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Abstract: Preferential water flow in soil significantly affects runoff, water infiltration, storage, groundwater environment,
and soil stability. Plant roots positively affect preferential flow development. This study explored the relationship between
the root system of Paulownia fortunei (Seem.) Hemsl. and preferential flow using dyeing tracer test and image analysis
techniques. A typical red soil hilly region on the outskirts of Guilin City (Guangxi, China) was selected as the study
area. A Bright Blue solution was used to visualize the pathways followed by the infiltrated water in simulated rainfall
experiments, and Image Analyzer of Plants was used to analyze the root length, surface area, and volume. The results
revealed significant differences in the root surface area density of coarse roots (RSAD-CR) and length index of preferen-
tial flow (LI) among soil profiles at various distances from the tree trunk. The root volume density of coarse (RVD-CR)
and total roots (RVD-TR), the root length density of coarse roots (RLD-CR), and RSAD-CR were significantly correlated
with the characteristics of dyeing morphology. Conversely, the root length density and root surface area density of fine
(RLD-ER and RSAD-FR, respectively) and total roots (RLD-TR and RSAD-TR, respectively), and the root volume density
of fine roots (RVD-FR) were not significantly correlated with the characteristic parameters of dyeing morphology. The
root systems of P. fortunei were critical for enhancing soil water infiltration and developing preferential flow in red soil
hilly regions. Coarse roots had a greater impact on the development of preferential flow than fine roots, and root volume
had a greater influence on preferential flow development than root length and root surface area. This study contributes
to a better understanding of the hydrological cycle at the plant-soil interface in red soil hilly regions.
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Soil water is a vital part of terrestrial ecosystems,
combining the interactions between soil, plants, and
climate (Wang et al. 2019; Yu et al. 2001; Rodriguez-
Iturbe 2003). As a result of frequent seasonal droughts
in the red soil hilly areas of South China, the reduc-
tion in soil moisture can promote the formation
of dry soil horizons, which endangers vegetation

sustainability (Jia et al. 2017, 2019; Guo et al. 2019).
Water infiltration plays a vital role in water acces-
sibility in the soil and is thus crucial to ecological
conservation (Wang et al. 2007, 2019).

As a major form of water infiltration, preferen-
tial flow is considered a typical process of moving
water through unsaturated soils (Wang & Zhang
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2011; Nimmo 2012; Sheng et al. 2014; Zhang et al.
2016). Preferential flow allows water to move quickly
to deeper soils by circumventing a major portion
of the soil matrix and contributing 11~54% of the
total solutes transferred by water flow (Legout et al.
2009; van der Heijden et al. 2013; Laine-Kaulio et al.
2014; Luo et al. 2019b). Previous studies have dem-
onstrated that preferential flow ameliorates land
degradation by increasing soil infiltration, regulating
runoff, and reducing soil erosion (Allaire et al. 2011;
Mei et al. 2018; Dai et al. 2022). However, preferential
flow is unpredictable because of its random spatial
and temporal distribution in the soil (Pruess 1998;
Zhang et al. 2015, 2017; Guo et al. 2019). Therefore,
understanding preferential flow infiltration is vital
for the use and management of surface and ground-
water resources.

Many factors influence the formation, distribu-
tion, and differentiation of preferential flows (Cheng
et al. 2011). These include soil type and structure,
biological activities (earthworms and root channels),
soil water content, and hydraulic conditions (Hardie
et al. 2011; Vannoppen et al. 2015; Yi et al. 2019).
For the past few years, the response of preferential
flow to the plant root system, as well as soil water
movement, has been an active area in pedological and
hydrological research (Zhang et al. 2017). The soil
moisture movement and plant growth have a mutual
feed relationship (Wang et al. 2019; Wu et al. 2021).
Soil moisture infiltration affects plant growth, and
plant roots form continuous preferential channels
(Tracy et al. 2011). The rhizosphere increases the
organic matter content in the root zone, supports
the aggregation of the soil (Fageria & Stone 2006),
and improves the overall stability of the soil, thereby
extending the long life of the channels (Ghestem et al.
2011). Decayed roots may also form long, continuous,
preferential channels that encourage the downflow
of water (Jiang et al. 2018; Guo et al. 2019; Nespou-
lous et al. 2019).

Although many studies have shown that plant roots
have important effects on preferential flow develop-
ment, the influence of coarse and fine living roots
on preferential flow is not clear. In this study, the
indices of root system characteristics and charac-
teristic parameters of the dyeing morphology were
calculated. The root system characteristic indices
include the root length density of coarse (RLD-CR),
fine (RLD-FR), and total roots (RLD-TR), root surface
area density of coarse (RSAD-CR), fine (RSAD-FR),
and total roots (RSAD-TR), and the root volume
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density of coarse (RVD-CR), fine (RVD-FR), and
total roots (RVD-TR). The characteristic parameters
of dyeing morphology include the depth of uniform
flow (UF), dye coverage (DC), preferential flow frac-
tion (PF), length index (LI), maximum dyed depth
(MD), variation coefficient of dye coverage (CV),
depth of the dye coverage at the 50% level (0.5DC),
and the maximum depth of the dyed area to the
depth of dye coverage at the 50% level (MD/0.5DC).
This study aims to: (1) evaluate the effect of fine and
coarse roots in Paulownia fortunei (Seem.) Hemsl.
on preferential flow development, and (2) quanti-
tatively determine the correlation between the root
system characteristic indices and the characteristic
parameters of dyeing morphology using principal
component analysis (PCA).

MATERIAL AND METHODS

Studysites. This study was conducted on the outskirts
of Guilin City, Guangxi, China (110°14'46"~110°29'14"E,
24°59'51"~25°14'17"N; Figure 1). The study area
is typical of the red soil hilly region, which is climati-
cally characterized as a mild subtropical monsoon
area with sufficient light. The annual average tem-
perature is 19.2 °C. The peak temperature occurs
between June and September every year, and the
lowest temperature occurs between January and
February. The annual average rainfall is 1903 mm,
with a monthly maximum of 359 mm in June and
a monthly minimum of 50 mm in October. The un-
even distribution of rainfall events leads to frequent
seasonal droughts.

The slope of the study site was approximately 22°,
with an altitude of 175~185 m. The vegetation was
dominated by Paulownia fortunei (Seem.) Hemsl.,
Miscanthus sinensis Anderss., Setaria viridis (Linn.)
Beauv., and Polygonum perfoliatum L. The soil texture
at the study site was loam clay or sandy clay loam.
The basic physical properties of the examined soils
are listed in Table 1.

Dyeing experiment. Three field research areas
(5 x 5 m) were selected on the slope, and within each
area, one P. fortunei plant was planted. These were
allowed to grow for one year before experimental
work was started. The growth trends of the plants
were comparable, as shown in Table 2.

A 0.6 x 0.6 m quadrat was delineated around
the plant in each area. Within these quadrats, the
litter layer was carefully removed to expose the
soil surface (Guo et al. 2019). Later, stainless steel
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Figure 1. Location of the experimental site in the Guangxi Zhuang Autonomous Region, China

pixels were set at 500 x 500 for conversion of the im-
age into binary information and classified into black
(where a pixel value of 0 represents dyed areas) and
white (where a pixel value of 255 represents undyed
areas), as shown in Figure 3. The corresponding
characteristic parameters of dyeing morphology were
calculated using Image Pro Plus (Ver. 6.0) to convert
binary information into a binary data matrix.

The dye coverage (DC) indicates the percentage
of areas that were dyed (Flury & Fluhler 1994; Liu
et al. 2021), and is calculated using the following
formula:

D

C= x100% (1)
D+ND
where:
DC - the dye coverage (%) in the soil profile;
D - the stained areas (cm?);

ND - the unstained areas (cm?).

The depth of uniform flow (UF) refers to the depth
at which the coverage of the dye reduces to less than
80%. Therefore, soils with a higher degree of prefer-
ential flow will have lower values of such an index
(Tobella et al. 2014).

The preferential flow fraction (PF) is an indicator
that is normally applied to show the distribution and
degree of preferential flow (Sollins & Radulovich
1988; van Schaik 2009) and is obtained using the
following formula:

PF:(l—UFXijloo% ()
DT

where:

PF - the soil preferential flow fraction (%);

W — the width of the horizontal soil profile (cm);
UF - the uniform flow depth (the matrix flow) (cm);
DT - the total dyed portion of the soil in cm?

Table 2. Growth parameters of Paulownia fortunei over one year (in cm)

Plant Plant height East-west canopy South-north canopy Ground diameter
1 138.46 149.72 154.11 2.81
2 139.23 170.25 162.31 2.79
3 135.94 164.13 161.52 2.76

The ground diameter was measured at 20 cm above the ground
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Figure 2. Schematic diagram of soil staining experiment
S1 to S5 represents five different soil profiles at various distan-
ces from the tree trunk

The preferential flow length index (LI) is positively
correlated with the degree of heterogeneity of pref-
erential flow (Tobella et al. 2014). LI is calculated as:

-3 _ 3
LI_; DC,,,, ~DC, (3)
where:

LI - the preferential flow length index (%);
n - the total number of pixels of the soil section

in its vertical profile (equal to 500 for the current
work);
DC; - the dyeing area ratio to the i layer in %.

The variation coefficient of dye coverage (CV)
is applied to quantitatively explain changes in the
morphology of applied dyeing and is calculated
as (Kan et al. 2019):

CV - the variation coefficient of DC in the preferential
flow zone;

N - the number of soil sections for preferential flow
in the vertical profile (500 in this study);

DC - the average staining area ratio value;

DC; — the dye area ratio of the soil profile in the ith
layer.

The maximum dyed depth (MD) refers to the deep-
est penetration of water in the preferential flow
paths and describes the characteristics of the rapid
infiltration of preferential flow (van Schaik 2009).
A depth of 50% dye coverage (0.5DC) represents
the infiltration depth of water when the dye area
ratio is 50%. The larger the MD/0.5DC, the more
prominent the preferential flow occurrence in the
deeper horizons (Xie et al. 2021).

Root measurement and data analysis. Roots were
collected when the soil profiles were excavated. Soil
blocks containing roots were transported to the labo-
ratory, and roots were removed, cleaned, dried, and
scanned using a flatbed scanner (Hao et al. 2021).
Root length, surface area, and volume were ana-
lyzed using LA-S software (Multifunctional Image
Analyzer of Plants, Wseen Ltd., Hangzhou, China)
(Hao et al. 2020). Roots were classified into two
diameter categories (fine, < 2 mm; coarse, > 2 mm)
(Stokes et al. 2009; Nespoulous et al. 2019). Root
length density (RLD), root volume density (RVD),
and root surface area density (RSAD) were calculated
as (Ning et al. 2019):

RLD = RL (5)
SV

Figure 3. Image treatment of the dyed

soil profile
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rRVD = XV (6)
SV
RSAD = RSA (7)
SV
RV = RLX% i (8)
RSA = RL x nid (9)

where:

RLD - expressed in cm/cm?;

RVD - expressed in cm®/cm3;

RSAD - expressed in cm?/cm3;

RL - the root length (cm);

SV —the soil volume (cm?);

RV  —the root volume (cm?);

RSA - the root surface area (cm?);

d — the average diameter of the root system (cm).

Statistical analysis. The images were plotted using
Origin Pro 2018 software (OriginLab, Northampton,
Massachusetts, USA), and statistical analyses were
performed using SPSS 22.0 software (IBM Corpora-
tion, Armonk, New York, USA). One-way analyses
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of variance (ANOVA) were applied to determine the
differences in the root system characteristic indices
and the characteristic parameters of dyeing morphol-
ogy between each soil profile with a significance
0f 0.05. Spearman correlation analysis and principal
component analysis (PCA) were used to calculate the
correlation between the root system characteristic
indices and the characteristic parameters of dyeing
morphology.

RESULTS

Distribution characteristics of roots. Figure 4
shows the differences in the distribution charac-
teristics of the total, fine, and coarse roots. Overall,
the RLD in S1 was the largest among all the profiles.
The RVD and RSAD values in S3 were larger than
those in the other profiles. There were no significant
differences in RLD, RVD, and RSAD between the
profiles at various distances from the tree trunk.
The RLD, RVD, and RSAD of fine roots in S1 were
larger than those in the other profiles, whereas those
in S4 were lower than those in the other profiles.
No significant differences were found in the RLD,

0.012

0.009

Aa
Aab
o Aa
Aa
Aa
0.006 Aa
Aa
Aa Aab
0.003 Ab
T T T T T
Sl S2 S3 sS4 S5

Profile position

Figure 4. Characteristics of Paulownia fortunei (Seem.) Hemsl.
root system distribution

Different uppercase letters represent significant differences in the
indices of roots (total, fine, and coarse root) between the different
soil profiles (P < 0.05); different lowercase letters show significant
differences in the root characteristic indices between total root,
fine, and coarse roots in each profile (P < 0.05)
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Different lowercase letters indicate significant differences in the characteristic parameters of preferential flow between different

soil profiles (P < 0.05)

RVD, and RSAD of the fine roots between the dif-
ferent profiles at various distances from the tree
trunk. The RLD, RVD, and RSAD of coarse roots
in S3 were higher than those in the other profiles,
whereas those in S1 were lower than those in the
other profiles. No significant differences were ob-
served in the RLD and RVD of coarse roots between
the profiles at various distances from the tree trunk.
The RSAD of coarse roots in the profile where the
trunk was located (S3) was significantly larger than
that in the profile farthest from the trunk (S1).
Preferential flow development characteristics.
Figure 5 shows the differences in the characteristic
parameters of the dyeing morphology of the soil
profiles at various distances from the tree trunk.
The DC, PF, LI, and MD values in S4 were larger
than those in the other profiles. DC was lower in S5

than in the other profiles. The PF, LI, and MD values
of S1 were lower than those of the other profiles. UF
and CV were the largest in S1 and the smallest in S4.
The 0.5DC was the largest in S1 and the smallest
in S5, whereas the opposite was true for MD/0.5DC.
The LI differed significantly between S1 and S4
but not between the other soil profiles. There were
no significant differences in the DC, UF, PF, CV,
MD, 0.5DC, and MD/0.5DC between the profiles
at various distances from the tree trunk.
Relationships between root and preferential flow.
Table 3 shows that the RSAD-CR was significantly
negatively correlated with UF. The RLD-CR and
RSAD-CR were significantly positively correlated
with the PF. The RVD-TR and RVD-CR were highly
significantly positively correlated with the LI. The
RSAD-CR had a significant positive correlation with
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Table 3. Spearman correlation matrix of characteristic parameters of dyeing morphology and root system characteristic

indexes

Index RLD-TR RSAD-TR RVD-TR RLD-FR  RLD-CR RSAD-FR RSAD-CR RVD-FR RVD-CR
DC -0.371 -0.289 -0.032 -0.379 -0.089 -0.246 -0.086 -0.221 0

UF 0.281 0.223 -0.366 0.265 -0.492 0.395 -0.517% 0.418 -0.408
PF -0.371 -0.257 0.482 -0.364 0.575* -0.475 0.621*% -0.493 0.493
LI -0.311 0.021 0.689**  —0.346 0.407 -0.271 0.639* -0.239 0.707**
MD 0.229 0.344 0.404 0.198 -0.029 0.195 0.269 0.119 0.435
CV 0.332 -0.018 -0.714** 0.346 -0.368 0.314 —-0.643** 0.364 -0.729**
0.5DC -0.268 -0.321 -0.407 -0.257 -0.221 -0.111 -0.379 -0.057 -0.389
MD/0.5DC 0.007 0.089 0.486 0.004 0.243 -0.125 0.489 -0.207 0.518*

DC - dye coverage; UF — depth of uniform flow; PF — preferential flow fraction; LI — length index; MD — maximum dyed
depth; CV — variation coefficient of dye coverage; 0.5DC — depth of dye coverage at 50% level; MD/0.5DC — maximum depth
of the dyed area to the depth of 50% dye coverage; RLD — root length density; RSAD — root surface area density; RVD — root

volume density; TR — total root; FR — fine root; CR — coarse root; **, *significant correlations at P < 0.01 and 0.05, respectively
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Figure 6. Principal component analysis of the root system characteristics indexes (A, C) and the characteristic parameters
of dyeing morphology (B, D)

DC - dye coverage; UF — depth of uniform flow; PF — preferential flow fraction; LI — length index; MD — maximum dyed
depth; CV — variation coefficient of dye coverage; 0.5DC — depth of dye coverage at 50% level; MD/0.5DC — maximum depth
of the dyed area to the depth of 50% dye coverage; RLD — root length density; RSAD — root surface area density; RVD — root

volume density; TR — total root; FR — fine root; CR — coarse root
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Table 4. Principal component score of root and preferential flow

Profile Root Preferential flow

position PC1 PC2 final score PC1 PC2 final score

S1 3.728 0.279 2.433 -3.673 -0.207 -2.989

S2 0.846 -0.593 0.306 -1.172 0.387 —-0.864

S3 -1.622 2.990 0.109 0.569 0.994 0.653

S4 -1.943 -1.722 -1.860 2.696 0.872 2.336

S5 —-1.009 —-0.954 -0.988 1.579 —2.046 0.865

the LI. The RVD-TR, RVD-CR, and RSAD-CR were
highly significantly negatively correlated with the CV.
The RVD-CR was also significantly positively cor-
related with MD/0.5DC. The RLD-TR, RSAD-TR,
and all indices of fine roots were not significantly
correlated with any characteristic parameters of dye-
ing morphology.

The outcomes of PCA revealed that the cumula-
tive interpretation variance ratios of the first two
axes were 97.96% (the root system characteristic
indices) and 97.13% (the characteristic parameters
of dyeing morphology) (Figure 6). For the root sys-
tem characteristic indices RSAD-TR, RLD-TR, and
all indexes of fine roots were concentrated on the
positive semi-axis of PC 1, whereas the opposite
was found for RVD-TR and all indexes of coarse
roots (Figure 6A). For the characteristic parameters
of dyeing morphology, 0.5DC, UF, and CV were
concentrated on the negative semi-axis of the PC 1,
whereas the opposite was found for the DC, PF, LI,
MD, and MD/0.5DC (Figure 6B).

y = —1.2107x + 0.0002
R?=0.94

The final PCA score
of preferential flow index

T
-3 -2 -1 0 1 2 3
The final PCA score of root index

Figure 7. Relationship of the final principal component analysis
(PCA) scores between root index and preferential flow index

The first two PCA axes were extracted to calcu-
late the principal component scores (Table 4). The
final scores were most affected by PC 1 because the
interpretation variance ratios of PC 1 were 61.18%
(the root system characteristics indexes) and 77.98%
(the characteristic parameters of dyeing morphology)
(Figure 6). There was a strong negative relationship
(with R? = 0.94) between the root system characteristic
indices and the characteristic parameters of dyeing
morphology (Figure 7), indicating that the larger
the RVD-TR, RVD-CR, RSAD-CR, and RLD-CR,
the stronger the development of preferential flow.
From the above results, it can be concluded that
coarse roots had a greater effect than fine roots
on preferential flow development, and root volume
had a greater effect than root length and root surface
area on preferential flow development.

DISCUSSION

Soil water infiltration is closely associated with
plant water storage, root morphology, soil physical
properties, soil erosion, surface runoff, and ground-
water recharge (Lipiec et al. 2006; Jiang et al. 2018;
Guo et al. 2019). The two major types of water in-
filtration into the soil are matrix and preferential
flows (Ghestem et al. 2011; Zhang et al. 2016). The
former exists in an unsaturated environment and
is influenced by capillary suction (Zhang et al. 2017).
Preferential flow is usually in the vertical direction
and is due mainly to gravitational potential (Ger-
mann et al. 2007). Preferential flow is generated
by many factors, including non-homogeneous infil-
tration, macropore flow, lateral flow, and instabilities
of the wetting front (Bundt et al. 2001; Allaire et al.
2009), which are difficult to describe using existing
theories (Vries & Chow 1978; Weiler 2005). In this
study, most of the dye settled in the upper soil layer.
This phenomenon indicates that the preferential

97



Original Paper

Soil and Water Research, 18, 2023 (2): 89-101

https://doi.org/10.17221/140/2022-SWR

Figure 8. Pictures of independent stained patches with coarse roots

and matrix flows interact with each other and have
high hydrological connectivity in the upper soils.
In addition, these outcomes were aligned with the
reported results of Guo et al. (2019) and Devitt and
Smith (2002). Previous research has shown that the
dye coverage in the upper horizons of the soil was
more extensive than that in the deeper horizons
because preferential flow was more frequent in the
upper horizons of the soil profile than that in the
deeper horizons (Zhang et al. 2015).

Plant roots have important impacts on soil structure
and moisture and further affect the development
of preferential flow (Luo et al. 2019a; Wu et al. 2021).
Several studies have shown that water discharges
from visibly dead root channels; however, water has
also been found to flow through living root chan-
nels (Noguchi et al. 1997; Newman et al. 2004). Dif-
ferent channel types linked to roots can function
as pathways for preferential flow and interact to form
a network (Sidle et al. 2001). This study showed that
the UF was smaller than 10 cm in all soil profiles,
and there was evident morphological differentiation
of staining in the 0 ~ 10 cm soil layer. This result
may be associated with the distribution of roots
in the upper layers of the soil (Gale & Grigal 1987).
Roots affect water infiltration mainly by increasing
soil porosity because roots evolve in the soil, leaving
annular or semi-annular spaces for possible water
flows as root diameter changes (Ghestem et al. 2011).
In addition, the volume of the root retracts during
the dry season (Nobel & Cui 1992). Under the ac-
tion of wind, trunk flexing causes the roots and soil
around the root channel to move slightly, and pores
are formed between the living roots and the root
channel (Ghestem et al. 2011).

Root size and rooting depth can affect soil water
infiltration and redistribution (Archer et al. 2002;

98

Leung et al. 2015). Root structures with very thick
and shallow roots well connected to the plant stems
might enhance lateral subsurface flow, whereas root
structures with thinner lateral roots and thicker
vertical taproots would facilitate vertical water flow
(Ghestem et al. 2011). This study showed that none
of the indices of fine roots significantly correlated
with any of the characteristic parameters of dye-
ing morphology, whereas several indices of coarse
roots significantly correlated with characteristic
parameters of dyeing morphology. These results are
consistent with those observed in the field experi-
ments. Independent staining patches were typically
accompanied by coarse roots in the soil profile (Fig-
ure 8). These results concur with the conclusions
of Devitt and Smith (2002), who illustrated that the
water percolation via root channels improved with
the growing measurement of the root systems. The
results of the PCA showed that preferential flow
development was closely correlated with the roots.
Coarse roots had a greater effect on preferential
flow development than fine roots. This outcome
was inconsistent with the results reported by Luo
et al. (Luo et al. 2019b), who demonstrated that
coarse roots contributed less to preferential water
transport than fine roots because fine roots made
up a much larger proportion of the total root oc-
currence of the soil profile. The PCA also indicated
that root volume had a greater effect on preferential
flow development than root length and surface
area. Coarse roots can amplify the radius of the
root channels via the physical action of the root
and improve water infiltration (Ghestem et al. 2011;
Bodner et al. 2014). The thicker the root, the larger
the root volume. Hence, root volume contributed
more to preferential flow development than root
length and surface area.
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CONCLUSION

This study analysed the relationships between root
system characteristic indices of P. fortunei and the
characteristic parameters of the dyeing morphology.
The results of this study indicated that distance from
the tree trunk (as measured in this study) did not
appear to have any significant effect on root system
characteristics or characteristic parameters of dyeing
morphology except for the density of the root surface
area of coarse roots and length index of preferential
flow. There was a strong relationship between the
root system characteristic indices and the charac-
teristic parameters of the dyeing morphology. The
root systems of P, fortunei were critical for enhancing
soil water infiltration and developing the preferred
flow in red soil hilly regions. The coarse roots had
a larger impact on preferential flow development
than the fine roots, and the root volume had a larger
influence on preferential flow development than the
root length and root surface area.
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