Preferential flow characteristic and flow types
[bookmark: OLE_LINK3][bookmark: OLE_LINK2][bookmark: OLE_LINK15]Assessment of the preferential flow characteristic and flow types on a slope in a small headwater catchment
Yi Du1, Xiaoyan Wang1*, Dorit Julich2, Zhe Nan1
 1 College of Resources, Environment ＆ Tourism, Capital Normal University, Beijing 100048, China
2 Institute of Soil Science and Site Ecology, TU Dresden, Pienner Str. 19, 01737 Tharandt, Germany
* Correspondence: Xiaoyan Wang, Capital Normal University, China. Email: wangxy@cnu.edu.cn
[bookmark: _GoBack]Highlights:
The development of preferential flow at different slope positions was evaluated using multiple indexes.
The preferential flow fraction ranges from 56.6 to 74.8% on the slope and the preferential flow fraction varied at different slope positions. 
The main type of preferential flow is macropore flow with mixed interaction.
Combining the multi-index method and the preferential flow classification method can better explain the preferential flow process.

[bookmark: OLE_LINK4][bookmark: OLE_LINK32][bookmark: OLE_LINK31]Abstract: Preferential flow plays an important role in soil water retention, movement, and solute transport. Heterogeneity, uncertainty, and the scale of preferential flow are the focus of current research. The multi-index method and preferential flow classification method were used to identify and quantify preferential characteristic and flow types at three points of a slope in the upstream of the drinking water supply area. Results show that the infiltration depth of the preferential flow on the hillslope is about 400mm. The preferential flow fraction of the staining profile ranges from 56.6 to 74.8%. The result of multi-index evaluation shows that the weight of the peak value of the staining area and coefficient of variation are the two indexes that have a greater influence on the preferential flow. Regarding the difference of preferential flow at different slope positions, the peak value of the staining area at mid-slope is higher and the coefficient of variation is lower, indicating that the preferential flow at mid-slope is more developed than at upslope and downslope. The results of the quantitative analysis of preferential flow types show that the dyeing depth can be divided into three parts with two dividing points at 100 and 275 mm due to the distribution of stain width. The main type is macropore flow, especially macropore flow with mixed interaction, accounting for 49.8, 52.2, and 61.3% at upslope, mid-slope and downslope locations, respectively. The interaction between macropores gradually decreases with increasing soil depth and increasing elevation. As for the factors influencing preferential flow type, correlation analysis found that the higher the soil moisture content, the stronger the interaction between macropores. Influenced by bulk density, saturated conductivity, and porosity, matrix flow in the soil is relatively stable with a depth of approximately 10 cm. The results can provide a reference for the subsequent research on the preferential infiltration mechanism on different slope positions and the transport characteristics of water and nutrients.
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1. Introduction
[bookmark: OLE_LINK36][bookmark: OLE_LINK35]Preferential flow of water in a soil is a concept of soil hydrology, and a common form of soil water movement. Increasing attention has been paid to preferential flow in recent years due its the important influence on solute transport (Makowski et al., 2020; Simard et al., 2000; Toor et al., 2005) and hydrological response (Beven and Germann, 2013, 1982; Jarvis, 2007). At present, there is no unified concept of preferential flow, and different scholars have put forward different concepts of preferential flow from different perspectives. First, based on the phenomenon, preferential flow is described in terms of rapid downward migration of water through macropores and bypassing the soil matrix (Beven and Germann, 1982). This concept narrowly attributes preferential flow to macropore flow. Secondly, 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 (Hendrickx and Flury, 2001). The third concept is from the perspective of scale quantification. Through the review of the preferential flow quantification technology, it is proposed that the preferential flow is water (together with dissolved and suspended matter), which accounts for a small proportion of the total pore network, but this proportionis larger than the micro scale (Fox et al., 2013).The phenomenon consist of transmission in multiple pores. This view puts forward insights on preferential flow from the perspective of a spatial network scale comparison. At present, hydrologists generally think that preferential flow is a kind of soil water movement where water or solution bypasses the porous matrix of soil and moves through a certain path in the soil, which has spatial and temporal heterogeneity (Demand et al., 2019; Guo and Lin, 2018). 
[bookmark: OLE_LINK26][bookmark: OLE_LINK25][bookmark: OLE_LINK48][bookmark: OLE_LINK47][bookmark: OLE_LINK17]Subsurface flow in hill-slopes dominates the hydrological regime, preferential flow differs from surface runoff in that it flows through porous media at a rate lower than that of surface runoff (Anderson et al., 2009; Jarvis, 2007). Different from underground runoff, it has a high confluence velocity (Luo et al., 2010; Morales et al., 2010). A large number of studies have shown that preferential flow is ubiquitous in almost all soils and landscapes, showing heterogeneity at different spatial and temporal scales (Demand et al., 2019; Legout et al., 2009; Mälicke et al., 2019; Wiekenkamp et al., 2016). At present, research on the preferential flow mainly focuses on the formation mechanism and influencing factors. Various factors are divided into two groups according to variability over time (Guo and Lin, 2018). One group is spatial factors that have little change with time, including soil structure, soil properties, topography and geological background (Wiekenkamp et al., 2016). The generation of preferential flow is mainly affected by soil texture, soil porosity, soil hydraulic properties and other factors (Demand et al., 2019; Luo et al., 2010). Compared with silt loam soil, dye penetrated deeper into clay soils via macropores and had lower interaction with the soil matrix (Grant et al., 2019). Macropore diameter has strong positive correlation with PF at the trench scale and it is the first control on PF which implied large diameter associated with strong PF (Gao et al., 2018). A closer formation of soil macropores would increase the magnitude and amount of PF pathways (Kung et al., 2000; Weiler, 2017). The second factor is temporal factors which are greatly affected by time changes, including chemical environment (Bogner et al., 2012), land use and land cover (Demand et al., 2019), initial soil moisture conditions (Grant et al., 2019; Peng et al., 2016a) and input water characteristics (Edwards et al., 2010; Wiekenkamp et al., 2016). With respect to land cover, in agroforestry and forest systems, preferential flow was dominant compared to matrix flow (Bargués Tobella et al., 2014; Benegas et al., 2014). Previous research has shown that preferential flow has a strong dependence on the initial soil water content (Demand et al., 2019). Research on the dominant control factors for PF has shown that rainfall intensity have significant positive correlation with PF indicating the preferential flow path is a dynamic variable (Gao et al., 2018). The complex interactions among the various control factors indicate that the preferential flow mechanism in the soil is complex. Based on these complex relations, a given control factor can have both short-term and long-term effects on the preferential flow. Under the comprehensive influence of soil texture and soil moisture, the infiltration depth of PF is different in silt loam soil and clay soil, and the degree of influence is also different (Grant et al., 2019).
Despite increasing attention and research efforts on the formation mechanism and influencing factors, quantitative analysis of the developmental characteristics and types of preferential flow in headwater area is inadequate. There is only a small number of available results describing the identification and quantification of PF in headwater area(Hu et al., 2019; Peng et al., 2016a; Sohrt et al., 2018; Wiekenkamp et al., 2016). Dye tracer experiments which can directly visualize flow paths in soils has become a standard tool for characterizing preferential flow (Widemann and Bogner, 2012). The image processing process of the staining tracer experiment can definitely show the difference of the staining path of the preferential flow, but it cannot quantitatively show the difference of the type of the preferential flow. Therefore, on the basis of analyzing the staining path, we need to further understand the type of the preferential flow. With the dye tracer method, infiltration patterns are evaluated based dye coverage distributions and preferential pathways types are defined by stained pathways widths (Alaoui et al., 2011; Bargués Tobella et al., 2014; Weiler and Flühler, 2004). 
[bookmark: OLE_LINK16]Based on existing research progress, we therefore aimed to test the hypothesis that preferential flow has some difference at different positions on a slope by identifying and quantifying the preferential flow types on different positions of a slope. Specifically, the objectives of this experimental investigation were to (1) quantitatively assess the preferential flow characteristics on a slope according to image analysis and stained path width (SPW); (2) reveal the characteristics of preferential flow at different slope positions; and (3) identify the influencing factors in a small watershed upstream of a drinking water reservoir. The results may offer better-suited information on the effects of spatial scale.
2. Materials and Methods
2.1 Study area
[bookmark: OLE_LINK20][bookmark: OLE_LINK21]The Xitaizi experiment watershed (XEW) is in the northern mountainous area of Huairou District, Beijing, and the headwater of the Miyun Reservoir. The headwater catchments in this area often have hillslopes directly connected to streams. This connection between the stream and hillslope allows the subsurface transport of sediments directly into the streams. The watershed area is 6.7km2 and the elevation is between 676 and 1202 m. It has a semi-humid continental climate, with an annual average rainfall of 625 mm, mainly concentrated from May to September (Peng et al., 2016b; Zhao et al., 2019). Soil types are mainly brown loam, with soil thickness ranging from 0 to 1.5 m, and the rocks are mainly granite. The forest coverage rate is 98%, of which 54.2% is broad-leaved forests, 2.3% is coniferous forests, 10.5% is mixed coniferous and broad-leaved forests, and 33% is shrubs (Zhao et al., 2019). A typical hillslope in XEW was chosen as the study hillslope (named SH1, see Fig. 1). It is a north-facing hillslope at an elevation of 780–805 m a.s.l. and is covered by a broad leaf forest consisting of pure stands of Aspen. Three sampling locations were chosen at downslope, mid slope and upslope to do dye tracer experiment.
2.2 Site description
For each soil horizon, five replicates were measured and the average values are shown in Table 1. MicrotracS3500 (USA) laser particle size meter was used to test soil particle size in the laboratory. The soil bulk density was measured by 100 cm3 ring knife. The saturation conductivity was measured by constant head method and the soil volume moisture content was measured by SpectrumTDR350 (USA) in the field. Soil porosity is calculated by bulk density and soil density and the formula is: , where  is soil porosity,  is bulk density and  is soil density (assumed to be 2.65 g cm−3) (Benegas et al., 2014).
The soil is described as silty loam on this slope. Its texture consists most of silt accounting for 66.82 to 77.09%. Soil bulk density varies from 0.8 to 1.2 g cm-3. The saturated hydraulic conductivity ranges from 17.8 to 372.5 cm h-1. Porosity ranges from 55.2 to 70.3% and volumetric moisture content ranges from 39.3 to 49.5%. Soil bulk density increased with the increase in soil depth, while soil saturated conductivity, soil porosity and volumetric moisture content decreased with the increase of soil depth.
2.3 Dye tracer experiment
The dye tracer experiment was done on October 27, 2019. The litter on the surface layer was carefully cleaned up to avoid surface layer structure damage. A self-made PVC board was used to form a 1m2 square area to simulate rainfall. A pressure-controlled sprayer was used to simulate nature rainfall and eliminate the uneven distribution of the surface water head. Forty liters of brilliant blue dye tracer with a concentration of 4 g L-1 was evenly sprayed on the test area for about 1 h. No water accumulation or confluence is the standard to control the spray flow. After spraying the dye, the upper layer of the test area was cover with a waterproof plastic cloth to prevent the evaporation of water. After 24 h, the soil sections were excavated at intervals of 20 cm to a depth of 1 m, and 5 staining sections were excavated at each point as repeated controls. During excavation, boulders were moved carefully, but some boulders were too large to move and were left in place. The section was photographed with a Canon EOS 350D camera to avoid shadows caused by uneven light as much as possible.
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 noise reduction (Figure 2). In the first step, the image was corrected with DxO Optics Pro 11, and 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 mineral soil, organic soil, stones, pipes, and stained areas were then manually identified in order to enhance the image truth of the analysis. In the third step, ArcGIS10.3 was used to convert the image into a TXT file of "0,255" through raster calculator and the raster converter tool. Finally, Matlab and Excel were used to extract and calculate the feature data of preferential flow path. 

[bookmark: OLE_LINK1]2.5 Characteristic indices 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 and peak index are commonly used as the indices extracted from stained profiles (Bargués Tobella et al., 2014; Benegas et al., 2014; Dongxu et al., 2017; Zhu et al., 2020). Five 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 sections for each sampling location. 
(1) Dye coverage (DC)
DC referred to the percentage ratio of the dye stained area to the sum of dye stained and non-stained area (equation (1)).
        (1)
Where DC is the dye coverage (%), D is the dye-stained area (cm2), and ND is the non-stained area (cm2).
(2) Total stained area (TSA)
	TSA defines as the sum of the cumulative areas of all dye units as the depth increases.
(3) Uniform infiltration depth (UID)
UID is defined as the depth at which the dye coverage decreases below 80% (van Schaik, 2009). It indicates the depth to which matrix flow is prevalent.
(4) Preferential flow fraction (PFF)
PFF is defined as the fraction of the total infiltration, which flows through the preferential flow paths (equation (2)).
       (2)
where PFF is the preferential flow fraction (%),UID is the uniform infiltration depth (cm), which is multi-plied by the width of the profile (100 cm) (Benegas et al., 2014; van Schaik, 2009).
(5) Length index (LI)
	LI refers to the sum of the absolute differences between dye coverage values with depth in a profile (equation (3)). This parameter is related to the degree of heterogeneity of the dye infiltration pattern. 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 high degree of preferential flow will have high values of this parameter (Bargués Tobella et al., 2014).
       (3)
Where LI is the length index; and i represents a given depth interval (or zone) in which dye coverage (DC (%)) was calculated. and  represent the dye area ratio corresponding to layer i and layer i+1 of the soil profile.
(6) Peak value (PV)
PV is the number of times that the vertical line defined by the total dye coverage intersects the dye coverage profile. This parameter also is related to the heterogeneity of the stained patterns, with high values of the parameter indicating a high degree of preferential flow (Bargués Tobella et al., 2014).
(7) [bookmark: OLE_LINK46][bookmark: OLE_LINK41]Coefficient of variation (CV) 
CV is a measured of heterogeneity of soil profile staining (equation (4))(Dongxu et al., 2017).
       (4)
where  is the average ratio of the dye area.
2.6 Multi-index evaluation of preferential flow
In order to reflect the development degree of soil preferential flow in different slope positions and eliminate the differences between different indexes, the range method was used to standardize the preferential flow index to obtain dimensionless value, which was used to calculate the mean square deviation of each index. Finally, the weight coefficient of each index was determined by mean square error decision-making method. According to the standardized value and weight coefficient, the evaluation index of preferential flow is obtained. The result obtained is a synthesis of all indexes, which can directly reflect the development degree of the soil preferential flow. The higher the value, the higher the development degree of the preferential flow.
Index normalization：

      （5）






Where, is the standardized value of the index;  is the actual value of the preferential flow index; is the maximum value of the index;  is the minimum value of the index； is the ordinal number of data for a given indicator,  is the number of indicators.

[bookmark: OLE_LINK11]The mean of the normalized index ：

   （6）

Mean square deviation of each index ：

  （7）

Calculate the weight coefficient of each index ：

  （8）

Preferential flow evaluation index ：

  （9）

2.7 Classification of preferential flow
Preferential flows were classified into five different types using stained path width (SPW) profiles (Table 2) (Weiler and Flühler, 2004). Three of them are related to macropore flow, including macropore flow 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 the lateral water flow from a macropore into the surrounding soil matrix. SPW was classified into three classes including less than 20mm, 20 to 200mm and more than 200mm (Weiler and Naef, 2003). The category less than 20 mm represents flow pathways where the dyed solution flows primarily in macropores with only minor penetration into the surrounding matrix.

3. Results
3.1 Analysis of preferential flow staining images 
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]The visual analysis of flow patterns was conducted qualitatively based on the generated binary images. Dye stained areas were defined as preferential flow region, whereas non-stained area represents bypassed soil matrix (Julich et al., 2017). Figure 3 reveals that the soil preferential flow dyeing depth is similar at three locations on the slope. A pronounced staining of the upper soil layer was observed for all the positions. The dye depth is about 400 mm and the dyeing 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 sections from 0 to 400 mm, upslope has higher dye coverage, i.e., total stain area is 1962 mm2, accounting for 49%,where mid-slope and downslope have lower dye coverage, total stain areas are 1880 and 1917 mm2, accounting for 47 and 48% respectively. But overall the differences in the total staining areas are not substantial.
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. Uniform infiltration depth indicates that there is a high matrix flow at upslope. Accordingly, the result of the preferential flow fraction is opposite to that of the uniform infiltration depth. 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 high length index and peak value represent a high degrees of preferential flow development. Thus, the development of preferential flow at mid-slope is better than upslope and down-slope. At mid-slope, the LI and PV are 431 and 7, respectively. 
3.2 Multi-indicator evaluation 
The PFF and UID represent preferential flow and matrix flow, respectively. LI and PV here indicate the heterogeneity of the flow pattern compared to the other slope positions. At mid-slope, there are 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). Figure 4 shows that uniform infiltration depth and preferential flow fraction have some differences at mid-slope and upslope while down-slope has no significant difference with the other two sites. The uniform infiltration depth at upslope has the highest value and dispersion 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.
The calculation results of the standardized mean value, mean square deviation and weight coefficient of each indicator are shown in Table 3. It can be seen that the weight of peak value (0.31) and coefficient of variation (0.21) is higher when evaluating the development degree of the preferential flow, indicating that the two indexes have a greater influence on the preferential flow. However, the distribution of 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.
There are 5 soil profiles at each slope position. The soil preferential flow index at different slope position 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 up slope is between 0.34 and 0.76, with the minimum mean value of 0.60 and standard deviation of 0.14. At mid slope, the evaluation index of the preferential flow was between 0.61 and 0.85, with an average value of 0.69 and a standard deviation of 0.10. The evaluation index of preferential flow at down slope ranged from 0.54 to 0.96, with an average value of 0.65 and a standard deviation of 0.16. Thus, it could be concluded that the preferential flow developed best at mid slope followed by down slope. And the development degree of preferential flow at up slope was the lowest.
3.3 Classification of preferential flow
[bookmark: OLE_LINK23][bookmark: OLE_LINK22]The SPW profile per experiment is derived by combining all vertical dye patterns of each experiment. What is striking in Figure 5 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. Depending on the depth, the preferential flow width can be divided into three parts with dividing points at 100 and 275 mm. In the depth ranges of 0-100 mm, the PFW greater than 200 mm has a certain advantage, but the advantage downslope is lower. In the range of 100 to 275 mm, the preferential flow with width of 20 to 200mm is absolutely dominant. When the soil depth is greater than 275 mm the dye width mainly is less than 20 mm and preferential flow with a width greater than 200 mm seldom occurs.
According to the stained path width, preferential flow was classified into five types including homogeneous matrix flow, heterogeneous matrix flow and fingering, macropore flow with high interaction, macropore flow with mixed interaction, and macropore flow with low interaction. Both matrix flow and preferential flow occurred at the three locations. Matrix flow, when present, occurred in the top 50mm of the soil profile and no matrix was observed below this in either soil texture. Figure 6a show that the preferential flow changes from matrix flow to macroporous flow with the increase of depth, and the interaction between macropores decreases gradually. As the depth increases, the types of preferential flow are more dispersed especially at downslope. Preferential flow with mixed interaction firstly alternates with the preferential flow with high interaction, and then alternates with the preferential flow with low interaction. At mid-slope and upslope, macropore flow with mixed interaction is relatively homogeneously distributed.
[bookmark: OLE_LINK10][bookmark: OLE_LINK9][bookmark: OLE_LINK19][bookmark: OLE_LINK18][bookmark: OLE_LINK37][bookmark: OLE_LINK38]Figure 6 (b) shows macropore flow especially with mixed interaction dominates the preferential flow on the slope and matrix flow is less prevalent. The total percentage of matrix flow increases with the increase of elevation, accordingly accounting for 4.7, 13.2 and 18.8%, respectively. Accordingly, preferential flow accounts for 95.3, 86.8, and 81.2% when moving up the slope. The proportion of macropore flow with high interaction decreases with elevation. At the downslope location，it accounts for 22.1% and there is almost no macropore flow with high interaction at the upslope location accounting for only 0.6%. The proportion of macropore flow with mixed interaction increases with elevation, accounting for 49.8, 52.5, and 61.3% at downslope, mid-slope and upslope locations, respectively.
3.4 The potential relationship between preferential flow types and soil properties
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]According to the soil layer, PF types were calculated in each layer. Pearson correlation analysis (Table 5) was conducted on the relationship between the percentage of PF types and soil properties after normal distribution test. In the current study, it can be seen that there is a significant positive correlation between soil moisture content and macropore flow with high interaction while there is a significant negative correlation between soil moisture content and macropore flow with low interaction. That is, the higher the soil moisture content, the stronger the interaction between macropores. Soil properties except moisture are stable parameters. Soil bulk density and porosity only had significant correlation with macropore flow with low interaction. Saturated conductivity had significant positive correlation with homogeneous matrix flow, which indicates that the matrix flow occurs when saturated conductivity is high, meaning the soil can transport high amount of water under saturated condition. This fits because big pores are dominantly responsible for water transport under saturated conditions resulting in a more or less homogeneously distributed water downward movement. Soil texture can influence the generation of flow type. In this study, the content of silt in soil has a significant effect on the formation of the heterogeneous matrix flow and fingering.  

4. Discussion
[bookmark: OLE_LINK29][bookmark: OLE_LINK30]The preferential flow characteristics are mainly obtained from the image processing results, which show that a clear difference of PF characteristic and PF classification was observed on the slope. In this study, the dye depth at the three positions was about 400 cm influenced by soil texture. The stained depth is similar with the existing results. The soil is described as silt loam on this slope in this paper. Studies have reported that depth of staining did not differ between wet and dry silt loam ranging from 43.3 cm to 63.2 cm (Grant et al., 2019). The research results of preferential flow in forests and grasslands show that the soil has a high content of clay particles and a compact structure (Alaoui et al., 2011). The clay delays the process of water entering the macropores and reduces the occurrence of preferential flow. For soils with high sand content, the structure is loose, and the time for water to flow into the macropores is shorter, and sand has a certain promotion effect on the occurrence of preferential flow (Mei et al., 2018). At the midslope, the sand content is 10.56% higher than other soil layers, which may be the reason for the higher preferential flow peak value (7) and higher preferential flow fraction (74.8%) at the midslope.
Previous research in the study area shows the average PF occurrence was 41%, which increased to 71% during heavy rainfall events (> 20 mm) revealing a strong influence of the amount and intensity of rainfall and preferential flow increased with antecedent soil moisture (Hu et al., 2019). In the current study, when the soil moisture is around 40% to 50%, the preferential flow fraction is about 56.6% to 74.8%, and the interaction between macropores becomes stronger as the initial moisture content increases. It may be that higher water content makes a higher water pressure threshold prompting the migration of water from the soil matrix to PF pathways (Nieber and Sidle, 2010). In this research area, the study of soil moisture content on the preferential flow shows that, the frequency of preferential flow was 40.7% in average, but varied from 17.9% to 74.3% due to the effect of rainfall amount, duration, maximum and average intensity (Peng et al., 2016a). For the preferential flow type, the number of macropores decreased with soil depth (Hlaváčiková et al., 2019), that’s the direct reason for the decrease of macropores flow interaction with depth.
[bookmark: OLE_LINK40][bookmark: OLE_LINK13][bookmark: OLE_LINK14]The flow type profiles illustrate the continuity of each flow type and a frequently occurring transition from a specific flow type to another one, but also differences and similarities for the experiments (Weiler and Flühler, 2004). Traditional digital image analysis is well suited for visualizing and quantifying water infiltration into soil (Stadler et al., 2000), 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 Flühler, 2004). This paper combines the evaluation indicators extracted from the dye tracer image and the preferential flow path classification standard proposed by Weiler (2004) to identify and classify the preferential flow. Quantifying preferential flow by dye tracer experiment, there are various sources contributed to the overall error. The accuracy of different correction procedures and their influence on the results has not been studied in detail. The choice of camera, lens, and camera setting is also fundamental to the image quality, and thus influence the accuracy of the evaluation of preferential flow (Persson, 2005). In addition, the error in the sampling process mainly comes from uneven color due to the unevenness of cross-section and section shadow caused by uneven lighting. While, these error are more likely to be successfully controlled in the experiment. Adopting a better sampling of strategy might help to avoid non-representative sampling of the unstained portion of the soil. Series of photographs with varying exposure should help to avoid pictures with too little contrast, and the differences in the brightness of the background and the color tinges of the photographs might be eased or even averted by illuminating the soil by artificial light.
5. Conclusions
[bookmark: OLE_LINK12]The characteristic and flow types of preferential flow were estimated by combining multi-index method and preferential flow classification method at three sites on a slope. The soil preferential flow dyeing depth is similar at three locations on the slope. The dyeing area decreases with the depth and the dyeing depth is about 400mm. Compared with the downslope and upslope, the peak value and preferential flow fraction at mid-slope is higher and the coefficient of variation is lower, indicating that the development of the preferential flow is better. The preferential flow fraction varied from 56.6% to 74.8% on the slope. The result of multi-index evaluation shows that the development of preferential flow at the middle and down slope is better than that at the up slope. The weight of peak value and coefficient of variation are the two indexes which have a greater influence on the preferential flow. The preferential flow types of different soil layers are different. According to the stained depth, the preferential flow width can be divided into three parts with dividing point at 100mm and 275mm. Macropore flow especially with mixed interaction dominant the preferential flow on the slope, accounting for 49.8%, 52.2% and 61.3% at upslope, mid-slope and downslope, respectively. Soil properties can influence the generation of preferential flow types. Correlation analysis demonstrates that the higher the soil moisture content, the stronger the interaction between macropores. Influenced by bulk density, saturated conductivity and porosity, matrix flow in the soil is relatively stable with a depth approximately 10cm. The results of this study lay the foundation for future research on runoff generation types and discharges on hillsides.
Acknowledgements
[bookmark: OLE_LINK24]The authors’ list has been determined based on a Sequence Determines Credit (SDC) approach. Funding for this research has been provided by the National Key Research and Development Program (No. 2018YFD0800902), the Beijing Natural Science Fund - Beijing Municipal Education Commission jointly funded key projects (KZ201810028047), National Natural Science Foundation of China (41271495), and the Sino-German PPP program (China Scholarship Council and German Academic Exchange Service). Special thanks to Tsinghua University for providing the Xitaizi Clean small watershed.
Data Availability Statement
The data that support the findings of this study are available on request from the corresponding author. The data are not publicly available due to privacy or ethical restrictions.
Reference
Alaoui, A., Caduff, U., Gerke, H.H., Weingartner, R., 2011. Preferential flow effects on infiltration and runoff in grassland and forest soils. Vadose Zo. J. 10, 367–377. https://doi.org/10.2136/vzj2010.0076
Anderson, A.E., Weiler, M., Alila, Y., Hudson, R.O., 2009. Dye staining and excavation of a lateral preferential flow network. Hydrol. Earth Syst. Sci. 13, 935–944. https://doi.org/10.5194/hess-13-935-2009
Bargués Tobella, A., Reese, H., Almaw, A., Bayala, J., Malmer, A., Laudon, H., Ilstedt, U., 2014. The effect of trees on preferential flow and soil infiltrability in an agroforestry parkland in semiarid Burkina Faso. Water Resour. Res. 50, 3342–3354. https://doi.org/10.1002/2013WR015197
Benegas, L., Ilstedt, U., Roupsard, O., Jones, J., Malmer, A., 2014. Effects of trees on infiltrability and preferential flow in two contrasting agroecosystems in Central America. Agric. Ecosyst. Environ. 183, 185–196. https://doi.org/10.1016/j.agee.2013.10.027
Beven, K., Germann, P., 2013. Macropores and water flow in soils revisited. Water Resour. Res. https://doi.org/10.1002/wrcr.20156
Beven, K., Germann, P., 1982. Macropores and water flow in soils. Water Resour. Res. 18, 1311–1325. https://doi.org/10.1029/WR018i005p01311
Bogner, C., Borken, W., Huwe, B., 2012. Impact of preferential flow on soil chemistry of a podzol. Geoderma 175–176, 37–46. https://doi.org/10.1016/j.geoderma.2012.01.019
Demand, D., Blume, T., Weiler, M., 2019. Relevance and controls of preferential flow at the landscape scale. Hydrol. Earth Syst. Sci. Discuss. 1–37. https://doi.org/10.5194/hess-2019-80
Dongxu, Z., Hongjiang, Z., Jinhua, C., 2017. Quantitative Analysis of Preferential Flow in Slope Farmland Soils Based on Multi-index Evaluation and Fractional Dimension. Trans. CSAE 48, 214–220. https://doi.org/10． 6041 /j． issn． 1000-1298． 2017． 12． 025
Edwards, W.M., Shipitalo, M.J., Owens, L.B., Dick, W.A., 2010. Factors Affecting Preferential Flow of Water and Atrazine through Earthworm Burrows under Continuous No-Till Corn. J. Environ. Qual. 22, 453. https://doi.org/10.2134/jeq1993.00472425002200030008x
Gao, M., Li, H.Y., Liu, D., Tang, J., Chen, Xingyuan, Chen, Xi, Blöschl, G., Ruby Leung, L., 2018. Identifying the dominant controls on macropore flow velocity in soils: A meta-analysis. J. Hydrol. 567, 590–604. https://doi.org/10.1016/j.jhydrol.2018.10.044
Garey A Fox, Daniel E Storm, Chad J Penn, Aaron R Mittelstet, Derek M Heeren, Ron B Miller, 2013. Impact of Preferential Flow Paths on Alluvial Groundwater Flow Patterns and Phosphorus Transport. https://doi.org/10.13031/2013.29714
Grant, K.N., Macrae, M.L., Ali, G.A., 2019. Differences in preferential flow with antecedent moisture conditions and soil texture: Implications for subsurface P transport. Hydrol. Process. 33, 2068–2079. https://doi.org/10.1002/hyp.13454
Guo, L., Lin, H., 2018. Addressing Two Bottlenecks to Advance the Understanding of Preferential Flow in Soils. Adv. Agron. 147, 61–117. https://doi.org/10.1016/bs.agron.2017.10.002
Hendrickx, J.M.H., Flury, M., 2001. Uniform and preferential flow mechanisms in the vadose zone. Concept. Model. flow Transp. Fract. vadose Zo. Washington, DC.
Hlaváčiková, H., Holko, L., Danko, M., Novák, V., 2019. Estimation of macropore flow characteristics in stony soils of a small mountain catchment. J. Hydrol. 574, 1176–1187. https://doi.org/10.1016/j.jhydrol.2019.05.009
Hu, H., Wen, J., Peng, Z., Tian, F., Tie, Q., Lu, Y., Khan, M.Y.A., 2019. High-frequency monitoring of the occurrence of preferential flow on hillslopes and its relationship with rainfall features, soil moisture and landscape. Hydrol. Sci. J. 64, 1385–1396. https://doi.org/10.1080/02626667.2019.1638513
Jarvis, N.J., 2007. A review of non-equilibrium water flow and solute transport in soil macropores: Principles, controlling factors and consequences for water quality. Eur. J. Soil Sci. 58, 523–546. https://doi.org/10.1111/j.1365-2389.2007.00915.x
Julich, D., Julich, S., Feger, K.H., 2017. Phosphorus fractions in preferential flow pathways and soil matrix in hillslope soils in the Thuringian Forest (Central Germany). J. Plant Nutr. Soil Sci. 180, 407–417. https://doi.org/10.1002/jpln.201600305
Kung, K.-J.S., Steenhuis, T.S., Kladivko, E.J., Gish, T.J., Bubenzer, G., Helling, C.S., 2000. Impact of Preferential Flow on the Transport of Adsorbing and Non-Adsorbing Tracers. Soil Sci. Soc. Am. J. 64, 1290–1296. https://doi.org/10.2136/sssaj2000.6441290x
Legout, A., Legout, C., Nys, C., Dambrine, E., 2009. Preferential flow and slow convective chloride transport through the soil of a forested landscape (Fougères, France). Geoderma 151, 179–190. https://doi.org/10.1016/j.geoderma.2009.04.002
Luo, L., Lin, H., Schmidt, J., 2010. Quantitative Relationships between Soil Macropore Characteristics and Preferential Flow and Transport. Soil Sci. Soc. Am. J. 74, 1929–1937. https://doi.org/10.2136/sssaj2010.0062
Makowski, V., Julich, S., Feger, K.H., Breuer, L., Julich, D., 2020. Leaching of dissolved and particulate phosphorus via preferential flow pathways in a forest soil: An approach using zero-tension lysimeters. J. Plant Nutr. Soil Sci. 183, 238–247. https://doi.org/10.1002/jpln.201900216
Mälicke, M., Hassler, S., Blume, T., Weiler, M., Zehe, E., 2019. Soil moisture: variable in space but redundant in time. Hydrol. Earth Syst. Sci. Discuss. 1–28. https://doi.org/10.5194/hess-2019-574
Mei, X., Zhu, Q., Ma, L., Zhang, D., Wang, Y., Hao, W., 2018. Effect of stand origin and slope position on infiltration pattern and preferential flow on a Loess hillslope. L. Degrad. Dev. https://doi.org/10.1002/ldr.2928
Morales, V.L., Parlange, J.Y., Steenhuis, T.S., 2010. Are preferential flow paths perpetuated by microbial activity in the soil matrix? A review. J. Hydrol. 393, 29–36. https://doi.org/10.1016/j.jhydrol.2009.12.048
Nieber, J.L., Sidle, R.C., 2010. How do disconnected macropores in sloping soils facilitate preferential flow? Hydrol. Process. 24, 1582–1594. https://doi.org/10.1002/hyp.7633
Peng, Z., Hu, H., Tian, F., Tie, Q., Zhao, S., 2016a. Impacts of rainfall features and antecedent soil moisture on occurrence of preferential flow: A study at hillslopes using high-frequency monitoring. Hydrol. Earth Syst. Sci. Discuss. 1–22. https://doi.org/10.5194/hess-2016-112
Peng, Z., Tian, F., Hu, H., Zhao, S., Tie, Q., Sheng, H., Darnault, C., Lu, H., 2016b. Spatial variability of soil moisture in a forest catchment: Temporal trend and contributors. Forests 7, 1–19. https://doi.org/10.3390/f7080154
Persson, M., 2005. Accurate Dye Tracer Concentration Estimations Using Image Analysis. Soil Sci. Soc. Am. J. 69, 967–975. https://doi.org/10.2136/sssaj2004.0186
Simard, R.R., Beauchemin, S., Haygarth, P.M., 2000. Potential for preferential pathways of phosphorus transport. J. Environ. Qual. 29, 97–105. https://doi.org/10.2134/jeq2000.00472425002900010012x
Sohrt, J., Puhlmann, H., Weiler, M., 2018. Phosphorus transport in lateral subsurface flow at forested hillslopes. SOIL Discuss. 1–20. https://doi.org/10.5194/soil-2018-13
Stadler, D., Sta¨hli, M., Aeby, P., Flu¨hler, H., 2000. Dye Tracing and Image Analysis for Quantifying Water Infiltration into Frozen Soils. Soil Sci. Soc. Am. J. https://doi.org/10.2136/sssaj2000.642505x
Toor, G.S., Condron, L.M., Cade-Menun, B.J., Di, H.J., Cameron, K.C., 2005. Preferential phosphorus leaching from an irrigated grassland soil. Eur. J. Soil Sci. 56, 155–167. https://doi.org/10.1111/j.1365-2389.2004.00656.x
van Schaik, N.L.M.B., 2009. Spatial variability of infiltration patterns related to site characteristics in a semi-arid watershed. Catena. https://doi.org/10.1016/j.catena.2009.02.017
Weiler, M., 2017. Macropores and preferential flow—a love-hate relationship. Hydrol. Process. 31. https://doi.org/10.1002/hyp.11074
Weiler, M., Flühler, H., 2004. Inferring flow types from dye patterns in macroporous soils. Geoderma 120, 137–153. https://doi.org/10.1016/j.geoderma.2003.08.014
Weiler, M., Naef, F., 2003. An experimental tracer study of the role of macropores in infiltration in grassland soils. Hydrol. Process. 17, 477–493. https://doi.org/10.1002/hyp.1136
Widemann, B.T.Y., Bogner, C., 2012. Image analysis for soil dye tracer infiltration studies. 2012 3rd Int. Conf. Image Process. Theory, Tools Appl. IPTA 2012 409–414. https://doi.org/10.1109/IPTA.2012.6469517
Wiekenkamp, I., Huisman, J.A., Bogena, H.R., Lin, H.S., Vereecken, H., 2016. Spatial and temporal occurrence of preferential flow in a forested headwater catchment. J. Hydrol. 534, 139–149. https://doi.org/10.1016/j.jhydrol.2015.12.050
Zhao, S., Hu, H., Harman, C.J., Tian, F., Tie, Q., Liu, Y., Peng, Z., 2019. Understanding of storm runoffgeneration in a weathered, fractured granitoid headwater catchment in northern China. Water (Switzerland) 11, 1–22. https://doi.org/10.3390/w11010123
Zhu, Z., Liu, B., Liu, C., Si, R., 2020. Characteristics of preferential flow and water infiltration in desert Oasis wetland. Acta Ecol. Sin. 40. https://doi.org/10.5846/stxb201901150121

image3.wmf
ij

X


oleObject4.bin

image4.wmf
max

X


oleObject5.bin

image5.wmf
min

X


oleObject6.bin

image6.wmf
i


oleObject7.bin

image7.wmf
j


oleObject8.bin

image8.wmf
)

(

j

G

E


oleObject9.bin

image9.wmf
å

=

=

n

1

i

ij

n

1

)

(

Z

G

E

j


oleObject10.bin

image10.wmf
)

(

j

G

s


oleObject11.bin

image11.wmf
å

=

=

n

1

i

2

ij

j

-

n

1

）

（

）

（

E

Z

G

s


oleObject12.bin

image12.wmf
j

W


oleObject13.bin

image13.wmf
å

=

=

6

1

j

j

j

j

）

σ（

）

σ（

G

G

W


oleObject14.bin

image14.wmf
FI

P


oleObject15.bin

image15.wmf
å

=

=

n

1

i

j

ij

W

Z

P

FI


oleObject1.bin

image1.wmf
min

max

min

ij

ij

-

X

X

X

X

Z

-

=


oleObject2.bin

image2.wmf
ij

Z


oleObject3.bin

