, it was found that
overground rock can be used as a nitrogen hotspot to increase the spatial heterogeneity of
soil N:P. As an important surface component in karst areas, the occurrence of overground
rocks will inevitably change the distribution of rainfall and then affect the water content
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of the surrounding soil [35–37]. From the perspective of the soil structure of the dyed soil
profile, rock film mulching can provide a large proportion of lateral flow, and improved
preferential flow likely contributed to the spread and redistribution of soil water in the
vertical and horizontal directions (Figure 6). Water lateral migration was considered as
a potential water source of matrix flow [38–40]; therefore, rock film mulching diversifies
water sources and supply. Plants that grow close to rocks tend to have higher plant heights
and higher germination rates because rocks can transport extra water to the surrounding
soil and organisms during rainfall, allowing them to obtain more water and thus promote
growth [15]. Therefore, the above evidence points to the fact that rock film mulching can
maximize the retention of rainwater intercepted by rocks, which can improve the utilization
efficiency of natural precipitation of plants in karst areas, and undoubtedly help plants to
survive in arid karst environments.

4.2. Application of Rock Film Mulching

Rock film mulching is an original technology and can be an effective technical means to
alleviate karst drought in a karst geological background. Catchment agriculture generally
uses artificial or natural catchment water surface to collect rainwater and store it; it also
realizes the efficient use of natural precipitation through spatio-temporal regulation of
water resources or uses technical means to direct rainwater to plant root zones to improve
rhizosphere soil water status [22,41]. We believe that rock film mulching also has such
advantages, which can significantly ply the ecological benefits of artificial enrichment
of natural precipitation in situ. Through film mulching treatment of overground rocks,
rainwater trapped on the rock surface can be transferred to the surrounding soil and become
an extra supply of water for plants. At the same time, because the plastic film is impervious
to water, any rainfall falling on the rock can be introduced into the surrounding soil
along the plastic film. These deductions are supported by some previous studies [42–46].
Therefore, the regulation effect of rock films on rainfall distribution can be applied to
any rainfall intensity. From this point of view, this measure can undoubtedly effectively
improve the utilization rate of light rain by crops. In addition, mulching can reduce the
evaporation and loss of soil surface water and give full play to the synergistic effect of the
ecological factors of water and fertilizer [47–49]. In conclusion, rock film mulching blocks
the vertical infiltration of soil water and increases the lateral migration of soil water so that
crops can make full use of the rainwater distributed in the soil, emphasizing the spatial
adaptability of water resources and the initiative of water utilization, and can become
an effective way to restore the ecology and promote agricultural development in karst
areas. Rock film mulching has the characteristics of low cost, strong operability, and wide
application range, so it should be taken seriously and promoted in the future. At the same
time, in order to avoid the possible pollution and harm of residual mulching film to soil
and crops, it is suggested to popularize the application of fully biodegradable mulching
film, and scientifically use and recycle mulching film to form a virtuous cycle and promote
the green and high-quality development of southwest mountain agriculture.

5. Conclusions

Considering the water loss occurring at the interface between rock and soil, in this
study, we evaluated the influence of rock film mulching (RFM) on the preferential flow
process at rock–soil interfaces in a karst area using the dye tracer test. Additionally, water
content monitoring was conducted to quantify the spatial distribution characteristics of
soil water in the soil profile. It was found that RFM can effectively block the preferential
flow path at the rock–soil interface and thus reduce the soil water leakage. The rainwater
trapped by rocks was transferred to the surrounding soil surface along the film on the rocks
and evenly permeated into the soil matrix, resulting in a significant increase in soil water
content. In conclusion, RFM has an important blocking effect on preferential flow and
water loss at the rock–soil interface, and the accumulation and diversion of rainfall by RFM
can be an effective means to prevent and control water loss and improve the utilization
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of water resources for karst plants. Our findings also have important implications for
the understanding of ecohydrological processes and water supply mechanisms in rocky
karst areas.
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