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[Abstract]: Preferential flow is the Movement of water through specific pathways in soil rather than a more
uniform flow through the soil structure. Because of soil heterogeneity, such as fractures, root channels, or
wormholes, these preferential flow pathways frequently form. Particularly with depth in the soil, this fractal pattern
can make it challenging to understand and describe the behavior of preferred flow routes. For accurate water and
solute transport modelling and forecasting in the subsurface, it is need of hour to comprehend and describe the
growth and evolution of preferential flow routes. In present study various methodologies have been utilized
including field observations, soil samples, and imaging techniques including Origin Lab Pro, and Sketchup, to
examine the three-dimensional structure of the preferred flow. We built a three- dimensional map of the favored
flow pathways and examined their distribution patterns using data from various agricultural land areas. This study
was carried on an adaptive research farm in Pakistan's Sheikhupura. In this study, results have been represented in
a 3D representation to better understand the preferential flow. Four 120 * 120 cm plots were chosen, and on four
plots, a dye tracing experiment was carried out to confirm the solute and water's preferred flow patterns. Data has
been analyzed in Origin Lab to create 3D graphs and tables and used Sketchup-2021 Pro to create 3D images.
According to the water flow patterns discovered in this study, preferred flow is strongest at the higher site free of
compaction, where macro-pores continuity is preserved. Due to the compaction impact, the micro-porosity
decreased, and it grew weaker on the lower side. The results demonstrate that preferential flow is most prominent
in areas with minimal compaction and a preserved continuity of macro-pores. Conversely, the impact of compaction
leads to a decrease in micro-porosity and weaker preferential flow patterns in compacted regions. Moreover, this
study reveals how compaction and subsequent recovery processes influence soil's susceptibility to water flow and
surface runoff. By presenting comprehensive 3D representations, this research offers a superior understanding of
the creation and evolution of water flow channels. Overall, this study enhances knowledge of preferential flow and
its role in nutrient and water cycling within natural and agricultural ecosystems. The insights gained from this
research can inform the development of improved management strategies for agricultural lands, facilitating

sustainable and efficient water resource management.
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1 Introduction

The rapid movement of water through favorable channels in the soil is referred to as preferential flow,
bypassing the slower and more diffuse flow through the soil matrix this is known as preferential flow. The intricate
network of interconnected macrospores in the three-dimensional structure of preferential flow has a wide range in
connection, shape, and size. The profile of the preferred flow is determined by previous soil moisture levels,
vegetation, soil properties, land use, and rainfall intensity and duration. The texture, structure, and amount of organic
matter significantly affect the preferential flow routes, which in turn affects the size and distribution of macrospores
in the soil. By changing the pore structure and soil characteristics, land use activities including tillage, compaction,
and the use of fertilizers and pesticides can also have an impact on the structure of the preferred flow. Depending
on the type and intensity of the vegetation cover, vegetation can either encourage or obstruct preferred flow. Major
elements that affect the beginning and spread of preferential flow channels include rainfall characteristics including
intensity, duration, and spatial distribution. The development and existence of preferential flow channels are
influenced by the previous soil moisture levels. Understanding the preferred flow's three- dimensional structure and
the variables that impact it is necessary for predicting and managing water flow in soil
systems. This knowledge is helpful for developing more effective and sustainable agriculture and water management
techniques as well as for predicting the fate and transit of pollutants in soil and groundwater systems. Preferential
flow is a fundamental phenomenon in soil hydrology that influences how water and solutes move through the soil.
In this mechanism, water moves through preferred channels, such as macropores, soil fissures, and root channels,
as opposed to the more uniform matrix flow. Predicting pollutant movement in the environment, comprehending
the hydrological cycle, and managing soil moisture and nutrients in agricultural systems are just a few of the benefits
of understanding preferred flow. For several reasons, research on preferred flow frequently takes place on
agricultural land. First, due to changes in soil structure, texture, and organic matter content, agricultural soils are
frequently characterized by a high degree of heterogeneity. This may lead to the development of preferred flow
routes. For instance, frequent plowing of the soil can produce aggregates of dirt connected by pores, resulting in the
construction of continuous channels through which water can flow more preferentially. Like this, the root systems
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of plants can build pathways for the Movement of nutrients and water, further encouraging preferential flow.

Agricultural land offers a very consistent and accessible surface for gathering data and running preferred flow
tests. It is simpler to set up experimental plots and monitor soil water content at various depths and locations in
agricultural fields since they are frequently big and flat. Utilizing agricultural land for preference flow studies can
also shed light on how agricultural management techniques like tillage, crop residue management, and irrigation
can either promote or obstruct preferential flow. The addition of organic matter can improve the production of
macropores and boost preferential flow, but tillage can disturb soil aggregates and macropores and hence limit
preferential flow. Knowledge gained from research on preferred flow in agricultural land can be used to improve
agricultural management procedures like nutrient and irrigation planning. Farmers can optimize irrigation schedules
and prevent overwatering, which can result in waterlogging and nutrient leaching, by understanding how water and
solutes travel through the soil. Similarly, to this, knowing how nutrients travel through soil can assist farmers in
creating specialized nutrient management plans that lower the likelihood of nutrient loss and boost crop output.
Pollutants may travel through favored flow pathways from the soil surface to the groundwater like pesticides,
fertilizers, and other chemicals, which can contaminate sources of drinking water. Researchers can create models to
forecast contaminant transport and create plans to reduce the danger of groundwater pollution by researching
preferred flow in agricultural soils.

2 Materials and Methods
2.1 Study Area

To analyze Characteristic behavior and the three-dimensional path of preferential flow, it was decided to
conduct our research trials on Adaptive Research Farm Sheikhupura Pakistan. (Located at Sarwar Shaheed Road
Civil Lines, Sheikhupura, Punjab, Pakistan).

Fig. 1 Study area (Adaptive Research Farm Sheikhupura, Punjab, Pakistan)
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Two compaction trials were conducted to study the three-dimensional dynamics of soil solute transport and
water flow. Then we analyzed all the pictures using Origin Lab, Sketchup 2021, and Image-Pro Plus 6.0 and
established a three-dimensional model of the water and solute flow in the soil. The compaction trials were conducted
on well-structured clay soil (45-54 percent clay) at the Adaptive Research Farm Sheikhupura, Punjab, Pakistan
(Upper and Lower, roughly 500 m apart).

2.2 Experimental design
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The approach that is most usually used to describe how preferential flow channels are distributed is three-
dimensional image analysis with dye tracers. In this study, this methodology was used. The tracer experiments were
conducted in September 2022 on Adaptive Research Farm Sheikhupura. Four Plots (120 cm by 120 cm) having a
depth of 30cm: two at the upper side and two at the lower site, were designed to check the soil compaction and
three-dimensional Preferential flow pattern of water and solute. The compaction treatment was performed by a
Combine Harvester Machine, with a tire pressure of 44 psi and with a total load of 3145 KG tire inflation pressure
(tire size: 18.4/15-306 PR). Both locations were moldboard plowed toa depth of roughly 20 cm after compaction.

The research area was covered by vegetation, and no crop was standing on it.

The following table lists some of the basic features of the soils at the various sites.

Tab. 1 The physical and chemical properties of the upper and the lower site, which are used in determining PF

Pathways
Site Vegetation Organic Soilclass  Bulk Electrical pH
content/% density/( Mg m-3) conductivity/(dSm-1)
Upper Shabbat 1.26 Loam 1.65 >4 8.5
site grass
Cynodon
dactylon
Gajar Booti 1.17 Clay Loam 1.46 <4 8.1

Lower site Parthenium

2.3 Field test of dye tracing

Each plot's (120 cm * 120 cm) area received an initial rainfall of 50 L of water utilizing a Spray Machine
with a flat nozzle for the dye tracing test (The average annual rainfall at this area is 600-700 mm). Following 24
hours, 50 L of Brilliant Blue solution (5 g L-1) were given to each plot. Each plot contained three vertical soil
profiles that were each 150 cm deep, and the profile walls underwent extensive knife preparation. After that, all
values were logged before the preferred flow was measured using a measuring table. The soil was compacted to
prevent dye tracer and steel frame intrusion after spraying. Using a sprayer with nozzles that were operated above
the center of the frame, to identify preferential flow routes, brilliant blue FCF (5 g L-1) was progressively sprayed
on the soil's surface as a dye tracer. The dye solution was transported to the sprayer by a continuous flow pump.
The amount of dye tracer consumption is shown in Table 1. During the spraying experiment, an identical depth of
water was sprayed at the earth between two steel frames to prevent the vivid blue solution from penetrating laterally.
After 24 hours, when the frames were moved, the soil margins surrounding them were disturbed, making it

impossible to study anything but the soil's center.

The main portion of the dye area was divided into two horizontal cross-sections, each measuring 120 cm by
120 cm. A digital camera was used to take vertical photos of each horizontal cross-section. After removing the litter
layer, I collected soil samples from the surrounding soil of each plot and evaluated the mass moisture content, bulk
density, total porosity, mechanical composition, pH, and other variables.
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Application of Brilliant
Blue

Fig. 2 Application of Brilliant Blue with hand pump

2.4 Soil sample collecting

In the compacted and control plots at the Upper and Lower sites, two samples each (20 cm high, 10 cm in
diameter) were obtained from the 30—50 cm layer of soil. The soil samples were analyzed after sampling in Soil

Testing Laboratory in Sheikhupura Pakistan.

3 Results

By conducting three-dimensional studies, more comprehensive understanding of these key characteristics has
been gained. It has become evident that soil water movement is a complex and dynamic process, influenced by
factors such as soil properties, the presence of preferential pathways, and the characteristics of the water input.

Fig. 3 Pattern of four plots for dye tracing tests
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When Brilliant Blue is applied with water, it enters the soil through various pathways such as leaching or runoff.
Once it enters the soil, it mixes with soil water and creates a three-dimensional flow pattern. The movement of
Brilliant Blue depends on soil type, texture, structure, and moisture content. For example, it moves more quickly
and deeper in sandy soils compared to clay soils. To visualize the three-dimensional flow of Brilliant Blue,
techniques such as soil sampling and chemical analysis were used to detect its presence at different depths and

locations in the soil.

Boilliaat Blue solution left ca the
surface foc 24 b

Downward Movement of Brlliant Blue in the sodl after 24

Fig. 4 Downward movement 3D structure of preferential flow inside the soil.

Fig. 4 provide a side view and a downward view, of the preferential flow in a three-dimensional manner. These
images were captured using a DSLR camera by adjusting the lens at different positions. The pictures were then
processed using SketchUp 2021 and Image-Pro Plus software. Adobe Photoshop CS3 was utilized to adjust the
perspective effect of the digital photographs. The dyed areas were colored blue and gray, while the non-dyed sections
were painted white. Image analysis was performed using SketchUp 2021, Adobe Photoshop CS3, and Image-Pro
Plus 6.0 software. This analysis allowed for the detection and quantification of preferred flow pathways based on
the dye-stained portions and unstained areas. Excavation of dye tracing profiles was conducted during the dye

tracing tests at the field sites.

3038



55 )\ th E AL A2 AR 22 S51 B IRIR

Fig. 5 Downward movement 3D structure of preferential flow inside the soil.
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Then, dye-tracing images were taken of the plots in bright light. Because of the differences in groundwater
levels between the two sites, photos obtained from the soil surface down to 100 cm depth were analyzed at the
Upper site, whereas images taken from the soil surface down to just 70 cm depth were analyzed at the Lower site.
To analyze the images, software such as SketchUp 2021 and Adobe Photoshop CS3 were used to distinguish dyed
areas from non-dyed areas through changes in brightness, contrast, hue, and saturation. The dyed parts were replaced
with black and the non-dyed parts with white. The Image-Pro Plus 6.0 software was used to transform the image
into numerical matrices and determine the size and spatial location of the preferred flow pathways. The software's
classification and count features aided in distinguishing the different size classes and spatial locations of the
preferred flow. The data obtained included the coordinates and radius of the dyed regions. Additionally, image
rectification and statistical methods were employed to detect the locations of plant roots in the horizontal images.
The stained area served as the basis for computing the radius of influence, and the area of each colored zone
was equal to the number of pixels each plaque occupied, which were approximately represented as rings. Then, a
data file containing the coordinates at the center point and radius of the dyed regions was produced. After initial
image rectification, an artificial statistical method was used to detect the locations of the plant roots in the horizontal
images.

Fig. 6 Pattern of preferential flow of water in 04 plots after 24 h
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The above pictures show the real-time movement of Brilliant Blue in the soil, this image demonstrates that
Brilliant Blue reaches a maximum depth of 15.5 cm in the soil. The Movement of FCP depends on different factors
like roots, pores, cracks, etc. The brilliant blue goes maximum depth where the roots were available. In this study,
I have tried to show brilliant blue Movement in three-dimensional way by using Sketch Pro software for a better

understanding of it. | measured the depth of Movement with the help of a steel frame.

Tab. 2 Soil parameters of four plots

Parameter Plot 1 Plot 2 Plot 3 Plot 4

Porosity/% 8% 8% 7.90%
7.93%

Large macropores>1.2 mm 0.46% 0.35% 0.16% 0.09%
Small macropores>0.3 mm 4.00% 2.00% 0.1% 0.00%
No. of pores >1.2mm 642.30 652.10 448.60 302.80
Length of infiltration 25cm 29cm 35cm 39cm
Bulk density (g cm™) 1.31gem? 1.38 gem? 1.37 gem? 1.46 gcm™
Saturated hydraulic conductivity (Ks) 37.70 cm h! 32.00 cm h! 10.09 cm h! 0.09 cmh!
(cmh™)
Air Permeability (um?) 33.50 um? 21.00 um? 12.10 um? 4.00 ym?

4 Conclusion

This study reveals that preferential flow can lead to the formation of distinct channels or flow paths within the
soil. By conducting three-dimensional studies, we gained a more comprehensive understanding of the preferential
flow patterns. Visualization of the movement of water and dye in the soil using techniques such as soil sampling,
chemical analysis, and image analysis software has been done. The images and data obtained allowed for the
detection and quantification of preferential flow pathways based on the dye-stained portions and unstained areas.
This study also investigated the quantities and locations of preferential flow paths under various infiltration
conditions. It was found that the amount of infiltration directly influenced the depth of dye infiltration and the
number of preferential flow pathways. As the infiltration rates increased, the staining depth and the number of
preferential flow paths also increased. The analysis revealed different distribution patterns of preferential flow
channels at various soil depths and infiltration intensities. It was observed that at smaller scales and shallower soil
depths, preferential flow tends to be more localized and uneven. As the scale increases and soil depth deepens,
preferential flow becomes more organized and structured, guided by larger soil structures. The impact of compaction
on soil pore structure and transport characteristics. Compaction resulted in a decrease in the percentage of large
mesopores and had a negative effect on soil hydraulic conductivity and air permeability. This research provides
valuable insights into the key characteristics, three-dimensional flow patterns, spatial distribution, and the impact
of compaction on preferential flow in soil water movement. These findings contribute to a better understanding of

soil hydrology and its implications for water movement in agricultural systems.
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