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Preferential flow refers to the specific pathways through which water flows, 
including biopores, fractures, and macropores. Soil preferential flow has become 
increasingly important in the face of changing climates, erratic rainfall patterns, 
and for effective rainwater management. In semi-arid regions, watersheds serve 
as fundamental hydrologic units, providing a holistic perspective for the study 
of soil preferential flow. Given that limited research has been conducted on soil 
preferential flow in the dryland regions of southern India, the Hayathnagar watershed 
in Hyderabad was selected for this study. Land uses at different elevations were 
considered to systematically collect data on soil preferential flow, allowing for 
an analysis of how variations in elevation and land use influence flow dynamics 
across the landscape in the watershed. Brilliant blue tracer experiments were 
conducted at selected sites within the Hayathnagar watershed to assess soil 
preferential flow and investigate the subsurface movement of water across three 
land uses (cropped, fallow, and forest) under varying elevations. Vertical profile 
images were captured using a Canon EOS 1300D digital camera, producing high-
resolution images (5184 × 3456 pixels). These digital images were then processed 
using ArcGIS 10.3 and ImageJ. The presence of preferential flow was clearly 
evident across all three different land uses and elevations within the watershed. 
The lower reach, with the least elevation, exhibited the highest dye coverage, 
correlating with greater uniform infiltration depth values. Furthermore, the middle 
reach displayed the maximum soil preferential flow, as indicated by the higher 
preferential flow fraction values, which were further justified by the preferential 
flow evaluation index. Heterogeneous matrix flow and fingering were observed 
both at the surface and sub-surface, along with macropore flow with low and 
mixed interactions. The findings and methodology of this study have significant 
implications for understanding preferential flow in diverse watersheds across 
the region. By enhancing our understanding of soil–water dynamics and flow 
patterns within the soil profile, this research contributes to the development of 
effective water management strategies in such areas.
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Introduction

Dryland ecosystems, which cover 41% of the Earth’s surface, are 
sensitive to natural and anthropogenic disturbances and exert 
significant effects on the Earth’s climate through land–atmosphere 
interactions (Kimura and Moriyama, 2024). This ecosystem is 
constantly expanding with a growing population facing limited 
natural resources for production and sustainability. Soil 
hydrodynamics in these landscapes play an important role in efficient 
water use and management. Soil and water management is a solution 
for drylands to address national efforts to neutralize land degradation 
(Badapalli et al., 2021; Anusha et al., 2023).

The critical problems faced by dryland regions are shallow soil, 
large sections of rocks, and water movement within the soil (Anusha 
et al., 2023). The absorption of water into the soil, its redistribution 
into the soil matrix, and the rapid vertical and lateral movement of 
water along the proposed routes affect vegetation and cultivation in 
the long term. The presence of soil preferential flow (PF) also 
determines the flow rate of water through soil into the water bodies 
(Gou et al., 2023). Large volumes of water and mobilized substances 
from major storms rapidly flow through the subsoil to the aquifer, 
often within hours, days, or weeks, leading to significant groundwater 
contamination (Caputo et al., 2024).

In dryland regions, the watershed serves as a basic hydrological 
unit, where limited water resources are crucial for sustaining both the 
ecosystem and local communities (Sivapalan, 2003). Watershed 
hydrology is determined by the local climate, land use, and pathways 
of water flow. Preferential flow, a common form of soil–water 
movement, has gained increased attention in recent years as a key 
concept in soil hydrology, particularly due to its influence on solute 
transport (Makowski et al., 2020; Pushpanjali et al., 2022a). Depending 
on the saturated conductivity, soil preferential flow, either directly or 
indirectly regulates soil–water movement in dry rocky areas (Sohrt 
et al., 2014).

Land use significantly affects hydrological systems (Zhang et al., 
2022), and its impact on soil hydrology and water distribution down 
the soil profile (Teixeira et  al., 2014; Zhang et  al., 2024) needs to 
be investigated. The heterogeneity of soil structure affects water and 
solute transport in soil (Cao et al., 2023; Chen et al., 2023). Various 
methods have been used to quantify soil PF and its morphological 
properties (Liu T. et  al., 2022). Over the past 5 years, various 
techniques such as tracer technology, CT scan technology, isotopic 
tracking, geophysical sounding technology, electrical resistivity 
tomography (ERT) monitoring, and others have been used both in 
both field and laboratory conditions to study soil preferential flow (De 
Carlo et  al., 2021). Methods such as dye tracer experiments and 
breakthrough curves are common and time-tested methods for 
investigating preferential flows at the field scale (Zhang et al., 2019; 
Haas et al., 2020; Liu T. et al., 2022; Duan et al., 2024). Such methods 
are easy to use, inexpensive, and widely used (Weiler and Flühler, 
2004; Zhang et al., 2019) in large-scale soil hydrological studies (Haas 
et al., 2020; Duan et al., 2024). Organic dyes such as brilliant blue are 
invariably used for this purpose and are less toxic to soil flora and 
fauna (Flury et al., 1994; Forrer et al., 2000; Flury and Flühler, 1995; 
Sander and Gerke, 2007). In addition, brilliant blue is less absorbed 
into the soil and is widely used in groundwater flow tests due to its 
good mobility and visibility (Liu T. et al., 2022; Duan et al., 2024). The 
impact of brilliant blue was found to be negligible on soil properties 

(Fuhrmann et al., 2019; Wei et al., 2024). Despite some limitations, dye 
tracer experiments have been widely used (Morris and Mooney, 2004; 
Liu et  al., 2023) to investigate preferential flow through soil 
macropores (Alaoui and Goetz, 2008; Allaire et al., 2009; Wang et al., 
2021). Further image analysis of dye-stained soil helps to assess soil 
morphological properties (Wei et al., 2024), visualize (Persson, 2005; 
Wei et  al., 2024; Duan et  al., 2024), and quantify groundwater 
dynamics (Ewing and Horton, 1999; Aeby et al., 2001) within the 
soil profile.

Although preferential flow is often the rule rather than the 
exception in semi-arid dryland soils (Vogel et al., 2006), its knowledge 
is crucial for resource management to meet the water and agricultural 
needs of the region. Very few studies have been conducted to assess 
PF in the southern drylands of India, as it is often difficult for 
hydrologists to develop soil–water interaction-based hydrological 
models for these areas (Pandey et al., 2024); therefore, the need for soil 
hydrological studies of the area has been emphasized (Roy et al., 2024).

Detailed information on the soil hydrological parameters of 
different land uses is useful in evaluating the management 
requirements of these areas (Shahid et al., 2018; Shougrakpam et al., 
2010). This study aims to bridge the gap by evaluating key aspects of 
soil preferential flow across different land uses and elevations within 
the watershed, to better understand its behavior in this region.

Materials and methods

Location

The Hayathnagar watershed, with an area of 154 ha, lies between 
17°20′ 18.00″ to 17° 21′ 8.94″ N latitude and 78° 35′ 26.14″ to 78° 36′ 
4.890″ E longitude. The study area represents a semi-arid tropical 
environment characterized by hot summers and mild winters. The 
mean annual rainfall in this area is 746.2 mm, with approximately 
three-fourths of the total precipitation occurring during the southwest 
monsoon season, from June to September.

The predominant land uses in the region include cropped land, 
fallow, and planted forestry and settlements (Pushpanjali et al., 2022b). 
The watershed was chosen specifically to cover most of the land use 
that prevailed in this region. The soils in the study area were derived 
from granite gneiss and were found in gently sloping to moderately 
sloping landscapes. These soils formed under a prevailing semi-arid 
climate and have experienced arid erosional cycles in the past. 
Moderate erosion covered approximately 67% of the study area, 
followed by slight erosion in 33% of the area.

The watershed was divided into three distinct units based on 
elevation: upper reach (54 ha), middle (60 ha), and lower reach (40 ha) 
(Figure  1). Figure  2 represents the temperature and rainfall 
distribution for the experimental year. Approximately 40% of the 
watershed area is covered by planted forests, 30% is used for field 
crops, 5% is allocated to plantation and horticulture, and the 
remaining area is fallow land (Figure 3).

Hayathnagar watershed delineation
ASTER DEM with 30 m resolution and World Geodetic System 

(WGS84) projection were downloaded from the Earth Explorer USGS 
website. A contour map with 10-meter intervals was generated using 
ASTER DEM. To better understand the flow patterns based on 
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elevation, the watershed was further divided into upper, middle, and 
lower reaches (Figure 1).

Sampling and soil analysis

Based on the land use and elevation, a transact was drawn for soil 
profile point selection (Figure 4). Eighteen soil profiles were studied 

for soil preferential flow, with two representative profiles taken from 
each land-use type (planted forest, fallow, and cropped land) under 
three elevations. The morphological characteristics of the soil, such as 
color, texture, and structure, were studied in the field and described 
according to the soil survey manual (AIS & LUS Organization, 1971). 
The processed soil samples were analyzed following standard 
laboratory procedures. Soil samples were collected from stained and 
unstained areas of soil horizon in the profiles.

FIGURE 1

Location map of Hayathnagar watershed.
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Dye solution preparation and application
Brilliant blue tracer at a concentration of 4 g/L (Flury et al., 1994; 

Flury and Flühler, 1995) was sprayed on the soil surface to visualize the 
soil preferential flow path (Duan et al., 2024). Image analysis (Hamed 
et al., 2015; Liu C. et al., 2022) of the stained profile was further carried 
out to determine the distribution of the preferential flow paths.

A series of tracer experiments were conducted in rainless 
months (October–December 2021) to avoid data ambiguity. To 
ensure uniform application of the dye, custom-designed equipment 
(Figure 5) was used, with nozzles adjusted according to the frame 
dimensions to prevent overlap of the sprayed area. A 1 m × 1 m flat 
area was selected at each location, and an iron frame measuring 
1 m × 0.50 m × 0.20 m was placed into the soil (Figure  5). 
Although ponding was avoided if a certain slope prevailed on the 
land surface, the frame provided a check of the dye water 
movement. An overhead tank with a capacity of 100 liters was used 
to ensure a steady flow of water at a constant rate. Based on the 
infiltration rate, the duration of application was limited to a 
maximum of 3 h in the majority of the profiles. The initial available 
water content (AWC) ranged from 3 to 4% at the time of 
application. After 24 h, two consecutive vertical profiles with a 
10-cm gap were excavated. The sprayed area was covered with an 
iron sheet for a period of 24 h to allow the infiltration process to 

take place. The exposed surface was leveled and cleaned with a 
brush to remove fallen dust and soil particles resulting from 
digging. The stained patterns were captured during daylight hours 
with the aid of a digital camera. The four edge points of the profile 
were identified prior to taking photographs. The stained region 
depicts the preferred flow path, and the rest is regarded as the 
soil matrix.

Image acquisition and analysis
The stained vertical faces of each profile were captured using a 

digital camera, Canon EOS 1300 (shot 1/100 s, f/4 23 mm). To reduce 
the presence of perspective effects between the lens and the surface of 
the soil, a trial version of Coral Draw Photo Editing Software was 
used. Subsequently, the photos were adjusted for geometrical 
distortion based on their edge points with the aid of photo editing 
software. The corrected images were then imported into the GIS 
environment. Nine profiles (Figure 6) were randomly selected across 
elevations and land uses for image analysis. Dye-stained and 
non-stained areas were classified by processing the images (Flury 
et  al., 1994; Baveye and Boast, 1998) in ArcGIS 10.3. A new 
methodology was adopted to extract pixel data easily and accurately 
from the profile image. The workflow is presented in Figure 7. For 
image classification, the maximum likelihood classification tool 

FIGURE 2

Water balance diagram of the watershed.
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(Figure 8A) was used. Each pixel represented 1 × 1 μm of soil profile 
and was classified as “stained” or “unstained” based on its red, green, 
and blue values.

Estimation of soil preferential flow
Dye coverage, total stained area, uniform infiltration depth, 

preferential flow fraction, coefficient of variation, length index, and 
peak index are the commonly used indices (Bargués Tobella et al., 
2014; Benegas et al., 2014; Zhang et al., 2017) for soil preferential flow 
path studies.

Dye coverage (DC)
DC is the percentage ratio of the dye-stained area to the sum of 

the dye-stained and non-stained areas (Equation 1).

 
100DDC

D ND
 = × +   

(1)

where DC is the dye coverage (%), D is the dye-stained area (cm2), 
and ND is the unstained area (cm2).

FIGURE 3

Land use map of the watershed.
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Total stained area (TSA)
The TSA is defined as the sum of the cumulative areas of all dye 

units as the depth decreases in the profile.

Uniform infiltration depth (UID)
The UID is defined as the depth at which the dye coverage 

decreases below 80% (Van Schaik, 2009). This indicates the depth at 
which the flow path is prevalent.

Preferential flow fraction (PFF)
The PFF is defined as the fraction of the total infiltration that flows 

through the preferential flow paths (Equation 2; Benegas et al., 2014; 
Van Schaik, 2009).

 

  100 1 UID Width of ProfilePF Fraction
TSA

∗ = ∗ − 
  

(2)

Length index (LI)
The LI is the summation of the absolute differences between the 

DC values at a given depth in a profile (Equation 3). Soils with a high 
degree of preferential flow result in a higher value of LI.

 
1

1

n
i i

i
LI DC DC+

=
= −∑

 
(3)

where LI is the length index; i represents a given depth interval (or 
zone) of stained area DC was calculated; and DCi and 1iDC +  represent 
the dye area ratio corresponding to layers i and i + 1, respectively, of 
the soil profile.

Peak value (PV)
The PV is a vertical line drawn based on the dye coverage 

percentage of that particular profile intersecting the total dye coverage 

FIGURE 4

Transact for profile points in the watershed.
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profile. This parameter is also related to the heterogeneity of the stain 
patterns in a soil profile (Bargués Tobella et al., 2014).

Coefficient of variation (CV)
The CV is a measure of the heterogeneity in the staining of the soil 

profile (Equation 4; Zhang et al., 2017).

 

( )21

1

1
1

1

n
ii

n
ii

DC DC
nCV

DC
n

=

=

−
−=
∑

∑
 

(4)

where DC is the average ratio of the dye area.

PF evaluation index
To reflect the development degree of soil preferential flow at 

different slope positions and eliminate the differences between 
different indices used in the calculation of soil preferential flow, 
e.g., DC, TSA, PV, PFF, UID, LI, and CV, the range method was 
used to standardize the preferential flow index to obtain a 
dimensionless value, which was used to calculate the mean square 
deviation of each. Finally, the weight coefficient of each index was 
determined using the mean square error decision-making method 
(Zhang et  al., 2017). According to the standardized value and 
weight coefficient, the evaluation index of preferential flow was 
obtained. The result obtained was a synthesis of all parameters, 
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.

Parameter normalization:

 

min

max min

ij
ij

X X
Z

X X
−

=
−

where ijZ  = standard value of the parameter.
ijX  = actual value of preferential flow parameter.
maxX  = maximum value of preferential flow parameter.
minX  = minimum value of preferential flow parameter.

i = ordinal number of data for a given indicator.
j = number of indicators.
Weight coefficient of each parameter:

 

( )
( )
j

j x
jj 1

G
W

G
=

σ
=

σ∑

PF evaluation index (PFI):

 

n
I ij j

i 1
PF Z W

=
= ∑

where ijZ  = standard value of the index.
( )jGσ  = mean square deviation of each parameter.

PFI = PF evaluation index.

Statistical analysis

The Wilcoxon signed-rank test and boxplot were used for dye 
coverage analysis and comparison under different land uses and 

FIGURE 5

Diagrammatic representation of the experiment.
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elevations. The statistical analysis was performed using the SPSS 22.0 
trial version. The significance level was set to 0.05% for all the analyses.

Stained path width (SPW) for defining flow 
types

Considering the soil as isotropic, the intercept length can be used 
to calculate the area of an object in two dimensions (Weibel, 1979). 
Consequently, the width of the object was used as an indicator of its 
size at each soil depth (Weiler and Flühler, 2004). For each image, the 

SPW values were calculated using ArcGIS 10.3 software at every 
0.5 cm depth, including SPW less than 20 μm (SPW20), SPW between 
20 and 200 μm (SPW20-200), and SPW greater than 200 μm (SPW200) 
was calculated.

SPW20 corresponds to very narrow flow paths often associated 
with fine pores, micro-pores, or small-scale cracks. SPW20-200 
represents medium-sized pores often associated with macropores, the 
primary conduits for water movement under typical field conditions, 
such as cracks, root channels, or larger inter-aggregate pores, and 
SPW200 are larger pores or channels, which can be  root channels, 
cracks, or large macropores formed by soil aggregation or bioturbation 
(e.g., from earthworms).

FIGURE 6

Photo of the nine pedons used for image analysis.
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The flow types were then determined by adding all three values 
(SPW20, SPW20-200, and SPW200) at the horizon depths. The obtained 
value was used to determine the flow type at the respective horizon. 
The definition of the flow type that can be distinguished by the dye 
pattern was adopted by Weiler and Flühler (2004).

Skeletonization
For skeletonization, the public domain image software ImageJ 

1.53 k was used. ImageJ uses a number of skeletonization algorithms 
such as Zhang and Suen’s (1984) thinning algorithm. Each iteration 
was rounded up to two sub-iterations, thus preserving the connectivity 

FIGURE 7

Workflow for extracting pixel data values from the profile image under a GIS environment.

FIGURE 8

(A) Classified image of the soil profiles (blue color represents stained area); (B) Funnel graph of the dye movement down the profile under different 
land use and elevations.
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of the skeleton. Eight-bit binary images were created from the 
classified profile images. The pixels of objects in the binary image were 
repeatedly removed from their edges using this algorithm until they 
were reduced to single-pixel width shapes. Only one skeleton was left 
in the pattern after several iterations.

Results

The soils in the study area were primarily ferruginous and 
contained laterite gravel. Analyzing the surface soil texture under 
different categories, it is evident that sandy clay loam occupies the 
largest geographical area in the upper and lower reaches. In contrast, 
the middle reach was predominantly covered by a loamy sand texture, 
as given in Table 1.

In terms of soil structure, the subsurface layer exhibits a well-
developed structure, ranging from fine to moderate, and coarse to 
strong subangular blocks. When observed in the field, the majority of 
the soils felt gritty and possessed a slight stickiness to a slightly plastic 
consistency, as mentioned in Table 2.

A qualitative analysis of the flow patterns was conducted based on 
binary images generated through supervised classification. The 
analysis involved visually examining the regions stained with dye, 
which represented the preferential flow areas, whereas the non-stained 
regions indicated a bypassed soil matrix. The findings indicated that, 
regardless of land-use type and elevation, dye coverage was higher 
(>50%) in the upper soil layer (0–10 cm) and gradually reduced to less 
than 30% at depths greater than 30 cm in the soil profile. Figure 8A 
illustrates the vertical distribution of dye across different land-use 
types. Cropped land showed more uniform dye coverage in the topsoil 
horizon compared to the forest and fallow land, across the upper, 
middle, and lower reaches. The funnel graph (Figure 8B) represents 
the soil profile dye coverage in different land-use systems at various 

elevations within the watershed. This revealed distinct dye movement 
patterns specific to each land-use type. The dye coverage on average 
varied between 20 and 50% in the upper reach, 30–60% in the middle 
reach, and 60–70% in the lower reach (Figure  9). The Wilcoxon 
signed-rank test (Figure 10) was used to analyze the difference in dye 
coverage with the hypothesis that there is no change in preferential 
flow with elevation and land use. The hypothesis was rejected with 
statistical significance at the upper reach (p = 0.002), middle reach 
(p = 0.008), and lower reach (p = 0.008). The sequence of dye coverage 
followed across the elevation was as follows.

Upper reach: Planted forest > Fallow > Cropped land.
Middle reach: Cropped land > Fallow > Planted forest.
Lower reach: Planted forest > Fallow > Cropped land.
Upper reach and lower reach followed the same sequence. In the 

middle reach, there was more lateral flow due to soil compaction at 
30–40 cm depth. High clay content at this depth was observed in 
undistributed soil of forest and fallow land while cropped land was 
disturbed at this depth by agricultural activities. Thus, by letting more 
dye water penetrate the profile, a similar finding was observed by Jačka 
et al. (2021). They observed dye coverage peaked at a soil depth of 
15 cm is one of the profiles studied due to enhanced lateral infiltration.

The uniform infiltration depth (UID) parameter provided insights 
into dye coverage, and the results varied based on elevation, as shown 
in Table 3, the upper reach exhibited the lowest UID, whereas the 
lower reach had the highest UID. All land-use types demonstrated an 
increasing trend in UID toward the lower reach. However, the 
preferential flow fraction (%) offers insights into the flow pattern, with 
the middle reach displaying the highest value (Table 3). This suggests 
that the middle reach has the highest proportion of preferential flow.

The preferential flow evaluation index at different elevations 
indicated that the middle reach had a maximum value of 0.49, thereby 
highlighting the prevalence of preferential flow in that particular 
reach. The lower reaches exhibited the highest dye coverage, 
correlating with high uniform infiltration depth (UID) values. 
Furthermore, the middle reaches displayed higher PF fraction values, 
which can be further explained by the preferential flow (PF) evaluation 
index (Table 4). The visual inspection of Figure 6 showed the overall 
dye movement, which also includes uniform infiltration depth (UID); 
thus, in the lower reach, uniform dye movement is more extensive 
than in the middle and upper reaches.

In all land-use systems, dye coverage patterns in the lower reach 
showed a dip at a depth of approximately 20 cm (Figure  8B). At 
approximately 30–33 cm, there was another dip in dye coverage due 
to the continuous presence of rocky fragments at this depth. Among 
the land-use systems, cropped land exhibited more pronounced 
funneling at lesser depths, specifically before reaching 15 cm. Forest 
soils in the middle reach also displayed slight funneling at 
approximately 20 cm, whereas in cropped land, funneling began 
earlier. Fallow land in the middle reach exhibited greater stability, as 
funneling started at approximately 30 cm. Below 30–40 cm, the soil 
profiles in all land-use systems were highly compacted. The majority 
(50–60%) of flow at this depth was attributed to stained path width 
(SPW) (Figure 11).

In the upper reach of planted forest land, SPW200 accounted for 
approximately 47.75% of the dye coverage in the topsoil horizon, while 
the second horizon consisted of SPW20–200 and SPW200, contributing 
15.06 and 19.1%, respectively. The presence of SPW200 gradually 
decreased with increasing depth. In the middle reach of planted forest 

TABLE 1 Area under each category of soil texture class.

Categories Area in 
hectare 
(%Total 

geographical 
area)

Soil 
texture

% of 
geographical 

area under 
each category

UR 54 (35.07) Sandy clay 

loam

45.01

Sandy loam 22.81

Loamy sand 31.93

Rock-out-crop 0.25

MR 60 (38.96) Sandy clay 

loam

37.560

Sandy loam 24.410

Loamy sand 38.004

Rock-out-crop 0.020

Percolation tank 0.006

LR 40 (25.97) Sandy clay 

loam

49.17

Sandy loam 20.91

Loamy sand 29.92
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TABLE 2 Field morphology of the selected pedons.

Pedons Depth Horizon Boundary1 Munsell color Texture2 Structure3 Gravel (%) Cutans4 Effervescence5

Upper reach

P1

Planted forest

0–10 A g 5 YR 3/4 SCL 2 m sbk 35 – Slight

10–20 Bt c 5 YR 3/4 SL 1 c sbk 35 tn p Slight

20–50 Ck c 10 YR 5/6 – 0 f sg 75 – Strong

P2

Planted forest

0–12 A g 5 YR 3/4 SCL 2 m sbk 32 – Slight

12–20 Bt c 5 YR 3/4 SL 1 c sbk 35 tn p Slight

20–55 Ck c 10 YR 5/6 – 0 f sg 80 – Strong

P3

Fallow land

0–15 A g 5 YR 3/4 SCL 2 m sbk 10 – Slight

15–30 Bt g 5 YR 3/4 SCL 2 m sbk 20 tn p Slight

30–60 Ck g 5 YR 3/4 SL 1 m sbk 20 – Strong

60+ Ck c 5 YR 3/4 – 0 sg 75 – Strong

P4

Fallow land

0–13 A g 5 YR 3/4 SCL 2 m sbk 10 – Slight

13–35 Bt g 5 YR 3/4 SCL 2 m sbk 20 tn p Slight

35–55 Ck g 5 YR 3/4 SL 1 m sbk 30 – Strong

55+ Ck c 5 YR 3/4 – 0 sg 75 – Strong

P5

Cropped land

0–10 Ap g 5 YR 3/4 SCL 2 m sbk 10 – Slight

10–15 Bw a 5 YR 3/4 SCL 2 m sbk 30 tn p Slight

15–40 Bt c 5 YR 3/4 SCL 2 m sbk 10 – Slight

40–55 BC g 10 YR 5/6 SL 1 m sk 20 – Slight

55–70 Cr g 10 YR 5/6 SL 1 m sk 25 – Slight

P6

Cropped land

0–15 Ap g 5 YR 3/4 SCL 2 m sbk 5 – Slight

15–20 Bw a 5 YR 3/4 SCL 2 m sbk 15 tn p Slight

20–50 Bt c 5 YR 3/4 SCL 2 m sbk 10 – Slight

50–60 BC g 10 YR 5/6 SL 1 m sk 25 – Slight

60–70 Cr g 10 YR 5/6 SL 1 m sk 25 – Slight

Middle reach

P7

Planted forest

0–20 A g 5 YR 3/3 SCL 2 m sbk 10 – Slight

20–40 Bt g 5 YR 3/3 SCL 2 m sbk 10 – Slight

40–80 BC a 5 YR 3/3 SCL 2 m sbk 10 mtk c Slight

80–100 Cr c 5 YR 3/3 CL 1 c sbk 50 – Strong

(Continued)
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TABLE 2 (Continued)

Pedons Depth Horizon Boundary1 Munsell color Texture2 Structure3 Gravel (%) Cutans4 Effervescence5

P8

Planted forest

0–15 A g 5 YR 3/3 SCL 2 m sbk 5 – Slight

15–45 Bt g 5 YR 3/3 SCL 2 m sbk 10 – Slight

45–85 BC a 5 YR 3/3 SCL 2 m sbk 5 mtk c Slight

85–100 Cr c 5 YR 3/3 CL 1 c sbk 40 – Strong

P9

Fallow land

0–10 A g 5 YR 3/4 SCL 2 m sbk 10 – Slight

10–30 Bt g 5 YR 3/4 SCL 2 m sbk 10 mtk p Slight

30–55 Cr g 5 YR 3/4 SCL 1 m sbk 20 – Slight

P10

Fallow land

0–11 A g 5 YR 3/4 SCL 2 m sbk 10 – Slight

11–25 Bt g 5 YR 3/4 SCl 2 m sbk 15 mtk p Slight

25–55 Cr g 5 YR 3/4 SCl 1 m sbk 25 – Slight

P11

Cropped land

0–10 Ap g 5 YR 3/4 SCL 2 m sbk 10 – Slight

10–60 Bt g 5 YR 3/4 SCL 2 m sbk 10 mtk p Slight

60–100 Cr g 5 YR 3/4 SCL 2 m sbk 10 – Slight

P12

Cropped land

0–15 Ap g 5 YR 3/4 SCL 2 m sbk 10 – Slight

15–60 Bt g 5 YR 3/4 SCL 2 m sbk 15 mtk p Slight

60–100 Cr g 5 YR 3/4 SCL 2 m sbk 10 – Slight

Lower reach

P13

Planted forest

0–25 A g 2.5 YR 2.5/3 SL 1 m sbk 10 – Slight

25–30 Bt g 2.5 YR 3/3 SL 1 m sbk 10 tn p Slight

30–55 BC c 2.5 YR 3/4 LS 1 m sbk 20 mtk p Strong

55–85 BC c 2.5 YR 3/4 LS 1 m sbk 30 – Strong

85–100 Cr c 2.5 YR 3/4 LS 0 sg 35 – Strong

P14

Planted forest

0–20 A g 2.5 YR 2.5/3 SL 1 m sbk 10 – Slight

20–30 Bt g 2.5 YR 3/3 SL 1 m sbk 10 tn p Slight

30–50 BC c 2.5 YR 3/4 LS 1 m sbk 20 mtk p Strong

50–80 BC c 2.5 YR 3/4 LS 1 m sbk 30 – Strong

80–100 Cr c 2.5 YR 3/4 LS 0 sg 45 – Strong

P15

Fallow land

0–20 A g 5 YR 3/4 SL 1 m sbk 10 – Slight

20–50 Bt g 5 YR 3/4 SL 1 m sk 10 tn p Slight

50–80 Cr c 10 YR 5/6 LS 0 sg 30 – Strong

(Continued)
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land, SPW200 accounted for approximately 87.67% of the dye coverage 
in the top horizon, while the second horizon was dominated by 
SPW20, which constituted more than 40% of the coverage (Figure 11). 
The sudden increase in SPW20 in the second and third horizons 
indicates restricted movement of dye water down the soil profile, 
leading to lateral water movement at depths of 20–40 cm. In the lower 
reach planted forest land, flow through SPW200 was 100% up to a depth 
of 15 cm and subsequently reduced to 44.78% (Figure  11). The 
significant reduction in SPW200 indicated the initiation of preferential 
flow through macropores with mixed interactions to the soil matrix. 
Similar trends were observed for SPW200 in the middle reach, whereas 
the upper reach had only 50% SPW200 at the uppermost depth of 
0–15 cm. In the upper reach, fallow land, SPW20, and SPW20–200 lead 
to preferential flow, whereas in the middle reach fallow land, SPW200 
was dominant up to a depth of 50 cm. In the lower reach of the fallow 
land, SPW20 was more at all depths, except for the uppermost horizon. 
In the lower reach of cropped land, the preferential flow was primarily 
governed by SPW200, and the presence of rock patches in the profiles 
supported these findings. This was in contrast to the upper reach 
cropped land, where SPW20 was dominant, while in the middle reach 
cropped land, SPW20 and SPW20–200 dominated the flow paths.

Discussion

Soil preferential flow refers to the movement of water through a 
heterogeneous soil matrix, where certain paths allow water to move 
faster than the surrounding soil, bypassing much of the soil matrix. 
This flow typically occurs through macropores, biopores, and cracks, 
which provide high-conductivity pathways relative to the surrounding 
soil, enabling rapid water movement that can bypass significant 
portions of the soil profile (Zhang et  al., 2024; Liu et  al., 2024). 
Accurate representation of preferential flow in watershed models can 
improve flood forecasting and management strategies (Smith et al., 
2008). However, this process is highly variable and dependent on the 
extent of soil pore networks and soil conditions (Tromp-van Meerveld 
and McDonnell, 2006).

Preferential flow is inherently linked to the heterogeneity within 
the soil. Variations in soil texture, pore structure, biological activity, 
and overall soil architecture all combine to form a complex, uneven 
hydraulic environment. These heterogeneous conditions create 
preferential flow pathways, such as macropores, root channels, and 
cracks, that significantly affect the movement of water and solutes 
through the soil. As a result, PF can lead to non-uniform infiltration 
patterns that bypass large sections of the soil matrix, influencing both 
water retention and nutrient distribution.

To assess the degree of development of preferential soil flow at 
different slope positions, the preferential flow evaluation index (PFI) 
was compared at each elevation, namely, the upper, middle, and 
lower reaches. The PFI method, as described by Duo et al. (2020), 
was used to identify the parameter with the greatest influence on 
the preferential flow. Among all indices, dye coverage and 
preferential flow fraction played a more significant role in assessing 
the degree of development of preferential flow. These two indices 
effectively characterize the soil preferential flow within the 
watershed. However, it is important to note that the distribution of 
the parameter weight coefficients was relatively uniform without 
any single factor carrying excessive weight. This observation can T
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be  attributed to the substantial variation in the distribution 
characteristics of the preferential flow, as noted. The results 
(Table  4) revealed that the middle reach exhibited the highest 
degree of preferential soil flow development (PFI = 0.32), surpassing 
the values observed in the upper (PFI = 0.27) and lower reaches 
(PFI = 0.005).

Soil pore network and preferential flow

Land-use types have a significant impact on preferential flow 
paths. Pore size distribution, continuity, and connectivity are crucial 
factors that influence water flow and solute transport. An algorithm 
in the open-source software ImageJ was used to generate the skeletons 

FIGURE 9

Dye coverage in the soil profiles under different land uses and elevations.

FIGURE 10

Dye coverage under different elevations and land uses. Wilcoxon signed-rank test-Significance at 0.05 level: Upper: 0.002**, Middle: 0.008**, Lower: 
0.008**.
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of flow networks. Soil pore networks can consist of either an individual 
pore or multiple branches of interconnected pores. Nodes were 
defined as points where two branches of pores intersected (Figure 12). 

The local connectivity of the macropore network plays a key role in 
determining the extent of preferential transport, with poorer local 
connectivity leading to a greater degree of preferential flow.

TABLE 3 Preferential flow parameters under different land uses and elevations.

Land use Depth (cm) UID (cm) PF fraction (%) Dye coverage 
(%)

Length index Coefficient of 
variation

UR_planted forest 0–11 4 52.33 76.29 22.56 0.14

11–20 100.00 37.31 26.00 0.18

20–50 100.00 15.91 39.18 0.60

UR_fallow 0–10 NIL 100.00 33.53 64.32 0.11

10–20 100.00 28.96 39.21 0.43

20–30 100.00 17.81 41.44 0.12

30–40 100.00 10.42 37.18 0.28

40–60 100.00 9.27 37.72 0.34

UR_cropped 0–11 10 3.42 61.99 26.86 0.37

11–20 100.00 25.21 76.45 0.57

20–30 100.00 12.37 41.32 0.67

30–80 100.00 0.43 18.18 2.75

MR_planted forest 0–18 26 0.45 50.22 12.76 0.03

18–33 34.72 34.35 36.84 0.15

33–50 100.0 11.59 43.06 1.00

50–60 100.0 3.64 13.17 0.27

60–80 100.0 0.20 4.67 1.62

MR_fallow 0–12 31 0.00 32.99 4.13 0.07

12–32 7.97 55.48 36.17 0.06

32–45 100.0 11.46 69.88 0.87

45–60 100.0 0.03 0.85 0.75

60–80 100.0 0.04 1.11 1.14

MR_cropped 0–12 17 17.99 49.87 0.07 0.002

12–22 20.60 30.88 46.91 0.18

22–45 100.00 15.92 75.24 0.93

45–55 100.00 3.19 11.00 0.54

55–70 100.00 0.15 1.01 0.42

LR_planted forest 0–15 36 0.17 31.70 0.10 0.01

15–30 4.22 30.37 18.74 3.00

30–40 27.08 17.36 23.09 12.99

40–55 100.0 10.22 27.91 46.73

55–70 100.0 10.34 52.99 24.78

LR_fallow 0–10 39 12.42 21.96 0.74 0.002

10–20 11.38 21.70 9.18 0.021

20–40 3.75 39.97 30.40 0.087

40–59 100.0 12.28 43.58 0.666

59–70 100.0 4.09 36.25 0.577

LR_cropped 0–20 27 15.15 55.77 26.34 0.09

20–35 32.23 24.44 47.36 0.24

35–50 100.00 15.02 28.37 0.18

50–70 100.00 4.78 44.49 0.80
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FIGURE 11

Stained path width in the soil profiles under different land uses.

FIGURE 12

Soil macropore flow network of pedons.

In the case of the upper reach’s fallow lands, water flow through 
the macropores followed various irregular paths within the active soil 
pore network, exhibiting mixed interactions with the soil matrix. As 
a result, the infiltration patterns showed irregularities. Beven and 
Germann (1982) highlighted in their influential review paper that the 

size and number of pores alone do not indicate the occurrence of 
active preferential flow. Instead, the connectivity of the macropores 
determines hydraulic effectiveness.

Weiler (2001) proposed a classification scheme for flow types based 
on stained path width, which was useful in classifying the volume density 
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FIGURE 13

Preferential flow type under different elevations and land uses.

FIGURE 14

Lateral movement of dye in the soil profile (MR_planted forest).
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pattern and identifying the predominant type of preferential flow in a 
watershed. The subsurface of the upper reach (20–50 cm) had more 
macropores with less interaction than the surface (0–20 cm), which 
mostly showed heterogeneous matrix flow and fingering (Figure 13). This 
resulted in poor permeability in the subsurface and flow instability owing 
to the coarse texture and water repellence in the surface soil (Wang et al., 
2024; Zhang et al., 2024). The surface soil exhibited greater water retention 
variability and preferential flow patterns due to the presence of 
hydrophobic layers and the heterogeneity of pore distribution, which 
influenced the infiltration dynamics and flow stability (Liu et al., 2024; 
Feng et al., 2024).

The predominant surface flow types in the middle and lower 
reaches were heterogeneous matrix flow and fingering. Preferential 
flow can take the form of funneling, caused by variations in the 
hydraulic properties of soil or rock, or fingering, which results from 
differences in moisture distribution, flux patterns, macropore flow, or 
a combination of these factors (De Carlo et al., 2021). Whereas the 
subsurface soil profile exhibited macropores with mixed interactions. 
As a result, subsurface soils showed heterogeneity with respect to soil 
matrices and macropore flow variations. This condition mainly leads 
to lateral flow in the subsurface horizons (Figure 14), and unstable 
flow occurs when horizontal wetting fronts fragment into fingers or 
preferential flow paths during downward movement (Hendrickx and 
Flury, 2001; Wang et al., 2024). Several authors have suggested that 
spatial heterogeneity in water repellence can contribute to 
heterogeneous macropore flow, thereby enhancing preferential flow 
(Hendrickx and Hamminga, 1993; Jordán and Martínez-Zavala, 2008; 
Ritsema et  al., 2001). Additionally, water repellence promotes 
preferential flow (Jarvis, 2007; Liu et al., 2024). Recent studies have 
further shown that macropore and matrix interactions in the 
subsurface can significantly affect flow stability and lateral movement, 
particularly in soils with high water repellence (Zhang et al., 2024).

Overall, the flow type within the watershed was primarily 
characterized by heterogeneous matrix flow on the surface, with land 
use indirectly influencing the distribution of flow, particularly at the 
soil profile level (Zhang et al., 2016).

Conclusion

The soil of the watershed, especially in the middle and lower 
reaches, displayed more heterogeneity and was characterized by a 
mixture of fingering flow on the surface and macropore flow on the 
sub-surface. Analysis using the PF evaluation index method and 
preferential flow type assessment indicated that the middle reach was 
more inclined to follow a preferential flow path for the distribution of 
water and nutrients. Sub-soiling and deep tillage once in 3 years is 
recommended for better crop production in these areas. These results 
indicate that the soil has entirely distinct channels that allow water 

along with nutrients to move within the soil horizons. A deeper 
understanding of preferential water flow within the soil would greatly 
benefit the study of soil’s ecological and hydrological functions, 
ultimately supporting improved agricultural management practices in 
India’s drylands.
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TABLE 4 Preferential flow evaluation index at different elevations.

PI 
position

Maximum Minimum SD Mean

Upper reach 0.43 0.02 0.22 0.27 ± 0.12

Middle reach 0.49 0.01 0.27 0.32 ± 0.15

lower reach 0.006 0.005 0.0006 0.005 ± 0.0004
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