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This study investigated preferential flow infiltration patterns at three slope positions (upslope, mid-slope and downslope) of typical slopes in the Miyun Reservoir Basin. The evaluation was conducted by combining the multi-index evaluation method and the macropore flow classification method, based on the profile images obtained from dye tracer experiments. Multi-index analysis shows that preferential flow infiltration depth is 400 mm, and the average uniform infiltration depth is 56.6 mm. The preferential flow fraction quantified as the deviation from a perfectly homogeneous infiltration process on up, middle and down slopes are 56.6%, 74.8% and 67.5% respectively. Middle slope has higher preferential flow level due to higher weights of peak value, stained area and stable infiltration depth. Macropore flow classification results indicate at three slope positions, preferential flow is mainly macropore flow with mixed interaction with soil matrix. It is one of the five flow types and its proportion increases as elevation drops (79.31% on upper, 86.88% on middle and 95.31% on lower slope). With soil layer depth increasing, low-interaction macropore flow proportion rises and its interaction with matrix soil decreases. Correlation analysis reveals that macropore flow with low interaction negatively correlates with soil volumetric water content, porosity, but positively with soil bulk density. Macropore flow with high interaction positively correlates with soil volumetric water content. Matrix flow and fingering positively correlate with silt content. Matrix flow significantly positively correlates with soil saturated hydraulic conductivity. The difference between multi-index method and macropore flow classification lies in analysis scale. Since the calculation scale of the multi-index method encompasses the entire profile and treats the staining characteristics as a whole, it might result in an underestimation of preferential flow outcomes. On the other hand, the preferential flow classification method considering the interaction with soil matrix at pixel scale may lead to an overestimation of the calculated preferential flow results. Combining these two methods can help judge macropore flow characteristics and its interaction with soil matrix more accurately.
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HIGHLIGHTS

Statistical methods are integrated with image processing to investigate the characteristics of preferential flow.
The vertical infiltration characteristics of the preferential flow were analyzed by stained path width.
The fraction of vertical preferential flow on the slope ranges between 56.6% and 74.8%, with variations observed at different slope positions.
1 INTRODUCTION
Soil preferential flow is a concept within the realm of soil hydrology. It refers to an inhomogeneous flow of water that infiltrates rapidly bypass the soil matrix (Beven and Germann, 1982). It is widely acknowledged and encompasses various types, such as macropore flow (which involves water moving through biopores, erosion cavities, cracks, or fissures), finger flow (characterized by non-uniform water movement driven by hydraulic instability or heterogeneity), and funnel flow (representing lateral flow along textural boundaries within the subsurface) (Allaire et al., 2009; Guo and Lin, 2018). Preferential flow exerts a significant influence on water loss, soil erosion as well as nutrient transport (Fuhrmann et al., 2019; Julich et al., 2017). Since the 1970s, preferential flow has garnered considerable attention, leading to a surge of studies delving into its mechanisms, the factors that influence it, and its implications for nutrient transport (Makowski et al., 2020; Simard et al., 2000; Toor et al., 2005) and hydrological response (Beven and Germann, 1982; Jarvis, 2007). Various scholars from diverse disciplines have offered their perspectives on the concept of preferential flow. Firstly, preferential flow is characterized by the rapid downward movement of water through macropores, bypassing the soil matrix (Beven and Germann, 1982). This concept narrowly attributes preferential flow to macropore flow. Second, based on the mechanism of soil water movement, Hendrickx and Flury (2001) proposed the concept of preferential flow relative to the equilibrium infiltration flow. The specific movement path bypasses some porous media and infiltrates downward, which also is a sign of the movement of soil water from homogeneous to heterogeneous areas. The third concept emerges from the perspective of scale quantification. Upon reviewing preferential flow quantification methods, it is proposed that preferential flow refers to flow mechanisms where transport of water together with dissolved or suspended matter is primarily associated with a smaller fraction of the total pore network, at any scale much larger than the microscopic (μm) scale (Allaire et al., 2009). The phenomenon consist of transmission in multiple pores. This perspective offers valuable insights into preferential flow by drawing comparisons from the vantage point of spatial network scale analysis. Currently, hydrologists widely acknowledge preferential flow as a distinctive soil water movement phenomenon where water or dissolved substances bypass the porous soil matrix, navigating through specific, spatially and temporally variable pathways within the soil (Demand et al., 2019; Guo and Lin, 2018).
Numerous investigations have consistently demonstrated that preferential flow is a ubiquitous phenomenon across diverse soils and landscapes, exhibiting notable heterogeneity across various spatial and temporal scales (Demand et al., 2019; Legout et al., 2009; Mälicke et al., 2019; Wiekenkamp et al., 2016). At present, research on preferential flow mainly focuses on field study to investigate the formation mechanism (Zhang et al., 2022; Ding et al., 2023; Chen et al., 2021; Cai et al., 2024; Hou et al., 2024) and modeling studies to explore influencing factors (Yi et al., 2023; Wang et al., 2017; Santra et al., 2021). Various factors are divided into two groups according to variability over time (Guo and Lin, 2018). One group is static factors that have little change with time, including soil properties, topography, and geological background and others (Wiekenkamp et al., 2016). The second group is dynamic factors which are greatly affected by changes over time, such as the chemical environment (Liu et al., 2021), land use and land cover (Demand et al., 2019), initial soil moisture conditions (Ding et al., 2023; Bogner et al., 2012), and input water characteristics (Wiekenkamp et al., 2016; Bogner et al., 2012), changes in the rhizosphere (Luo et al., 2018; Luo et al., 2019; Zhang et al., 2015), physical changes (e.g., freeze-thaw and wetting-drying processes) (Mao et al., 2024; Chen et al., 2024), biogenic factors (earthworks, burrowing animals) (Li et al., 2018), and others.
Researchers have conducted an in-depth exploration of the characteristics and influencing factors of preferential flow in a wide range of ecosystems, including semi-arid grasslands (Wu et al., 2022) and farmlands in the northern region (Zhang et al., 2022), vegetation cover in the Loess Plateau (Cai et al., 2024), karst rocky desertification areas (Ding et al., 2023; Bogner et al., 2012; Chen et al., 2024), tropical rainforest in the southwest (Chen et al., 2021), arid mountainous regions in the northwest (Xue et al., 2024), and the upper reaches of the Heihe River (Kang et al., 2022). Preferential flow within hillslopes plays a pivotal role in shaping the hydrological regime. Due to its open structure, which includes cracks and voids, soil particles can preferentially be carried into the drains, ultimately causing erosion (Øygarden et al., 1997). Soil conservation practices that treat surface runoff process alone may be ineffective if preferential flow is contributing (Wilson et al., 2008). Dai et al. (2020) pointed out that where preferential pathways were rich, that is, where hydrological connectivity was strong. “Hydrological connectivity” here refers to a characteristic that the soil pores, preferential flow channels (such as macropores formed by plant roots and other channels that allow water to flow rapidly), as well as the surrounding soil matrix and other elements related to water movement are interconnected and integrated with each other, enabling water to migrate in the soil relatively smoothly. Distinct from surface runoff, preferential flowpaths, can significantly increase the subsurface water flow and solute transport velocities and amounts in forested hillslopes (Laine-Kaulio et al., 2014; Jarvis, 2007; Anderson et al., 2009). Preferential flow in soils is widely acknowledged and encompasses various types, such as macropore flow, fingering flow, and funnel flow (Allaire et al., 2009; Guo and Lin, 2018). For macropore flow, it occurs through larger pores in the soil, such as those created by stones, roots, earthworms, or cracks. These macropores allow water to move more rapidly through the soil, bypassing the soil matrix in some cases (Beven and Germann, 1982). Regarding fingering flow, it is a form of unstable flow where water moves in finger - like patterns through the soil. This often happens when there are differences in soil properties, the water breaks into the subjacent layer through fingers (preferential flow paths) rather than uniformly through the entire layer (Liu et al., 2023; de Rooij, 2000; Rezanezhad et al., 2006). Funneled flow is an unique category of flow phenomena referring to the situation in which a capillary barrier develops above a coarse layer which underlies a relatively fine soil (Walter et al., 2000).
As the primary drinking water source for Beijing, supplying over 70% of the municipal demand, Miyun Reservoir is Beijing’s important water source and ecological conservation area. Mountainous areas account for over 80% of the Miyun reservoir Watershed. It faces significant soil-water challenges in its surrounding rocky mountainous areas. In the mountainous areas, the soil depth is around 20–60 cm, and in the soil there is a high proportion of gravel and the bottom part is mainly a gravel layer or mother rock. The well-developed fissures within the bedrock facilitate significant groundwater storage, serving as preferential flow pathways that respond promptly to precipitation events (Tian and Xu, 2024). Rainfall-driven application of pesticides and fertilizers facilitates the transport of nutrients and pollutants into subsurface systems or water bodies via preferential flow pathways. Given the critical role of Miyun Reservoir as a primary water source for Beijing, characterizing preferential flow dynamics in its upstream watershed is essential for developing effective water security strategies. Investigating the infiltration mechanisms of preferential flow and their interactions with soil properties enhances our understanding of hydrological processes governing the migration and distribution of water, nutrients, and contaminants in the ecosystem.
Dye tracer experiments, which facilitate the direct visualization of flow pathways within soils, have become a standard methodology for characterizing preferential flow phenomena (Widemann and Bogner, 2012). The image processing technique utilized in staining tracer experiments successfully emphasizes variations in the preferential flow pathways, however, it lacks the capability to quantitatively differentiate between the various types of preferential flow. Therefore, based on the analysis of the stain path and the width of the dyeing path, it is essential to further analyze the type and distribution of preferential flow (Bargués Tobella et al., 2014; Alaoui et al., 2011; Weiler and Naef, 2003). The objectives of this experimental investigation were as follows: (1) to quantitatively evaluate the preferential flow characteristics on a slope using image analysis and stained path width (SPW); (2) to uncover the characteristics of preferential flow at varying slope positions; and (3) to identify the influencing factors within a small watershed upstream of a drinking water reservoir. The findings of this study may provide valuable insights into the water quality, soil erosion and nutrient transportation.
2 MATERIALS AND METHODS
2.1 Study area
The Xitaizi Experimental Watershed (XEW) is situated in the mountainous northern region of Huairou District, Beijing, upstream of the Miyun Reservoir. It covers an area of 6.7 square kilometers and lies at an elevation ranging from 676 to 1,202 m above sea level. This region features a semi-humid continental climate with an annual average precipitation of 625 mm, predominantly occurring between May and September (Peng et al., 2016a; Zhao et al., 2019). The predominant soil type within the watershed is brown loam, ranging in thickness from absent to 1.5 m deep. Granite is the primary rock type found in this area. With a forest coverage rate of 98%, the watershed comprises 54.2% broad-leaved forest, 2.3% coniferous forest, 10.5% mixed coniferous and broad-leaved forest, and 33% shrubs (Zhao et al., 2019; Tie et al., 2018). The annual mean air temperature was 11.5°C from 2014 to 2023, with soils remaining frozen between late November and mid-March when the daily mean air temperature remained below 0°C (Cui et al., 2024). A typical hillslope in XEW was chosen as the study hillslope (named SH1, see Figure 1). The experimental site is a north-facing hillslope located at an elevation of 780–805 m above sea level, covered by a broad-leaf forest consisting of pure stands of Aspen. Based on actual measurements, the slope of the experimental terrain has an inclination of 38°. Dye tracer experiments were conducted at three sampling locations: downslope, mid-slope, and upslope.
[image: Figure 1]FIGURE 1 | Location of the study area and schematic diagram of sampling points (Tie et al., 2018).
2.2 Dye tracer experiment
Dyes serve as valuable tracers for visualizing flow patterns and pathways within soil. On 27 October 2019, a dye tracer experiment was conducted at the downslope, mid-slope, and upslope locations, with five profiles established at each position. Prior to the experiment, litter from the surface layer was carefully removed to avoid any disruption to the surface layer structure. As shown in Figure 2, a 1 m2 square area surrounded by a self-made PVC board on the slope is used as an area to simulate rainfall. To mimic natural rainfall and eliminate any uneven distribution of the surface water head, a pressure-controlled sprayer was utilized. A 40-L dye tracer solution was crafted by dissolving 160 g of Brilliant Blue FCF powder in ordinary tap water, yielding a solution with a concentration of 4 g L−1 (Flury and Flühler, 1995; Alaoui et al., 2011; Guan et al., 2024) and was evenly sprayed on the test area at a height of 1 m for about 1 h. The spray flow was adjusted to ensure no water accumulation or confluence, serving as the benchmark for its control. Immediately after dye application, the upper layer of the test area was shielded with a waterproof plastic cover to prevent water evaporation. After 24 h, in order to check whether there is a parallel preferential flow along the slope, we dig a blank quadrate. The blank quadrate had the same size with the stained quadrate (1 m × 1 m),it is located downhill neighbor the stained quadrate. We assume that if a parallel flow is created, then this location will be the convergence region. If there is dyeing, it means that the parallel preferential flow happened along the slope, but we did not find any stained soil when digging 1 m depth of the blank quadrate. The vertical dyed profiles were excavated at intervals of 20 cm to a depth of 1 m, and five stained sections were excavated at each point as repeated controls. During the excavation process, boulders were handled with care; however, some were too large to be moved and were thus left in place. The excavated section was photographed using a Canon EOS 350D camera, with efforts made to minimize shadows caused by uneven lighting.
[image: Figure 2]FIGURE 2 | Field experiment of dye trace.
2.3 Site description
The length of the slope is about 130 m. The distance between the up slope and the mid-slope is about 72 m, and the distance between the mid-slope and the down slope is about 56 m. The corresponding contents have been added to the 2.1 study area. Table 1 presents the average values of soil properties, which were determined by taking three parallel soil samples 30 cm apart from each soil horizon at all three slope with the depth 0–10, 10–30, and 30–40 cm. Samples were collected using a 100-cubic-centimeter cylinder to determine bulk density and saturated hydraulic conductivity. For each soil depth, six parallel samples were prepared, with three used for measuring bulk density and three for measuring saturated hydraulic conductivity. Additionally, 500 g soil horizon samples were stored in PE self-sealing bags for soil texture analysis.
TABLE 1 | Basic properties of soils at the slope sites.
[image: Table 1]After a 12-h drying in an oven at 105°C, soil bulk density was determined as the dry weight per unit volume of soil core. The soil particle size was analyzed in the laboratory utilizing the Microtrac S3500 (United States) laser particle size meter after sample dispersion treatment. The saturated hydraulic conductivity (Ksat) was measured through the constant head method. In the laboratory, a cutting ring is used to measure the amount of water that passes through a unit area per unit time under a unit water potential gradient. The soil volume moisture content was determined through a Spectrum TDR350 (United States) during excavation. Total porosity is derived from bulk density. Both were determined directly for each undisturbed sample after drying at 105°C for 24 h, assuming a particle density of 2.65 g cm3 (Alaoui, 2023; Benegas et al., 2014).
According to the international system of soil texture classification, the soil on this slope is characterized as silty loam, with a texture dominated by silt, comprising 66.82%–77.09% of its composition. The soil bulk density exhibits a range of 0.8–1.2 g cm−3. The saturated hydraulic conductivity ranges from 0.3 to 6.21 mm min−1. Total porosity ranges from 55.2% to 70.3% and volumetric moisture content ranges from 39.3% to 49.5%. As soil depth increased, soil bulk density showed an upward trend, whereas volumetric moisture content exhibited a downward trend.
2.4 The image processing
To determine an accurate measure of the stained areas, the processing of the dyed image is divided into four steps: geometric correction, white balance correction, color correction, and image denoising (Figure 3) (Forrer et al., 2000). In the first step, the image was corrected with DxO Optics Pro 11, the pixels of each profile image are 1,600 × 640 (1,000 mm × 400 mm). In the second step, the color was replaced with GIMP 2.10.14, replacing the dyed part with white and the undyed part with black. The Gaussian filter method is adopted for the process of Image Denoising in image processing. The mineral soil, organic soil, stones, roots, and stained areas were then manually identified in order to enhance the image truth of the analysis. In the third step, Matlab was used to convert the image into a TXT file of “0.255″through Raster Calculator and the Raster Converter Tool. Based on the TXT file, Excel were used to calculate the feature data of preferential flow path.
[image: Figure 3]FIGURE 3 | Image processing process.
The original dyed profiles of the three points are presented in Figure 4, where numerous roots and rocks can be observed in the stained areas of the profiles. Nimmo (2020) pointed out that macropore flow can be observed through simple observation. Its characteristic lies in continuity rather than the size of the aperture. As shown in Figure 4, stones and root systems can be observed with in the soil profile. To better characterize the distribution of stones, root systems, and macropores in soil profiles, we performed digital image processing using morphological operations (erosion and dilation) on binary images. After identifying the features of stones, roots, and macropores, we calculated the percentage of area they occupy in the soil layer.
[image: Figure 4]FIGURE 4 | Profiles of three slope positions.
2.5 Characteristic indexes of preferential flow
To analyze the degree of preferential flow in soils, the dye coverage, total stained area, uniform infiltration depth, preferential flow fraction, coefficient of variation, length index, and peak index are commonly used as the indexes extracted from stained profiles (Bargués Tobella et al., 2014; Benegas et al., 2014; Zhang et al., 2017; Zhu et al., 2020). Five vertical profiles were excavated for each slope position. The parameters of each section are calculated as follows. The presented parameters are the average values of the five vertical soil profiles for each sampling location.
2.5.1 Dye coverage (DC)
It is calculated as the ratio of the dye-stained area to the sum of the dye-stained area and the non-stained area. Mathematically, this can be expressed as Equation 1 (Hendrickx and Flury, 2001).
[image: image]
Here, DC is the percentage of dye coverage, D signifies the area that has been stained by the dye, and ND represents the area that remains unstained. The DC depends on the maximum dyed depth that is 640 pixels.
2.5.2 Total stained area (TSA)
TSA defines as the sum of the cumulative areas of all dye units within a profile that is 100 cm wide and 40 cm deep (Cai et al., 2024).
2.5.3 Uniform infiltration depth (UID)
The uniform infiltration depth is where the stained area drops sharply below 80% and a clear infiltration front is visible. When the matrix’s infiltration capacity is not exceeded, macropore infiltration remains low. Therefore, matrix infiltration is key to triggering macropore flow (van Schaik, 2009).
2.5.4 Preferential flow fraction (PFF)
PFF is defined as the proportion of the total infiltration volume that specifically flows through preferential flow paths within the system or medium under consideration (Equation 2) (Benegas et al., 2014; van Schaik, 2009). This fraction quantifies the significance of preferential flow in the overall infiltration process.
[image: image]
where PFF is the preferential flow fraction (%), UID is the uniform infiltration depth (cm), which is multiplied by the width of the profile (100 cm).
2.5.5 Length index (LI)
LI refers to the cumulative measure of the absolute variations in dye coverage values as they vary with depth across a given profile (Equation 3). It represents the total deviation from uniformity or homogeneity in dye penetration along the depth profile. Stain patterns from soils where infiltration is dominated by preferential flow are more heterogeneous than those where uniform flow is predominant. Therefore, soils with a higher development of preferential flow tend to exhibit higher values of the length index (Bargués Tobella et al., 2014).
[image: image]
where LI is the length index; and i represents a given depth interval (or zone) in which dye coverage, same as the stained area (DC (%)) was calculated, and [image: image] and [image: image] represent the dye area ratio corresponding to layer i and layer i+1, respectively, of the soil profile. n is the vertical pixel, which is 639.
2.5.6 Peak value (PV)
The number of times a vertical line based on total dye coverage (the maximum depth of staining is 640 pixel) intersects the dye coverage profile. This parameter reflects the heterogeneity of stained patterns; higher values suggest a greater degree of preferential flow (Bargués Tobella et al., 2014).
2.5.7 Coefficient of variation (CV)
CV is a measure of heterogeneity of the soil profile staining (Equation 4) (Zhang et al., 2017).
[image: image]
where [image: image] is the average ratio of the dye area. n is the vertical pixel, which is 640.
2.6 Multi-index evaluation of preferential flow
To accurately reflect the varying degrees of soil preferential flow across different slope positions and neutralize discrepancies among diverse indices, the range method was employed to standardize the preferential flow index, yielding a dimensionless value. This standardized value was then utilized to compute the mean square deviation for each index. Ultimately, the weight coefficients for each index were assigned through the mean square error decision-making approach (Zhang et al., 2017). The weights are calculated for seven indicators on three slopes, each indicator is calculated through 15 profiles, so i is the number of copies of the indicator (1–15) when standardizing, and j is the serial number (1–7) of the given indicator.
Utilizing the standardized values and respective weight coefficients, an evaluation index for preferential flow is derived. This integrated result encapsulates the contributions of all indices, effectively mirroring the extent of preferential flow development within the soil. A higher value signifies a high degree of preferential flow development.
Index normalization (Equation 5):
[image: image]
where [image: image] is the standardized value of the index; [image: image] is the actual value of the preferential flow index; [image: image] is the maximum value of the indicator j; [image: image] is the minimum value of the indicator j.
The mean of the normalized index [image: image] (Equation 6):
[image: image]
Mean square deviation of each index [image: image] (Equation 7):
[image: image]
Calculate the weight coefficient of each index [image: image] (Equation 8):
[image: image]
Preferential flow evaluation index [image: image] (Equation 9):
[image: image]
2.7 Classification of preferential flow
According to the SPW profiles, preferential flows were categorized into five distinct types, each representing a unique pattern of water movement within the soil. Five distinct vertical water transport patterns were characterized by specific soil properties and SPW distributions (Weiler and Flühler, 2004).
(1) Macropore flow with low interaction, occurring in low-permeability or saturated soil matrices, exhibits greater than 50% SPW in sub-20 mm zones and less than 20% SPW in zones exceeding 200 mm, indicative of limited pore-matrix connectivity.
(2) Macropore flow with mixed interaction (combining high and low interactions), observed in heterogeneous soils or variable macropore networks, demonstrates 20%–50% SPW in sub-20 mm zones while maintaining less than 20% SPW above 200 mm, reflecting transitional flow dynamics.
(3) Macropore flow with high interaction in permeable soil matrices (textured or aggregated) shows less than 20% SPW in sub-20 mm zones and under 30% SPW beyond 200 mm, consistent with strong hydraulic exchanges between macropores and the matrix.
(4) Heterogeneous matrix flow and fingering, driven by spatial variability in texture/aggregation, water repellency, or flow instability, retains less than 20% SPW in sub-20 mm zones but displays 30%–60% SPW in zones surpassing 200 mm, suggesting preferential flow pathway formation.
(5) Homogeneous matrix flow in permeable soils exhibits less than 20% SPW in sub-20 mm zones and over 60% SPW in zones greater than 200 mm, aligning with classical Darcian flow behavior. These patterns quantitatively link soil structural heterogeneity to transport mechanisms through systematic SPW signature analysis.
Three of them are related to macropore flow, including macropore flow and surrounding soil matrix with low interaction, mixed interaction, and high interaction; and two of them involve matrix flow, including heterogeneous matrix flow and fingering and homogeneous matrix flow. Interaction is defined as vertical water flow from preferential into the surrounding soil matrix.
2.8 Statistical analysis
2.8.1 Multiple comparison method
A statistical technique used to compare the mean values of multiple indicators simultaneously. Its aim is to identify significant differences among the mean values of indicators from different slope positions through a series of statistical tests, thereby providing a more precise understanding of the variations and relationships among slope positions.
2.8.2 Correlation analysis
A statistical method that assesses whether two variables change in the same direction (positive correlation) or opposite directions (negative correlation). The closer the correlation coefficient value is to 1 or −1, the stronger the relationship between the variables; whereas, a value closer to 0 indicates a weaker correlation. The Pearson correlation analysis assume that the variables follow a normal distribution. We performed tests for normality with the Shapiro - Wilk (Small - data samples generally refer to those with a sample size of less than 5,000) test on our data. If the data does not pass the normality test, appropriate methods were selected to transform the data so that it conforms to the normal distribution, and then perform Pearson correlation analysis.
3 RESULTS
3.1 Analysis of preferential flow stained images
The qualitative visual analysis of flow patterns was conducted based on the binary images produced. The infiltration patterns are assessed semiquantitatively by analyzing the dye coverage distributions (Flury and Flühler, 1995). This involves counting the number of stained pathways that contribute to preferential flow, which provides a quantifiable measure of the extent and nature of preferential flow within the system. Figure 5 reveals that the soil preferential flow dye depth is similar at three locations on the slope. A distinct and pronounced staining of the upper soil layer was consistently observed across all positions. The dye depth is about 400 mm and the dye area decreases with the depth. At the upslope and mid-slope locations, with the increase of the depth, the dye area shows a trend of first decreasing, then keeping stable, and finally decreasing. The stabilization stage is between 150 and 250 mm. While, at the downslope location, the overall trend of the dye area is first decreasing, then increasing, and finally decreasing. The increasing stage was found between 100 and 125 mm. In stained profiles from 0 to 400 mm, upslope has higher dye coverage, i.e., total stain area is 1,962.1 cm2, accounting for 49%, where mid-slope and downslope have lower dye coverage, total stain areas are 1,879.7 and 1,917.4 cm2, accounting for 47% and 48%, respectively. But overall the differences in the total stain areas are not substantial.
[image: Figure 5]FIGURE 5 | Images of examples vertical stained profiles and preferential flow parameters (White: stained area; black: unstained area; the blue line is the soil depth corresponding to DC = 80% (UID); the red line is the profile DC; the peak value can be seen in the red rectangle, and the details are shown to the left of the red rectangle).
Uniform infiltration depths are highest on upslope reaching to 70 mm and relatively lower at mid-slope and downslope, reaching 44.8 and 55 mm, respectively. So the average infiltration depth is 56.6 mm. High uniform infiltration depth indicates that there is a high matrix flow upslope. Accordingly, the result of the preferential flow fraction (PFF) is opposite to that of the uniform infiltration depth. The PFF is lowest at upslope accounting for 56.6%, while mid-slope and downslope have a relatively higher PFF, accounting for 74.8% and 67.5%, respectively. The elevated length index and peak value signify a considerable degree of preferential flow development. At mid-slope, the LI and PV are 431 and 7, respectively, indicating that the preferential flow development is more pronounced in the mid-slope region compared to the upslope and downslope areas. This is consistent with the PFF result at mid-slope.
Spatial variations in macropore flow potential across slope positions were linked to soil structural and hydraulic properties (Tables 1, 2). The mid-slope exhibited the highest potential for macropore-dominated flow, driven by its elevated stone content (17.01% in 0–10 cm) and silt-dominated matrix (73.41% silt), which promoted preferential pathways through inter-stone voids despite low matrix hydraulic conductivity (Ksat: 1.45 ± 0.04 mm min−1). The downslope showed intermediate potential, with higher sand content (6.31% sand) and Ksat (5.89 ± 2.27 mm min−1) supporting moderate macropore connectivity, yet compaction (bulk density: 1.0 ± 0.4 g cm−3 at 10–30 cm) likely restricted lateral flow continuity. In contrast, the upslope, despite the highest root density (12.68%) and macropore abundance (9.10%), prioritized vertical infiltration due to elevated Ksat (6.21 ± 0.65 mm min−1) and clay-enriched texture (24.17% clay), which enhanced water retention (volumetric moisture: 43.8% ± 1.0%) but limited lateral macropore activation. Vertical heterogeneity was evident across all positions, with macropore-related parameters (e.g., Ksat, roots) declining sharply below 10 cm depth.
TABLE 2 | Distribution of rocks, roots and large holes in soil layer.
[image: Table 2]3.2 Multi-indicator evaluation
The PFF and UID represent preferential flow and matrix flow, respectively. LI and PV indicate the heterogeneity of the flow pattern. Compared to the other slope positions, at mid-slope, high preferential flow fraction (PFF = 74.8%), low uniform infiltration depth (UID = 44.8 mm), high length index (LI = 431), and high peak value (PV = 7) are present. Figure 6 shows that uniform infiltration depth and preferential flow fraction have significant differences at mid-slope and upslope while downslope has no significant difference with the other two sites. The uniform infiltration depth upslope has the highest value and variation indicating that matrix flow is relatively well developed, but high variability indicates developmental instability, and preferential flow at mid-slope is well developed and stable. At the mid-slope, the preferential flow fraction exhibits significant differences compared to the upslope, whereas no significant differences are observed when compared to the downslope.
[image: Figure 6]FIGURE 6 | Boxplots of preferential flow parameters at each sampling position. Note: Within each indicator, if the boxes are labeled with different letters, it indicates that there are significant differences among slope positions; otherwise, there are no significant differences. The calculation of each slope position’s indicator is derived from the analysis of five profiles.
To calculate the weight of each indicator, we calculated the preferential flow indicator for 15 profiles at three locations according to Section 2.6. The calculation results of the standardized mean value, mean square deviation and weight coefficient of each indicator are listed in Table 3. It is evident that the weight of the uniform infiltration depth (0.16) and peak value (0.18) is higher when evaluating the development degree of the preferential flow, indicating that these two indicators play an important role in the evaluation of preferential flow. However, the distribution of the parameter weight coefficient is relatively uniform, and there is no decisive factor for excessive weight, which is related to the large variation of the distribution characteristics of preferential flow.
TABLE 3 | The standardized mean value, mean square error, and weight coefficient of each index.
[image: Table 3]There are five soil profiles at each slope position. The preferential flow evaluation index at different slope positions was calculated according to the normalized value and weight coefficient of each index. As can be seen from Table 4, the evaluation index of preferential flow at upslope is between 0.23 and 0.62, with a mean value of 0.48 and standard deviation of 0.14. At mid-slope, the evaluation index of the preferential flow was between 0.41 and 0.73, with a mean value of 0.61 and a standard deviation of 0.10. The evaluation index of preferential flow at downslope ranged from 0.36 to 0.54, with an average value of 0.33 and a standard deviation of 0.16. Thus, it could be concluded that the preferential flow developed best at mid-slope followed by downslope. The development degree of preferential flow at upslope was the lowest.
TABLE 4 | The preferential flow evaluation index at three slope positions.
[image: Table 4]3.3 Classification of preferential flow
As we defined in Section 2.4, the preferential flow in this study is mainly macropore flow. According to Weiler and Flühler (2004), the SPW profile for each experiment is constructed by integrating all the vertical dye patterns obtained within that specific experiment. What is striking in Figure 7 is that the stain widths of the three experimental locations showed heterogeneity with the change of depth. With the increase of depth, the proportion of dye width less than 20 mm gradually increases, while the proportion of dye width greater than 200 mm tends to decrease. The proportion of dye width from 20 to 200 mm first increases and then decreases. The macropore flow width can be categorized into three distinct sections based on depth, with dividing points occurring at 100 and 275 mm (horizontal lines in Figure 7), respectively. In the depth ranges of 0–100 mm, the SPW greater than 200 mm has a certain advantage, but the advantage downslope is lower. In the range of 100–275 mm, the macropore flow with width of 20–200 mm is absolutely dominant. When the soil depth is greater than 275 mm the dye width mainly is less than 20 mm and macropore flow with a width greater than 200 mm seldom occurs.
[image: Figure 7]FIGURE 7 | The distribution of soil stain width with depth (Weiler and Flühler, 2004).
Both matrix flow and macropore flow were observed at the three sampling locations (downslope, mid-slope, and upslope). Matrix flow, when present, occurred in the top 50 mm of the soil profile and no matrix flow was observed below this in either soil texture. Figure 8a shows that the macropore flow changes from matrix flow to macropore flow with the increase of depth, and the interaction between macropores and surrounding soil matrix decreases gradually indicating the degree of macropores increased. The three slope positions at 0–100 mm depth are mainly homogeneous matrix flow and finger flow. Macropore flow with mixed interaction (both high and low) is dominant at depths ranging from 100–275 mm, while macropore flow with mixed interaction primarily occurs between depths of 275–400 mm. As the depth increases, the types of macropore flow become more dispersed, particularly at the downslope location. The macropore flow regime transitions sequentially from mixed-interaction to high-interaction dominance, followed by a gradual shift toward low-interaction dynamics. At mid-slope and upslope, vertical macropore flow with mixed interaction is relatively homogeneously distributed.
[image: Figure 8]FIGURE 8 | Macropore flow types at different slope locations. Note: (a) represents the change of macropore flow type with depth, and (b) represents the percentage of each macropore flow type at different positions. There is a significant difference between bar charts containing different lowercase letters.
Figure 8b shows vertical macropore flow especially with mixed interaction dominates the macropore flow on the slope and matrix flow is less prevalent. The total percentage of matrix flow at three slope position increases with the increase of elevation, accordingly accounting for 4.7, 13.2, and 18.8%, respectively. Accordingly, macropore flow accounts for 95.3, 86.8, and 81.2% when moving up the slope. As elevation increases, the proportion of vertical macropore flow characterized by high interaction with surrounding soil matrix decreases, with 22.1% observed at the downslope location and a negligible amount (0.6%) found at the upslope location. The proportion of vertical macropore flow featuring mixed interaction exhibits an upward trend with increasing elevation, comprising 49.8% at the downslope location, 52.5% at the mid-slope, and peaking at 61.3% at the upslope position.
Table 5 displayed the percentages of the five flow types within the soil layers. As depicted in Figure 8a, the vertical macropore flow with low interaction predominantly took place in the deep soil layer (ranging from 30 to 40 cm). Specifically, it accounted for 16.88%, 20.16%, and 18.59% at the down slope, mid slope, and up slope respectively. The vertical macropore flow with mixed interaction (both high and low) mainly occurred in the middle part of the stained soil layer (from 10 to 30 cm). At the down slope, mid slope, and up slope, its proportions were 48.13%, 44.22%, and 35% respectively. Elevational gradients positively correlate with both the progressive deepening of infiltration depths and the proportional increase of high-interaction macropore flow. On the contrary, the proportion of the matrix flow experiences a continuous decline. Matrix flow only occurred in topsoil (0–10 cm).
TABLE 5 | The percentage of the five flow types for the soil layers (%).
[image: Table 5]As can be seen from Table 5, excluding the vertical heterogeneous matrix flow and fingering and vertical homogeneous matrix flow, the proportions of preferential flow related to macropores are 79.31%, 86.88%, and 95.31%, respectively, as the altitude decreases. Correspondingly, the percentages of preferential flow obtained by the multi-index evaluation method are 56.6%, 74.8%, and 67.5% (Figure 4), respectively. Both methods indicate that the upslope position has less pronounced preferential flow characteristics compared to the other positions.
3.4 The potential relationship between macropore flow types and soil properties
Based on the depth of soil property sample collection (0–10, 10–30, 30–40 cm), we have categorized and quantified the various types of macropore flow observed within distinct soil horizons. A Pearson correlation analysis (presented in Table 6) was conducted to investigate the association between the proportion of these macropore flow types and the soil properties. There’s a positive correlation between volumetric water content of the soil and vertical macropore flow with high interaction, while a negative one with low interaction. Higher high-interaction proportion means more matrix flow and higher moisture content; higher low-interaction proportion leads to more macropore flow but lower moisture content. The greater the soil bulk density, the smaller the porosity, and the greater the degree of soil compaction, which restricts water infiltration through the soil matrix (Karahan and Erşahin, 2017; Luo et al., 2020). In this case, once macropores (such as roots, stones, etc.) exist in the soil, these macropores will be relatively stable. When water flows through, the interaction with the surrounding soil is relatively small, resulting in a relatively high proportion of macropore flow with low interaction. Saturated hydraulic conductivity (Ksat) has a significant positive correlation with homogeneous matrix flow. High Ksat promotes matrix flow as large pores mainly handle water transport under saturation, causing uniform downward water movement. The silt content in the soil significantly affects the formation of heterogeneous matrix flow and fingering.
TABLE 6 | Correlation between macropore flow type and soil properties.
[image: Table 6]4 DISCUSSION
4.1 Dye patterns: hydrometeorological controls on preferential flow
Image analysis revealed distinct spatial heterogeneity in macropore flow characteristics across the slope profile, with differential flow classifications between slope positions. In this study, dye penetration depths consistently reached ∼400 mm, exceeding the <400 mm staining depth recorded under 250 mm simulated rainfall in Mount Maka (Zhang and Xu, 2016). Dye-tracing experiments demonstrated contrasting preferential flow penetration depths across ecosystems: 55 cm under 40 mm rainfall in Finland’s forested slopes (Laine-Kaulio et al., 2015) versus 300 mm with 88 mm rainfall in Chinese loess plantations (Mei et al., 2018). These studies collectively indicate that staining depth is governed by rainfall intensity and vegetation-soil interactions. In our silt loam slope, measured dye depths (∼400 mm) aligned with Grant et al. (2019), who reported 433–632 mm penetration in silt loam with no moisture-dependent variation. Preferential flow occurrence in this region exhibits strong hydrometeorological dependence, the average occurrence probability is 41%, surging to 71% when the rainfall events exceed 20 mm (Hu et al., 2019). This rainfall-intensity modulation amplifies with antecedent soil moisture, as demonstrated by Peng et al. (2016b) who documented 17.9%–74.3% frequency variations controlled by storm characteristics (amount/duration/intensity). Our measurements align with this pattern, showing 56.6%–74.8% preferential flow when soil moisture reached 40%–50%. Such moisture thresholds likely reflect macropore network interactions that elevate hydraulic pressure gradients, driving matrix-to-macropore water redistribution (Nieber and Sidle, 2010).
4.2 Slope position modulates preferential flow pathways
In our study, according to the applied quantification schemes, the flow at upslope position is less preferential compared to the mid-slope and downslope direction. Study on the effect of slope position on the spatial distribution of soil preferential flow paths in a subtropical evergreen broad-leaved forest area revealed that the middle slope was more likely to generate preferential flow than those at the upslope and the downslope (Li et al., 2024). The research on the slopes of tropical rainforest mountains also found that, combined with the infiltration capacity, the preferential flow increased with increasing hillslope elevation (Chen et al., 2021). While, some findings are opposite. In semiarid loess hillslopes, abundant rock fragments in the downslope locations resulted in higher preferential flow and infiltration variability (Mei et al., 2018). These results indicate that not only hillslope position but also other factors, such as soil type, properties, lithology and soil structure can influence the preferential flow (Tang et al., 2020). The multi-index evaluation of the entire soil profile revealed that the mid-slope position had the highest silt content (73.41%), which contributed to significant shrink-swell dynamics in the soil matrix. Frequent wet-dry cycles promoted macropores genesis at this position, potentially explaining the elevated preferential flow occurrence (74.8%). The relatively stable saturated hydraulic conductivity observed at mid-slope, compared to upslope and downslope areas, likely contributed to the maximum preferential flow peak (7) and highest preferential flow fraction. Stable saturated hydraulic conductivity values enhance structural connectivity through macropores and gravel, intensifying preferential flow through hydraulically efficient pathways.
4.3 Soil porosity and particle size dictate flow interaction
The correlation analysis shows that there is a significant negative correlation between soil porosity and macropore flow with low interaction. In stony soils of a small mountain catchment, assessed via Poiseuille’s equation, the number of macropores decreased with soil depth (Hlaváciková et al., 2019), which may be the direct reason for the decrease of macropore flow interaction with depth. Table 1 indicates that as the soil depth increases, the soil porosity decreases. Correspondingly, Table 5 shows that as the soil depth increases, the proportion of macropore flow with high interaction decreases, while the proportion of macropore flow with low interaction increases. The relationship between particle size and preferential flow revealed that in clay loam or sandy clay loam soil, they were prone to macropore and finger flow (Liu et al., 2021), sandy soil favours the flow of water from macropores to the surrounding sandy matrix, and that preferential flow was more prevalent in clays than in silt loams (Grant et al., 2019).
4.4 Methodological trade-offs in preferential flow quantification
The flow type profiles demonstrate the persistence of individual flow types and the prevalence of transitions between distinct flow types. Furthermore, they reveal both differences and similarities among the experiments (Weiler and Flühler, 2004). Traditional digital image analysis is well suited for visualizing and quantifying water infiltration into soil (Persson, 2005), thereby identifying various infiltration mechanisms in the soil, but cannot be directly used to distinguish the different flow processes of each soil layer (Weiler and Naef, 2003). This paper combines the evaluation indicators extracted from the dye tracer image and the preferential flow path classification standard proposed by Weiler and Flühler (2004) to identify and classify the preferential flow. Quantifying preferential flow using a dye tracer experiment, various sources contributed to the overall error. The detailed examination of the precision of various correction methodologies and their consequences on outcomes remains unexplored. Moreover, the selection of camera, lens, and camera settings plays a pivotal role in determining image quality, which subsequently impacts the accuracy with which preferential flow is evaluated (Persson, 2005). The results calculated by the preferential flow fraction (Equation 2) indicate that the proportion of preferential flow is 56.6% on the upper slope, 74.8% on the middle slope, and 67.5% on the lower slope. This index is relatively single. Thus, we evaluated the preferential flow through seven indexes. Among them, the length index, peak value, and coefficient of variation are all related to the heterogeneity of the stained images. Since the preferential flow is a non-uniform flow, the staining changes in the regions through which it flows are more obvious. These three indexes can accurately reflect the degree of change in the staining patterns among different soil layers. The larger the preferential flow evaluation index value obtained based on multiple indexes is, the higher the development degree of the preferential flow will be. The preferential flow evaluation index derived through the standardized treatment of indexes and the mean square deviation analysis method can only evaluate the relative development among different slope positions and cannot quantify the proportion of preferential flow in the soil. On the other hand, the multi-index evaluation method is an overall evaluation of the stained area and can reflect the development of the degree of the preferential flow in soil. However, it cannot reflect the interaction between the preferential flow and the soil during infiltration process due to a lack of rigorous calibration when conducted the dye tracer experiment. Flow type classification can make up for this deficiency. By calculating the staining width and staining proportion of each soil layer (at the pixel level), the macropore flow was divided into five types. Through flow type classification, the relationship between macropore flow and the soil matrix was further investigated. Finally, the flow type classification method shows that the proportion of macropore flow is 79.31% on the upper slope, 86.88% on the middle slope, and 95.31% on the lower slope. Our findings indicate that the occurrence of heterogeneous matrix flow and fingering flow in the forest topsoil during infiltration processes is primarily driven by spatial variations in soil texture, water repellency, and flow instability (Weiler and Flühler, 2004). Textural analysis across soil horizons revealed that the silt percentage in the 0–10 cm layer at three slope positions consistently exceeded that in the 10–30 cm layer. This vertical textural differentiation establishes a soil structure with finer-textured horizons overlying coarser-textured substrates, creating a positive matric potential gradient at the interface that promotes flow instability and subsequent fingering development (Baker and Hillel, 1990; Selker et al., 1992).
However, the proportion of preferential flow obtained by the preferential flow classification method is higher than that by the multi-index method. The main reason lies in the difference in the scale of analysis. In the multi-index evaluation method, the proportion of preferential flow is derived by subtracting the dyed area of the matrix flow region from the dyed area of the entire profile. The calculation process is relatively straightforward and reflects more the overall summative effect of the profile. During the operations such as large-scale integration and averaging at the macroscopic level, the advantages of local macropore flow will be weakened. In contrast, the preferential flow classification method takes the dyed width as the core judgment basis, it can precisely capture macropore flow at the microscopic level by carrying out analysis at the soil layer scale (pixel level). Consequently, it is more likely to present higher values in the results. By combining these two methods, the characteristics of macropore flow and its interaction with the soil matrix can be judged more accurately.
4.5 Limitations: lateral vs. vertical preferential flow dynamics
The limitations of the current study is the relationship between slope lateral preferential and vertical preferential flow. A pivotal challenge within hillslope hydrology lies in the conceptual framing and parameterization of the impacts exerted by lateral preferential flow (Weiler and McDonnell, 2007). Current research indicates that as the input intensity increases at sites with comparatively large macropores, the production of vertical preferential flow also intensifies, whereas the contribution of parallel macropores to slope runoff remains minimal (Buttle and McDonald, 2002). In relation to soil structure, subsurface lateral preferential flow typically arises when percolating water within a soil profile encounters a hydrologically constraining layer, for instance, an impeding soil stratum, a soil profile characterized by differing textures, or a bedrock of low permeability (Guo et al., 2014). With regards to soil moisture content and rainfall intensity, lateral flow generation was observed exclusively when the soil’s large storage capacity became saturated in conjunction with a minimum precipitation event exceeding a specific threshold amount (Todd et al., 2010). What’s more, from the perspective of research methods, dye tracer experiment are more direct for visualizing vertical preferential flow than lateral preferential flow. Hydrological connectivity resulting from such pathways may be overlooked unless a pronounced diffusion phenomenon is observed at a greater depth. This type of lateral hydrological connectivity is characterized by its instability and complexity (Dai et al., 2020). The intricate characteristics of lateral preferential flow, coupled with the absence of a suitable investigation methodology, have posed obstacles to direct observation of this phenomenon in the field (Guo et al., 2014).
5 CONCLUSION
In this study, the characteristics of preferential flow on the slope and the relationship between macropore flow and soil properties were determined through the multi-index evaluation method and the macropore flow classification method. The details are as follows:
(1) The multi-index analysis method shows that the infiltration depth of preferential flow is 400 mm, while that of the average uniform infiltration depth is 56.6 mm. It showed no significant difference from the average uniform infiltration depth of 56.6 mm obtained using the 80% stained area ratio. The proportion of the preferential flow component is 56.6% on the upper slope, 74.8% on the middle slope, and 67.5% on the lower slope. Through comprehensive analysis with multiple indexes, it is found that the level of preferential flow on the middle slope is higher than that on the upslope and downslope. The main reason is that the weights of the peak value, the stained area, and the stable infiltration depth are relatively high.
(2) The results of macropore flow classification show that the macropore flow at the three slope positions is mainly dominated by macropore flow with mixed interaction. As the elevation decreases, the proportion of macropore flow gradually increases. Specifically, the proportion of macropore flow is 79.31% on the upslope, 86.88% on the mid-slope, and 95.31% on the downslope. With the increase in the depth of the soil layer, the proportion of macropore flow with low interaction increases, and the interaction between macropore and the surrounding matrix soil decreases. Correlation analysis shows that macropore flow with low interaction has a significant negative correlation with soil volumetric water content and porosity, and a significant positive correlation with soil bulk density. Macropore flow with high interaction has a significant positive correlation with soil volumetric water content. Matrix flow and fingering have a significant positive correlation with the silt content in soil texture. Matrix flow has a significantly positive correlation with soil saturated hydraulic conductivity.
(3) The multi - index method and preferential flow classification method differ in analysis scales. The multi - index method gets the preferential flow proportion by subtracting the matrix flow dyed area from the whole profile dyed area. It is one sided in depicting preferential flow features and cannot well portray its dynamic changes in soil. In contrast, the preferential flow classification method, by calculating the proportion of different dyed widths at the pixel level, can more accurately judge macropore flow characteristics and its relationship with the soil matrix.
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