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Abstract: Forestry eco-hydrology is closely related to root architecture, and soil water infiltration
has been always associated with root architecture. In this study, dye infiltration experiments and
HYDRUS-1D were used to quantify the effects of different root architectures on the dynamics of
soil water infiltration, volumetric water content, and soil water pressure head. The results provide
evidence that root channels acted as preferential flow paths for water infiltration and percolation
into the soil. Maize fibrous roots, rubber trees fine roots, and Spartina alterniflora smooth roots easily
penetrated the plough layer of an agriculture site, the hard soil layer of a forest site, and the alternating
sandy and mud layers of an intertidal zone, respectively. The initial and final infiltration rates were
significantly different between the rooted and rootless soil profiles. The root-induced infiltration
events lowered the propagation time of the wetting front across the rooted soil profile by 33%–113%
than the rootless soil (p < 0.05), and the volumetric water content of the saturation zone of the rooted
soil profile increased by 12%–19% relative to the rootless soil (p < 0.05). Furthermore, the soil water
pressure head increased from negative (i.e., unsaturated) to positive (i.e., saturated) in the saturated
soil. This change was more pronounced in the maize fibrous roots soil profile, but less pronounced
in the rubber fine roots’ soil profiles or the S. alterniflora smooth roots. The results indicate that the
downward movement, volumetric water content, and soil water pressure head were higher in soil
profiles having plant roots than the rootless soil, and the degree of roots effects depended on roots
architectures, soil hardness, and soil layer configuration. The findings provide evidence that root
channels can act as preferential flow paths for water infiltration and percolation into the soil.

Keywords: preferential flow; wetting patterns; soil water pressure head; dye tracer; HYDRUS-1D

1. Introduction

The soil and water conservation ability of forest vegetation has always been a research
hotspot, which is mainly reflected in forest vegetation layer, leaf litter layer and soil
layer to water [1]. As an important part of soil layers, forestry root architecture can form
a considerable spatial network structure in the soil, and speed up the soil water flow
process [2].

Soil water flow behavior (preferential flow, matrix flow, and lateral flow) is an impor-
tant process in global hydrological systems [3–5]. It influences the soil water infiltration,
soil moisture distribution, runoff generation, soil erosion, pollutant migration, pesticide
transport, groundwater recharge, subsurface stormflow, and subsurface return flow [6–10].

Considering the importance of soil water flow behavior, the measurement of soil
hydraulic properties is very important to predict the direction and rate of water movement
in soils [11]. As an important soil hydraulic property, saturated hydraulic conductivity
(Ks) not only affects water flow and the transport of dissolved solutes, but also influences
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agricultural and environmental processes, including temporary water logging in the root
zone, and solute transport rate [12]. In addition, soil moisture regulates plant water avail-
ability, as well as surface runoff and infiltration partitioning in root zones [13,14]. Therefore,
to reflect water characteristics in meteorology, ecology, agronomy, and climate change
studies [15], data acquisition on soil water content currently relies on three approaches: in
situ (generally point-scale) measurements, remotely sensed observations, and hydrological
modeling [15]. The wetting patterns of unsaturated soil cannot be accurately explained on
the basis of soil water content; however, other soil hydraulic variables, such as soil water
pressure head, can be measured over space and time to predict the direction and rate of
water movement through unsaturated soils and chemical transport in the vadose zone [16].

Different techniques, including the quantification of soil structures, measurement
of water distribution or water movement, construction of breakthrough curves, and dye
tracing combined with image analysis, have been adopted to quantify soil hydraulic
properties, such as preferential flow [17]. Dye tracing is widely used to visualize the
paths and spatial pattern of water flow through soil [18,19]. Furthermore, single-porosity,
dual-porosity, and dual-permeability models have been developed and used by numerous
researchers to simulate the dynamics of preferential flow through soil [20–22]. These
hydrological models can be run in HYDRUS-1D, which is widely used to simulate soil
water movement through the root zone [20,23,24].

The development of water flow paths in the field is related to the complex interactions
of multiple processes, activities, and characteristics, which include water repellency, soil
bulk density, soil structure, thermal conductivity, moisture conditions, desiccation cracks,
biological activity, tillage and management practices, vegetation cover, object (e.g., residual
plastic film, straw, and stones) incorporation, and compaction through trampling by live-
stock, traffic, and machines [9,19,25–27]. Among these factors, roots are a key element of
plant-related effects on soil hydrology [28–30]. For instance, channels left behind by old
and decaying roots act as soil macropores that promote preferential flow [31]. Moreover,
Jørgensen stated that soil water flow and solute transportat is more pronounced in soil
profiles with plant roots than rootless soil [32], and for root channels represent a specific
type of macropore [3]. Thus, the influence of plant-root-derived macropores on water flow
depends on plant root architectures [32–34] (Table 1).

Table 1. Summary of studies relevant to the present work’s objectives to predict the effects of
(1) fibrous roots on soil water infiltration in the homogeneous plough layer of an agricultural site;
(2) fine roots on soil water infiltration in the hard soil of a forestry site; and (3) smooth roots on soil
water infiltration in the multilayered soils of an intertidal zone. We added the current study for
completeness. Studies are ordered chronologically and then alphabetically. The symbol “n. r.” means
“not reported”.

Study Approach/Model Used Location/Climate/Landscape Key Results/(Relationship with
the Three Aims of This Study)

1. Barley [35] Laboratory measurement
of permeameters

Agronomy department,
USA/Cold, temperature/n. r.

Decayed corn roots increase the
permeability of a sandy loam
soil/(3)

2. Meek [36] Double-ring method,
disk permeameter

Cotton Research Station, Shafter,
USA/n. r./Agriculture ecosystem

Macropores formed by decaying
alfalfa roots increase infiltration
rates/(1, 2)

3. Kung [37] Dye tracer experiments Central Sand Area of Wisconsin,
USA/n. r./n. r.

Water flow through the root zone
is funneled into concentrated flow
paths/(2)

4. Rudolf [38] Dying tracer and
single-ring infiltrometers

Irrigated Desert Research Station,
USA/n. r./Alfalfa and
wheat fields

Taproot system produces stable
macropores, whereas fibrous root
system does not/(1, 2)

5. Martinez-Meza and Walter [39] Fluorescent dye
Jornada Long-Term Ecological
Research, New Mexico/n.
r./desert ecosystem

Root channels provide
preferential pathways for the
movement of water in soil/(2)
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Table 1. Cont.

Study Approach/Model Used Location/Climate/Landscape Key Results/(Relationship with
the Three Aims of This Study)

6. Noguchi [40] Dye test
Hitachi Ohta Experimental
Watershed, Japan/n. r./Natural
hardwood forest

Living and decayed roots
contribute to preferential flow
pathways in a forested slope/(2)

7. Rasse [41] Constant head method (Ks)
Ecological Research site, USA/n.
r./Field experiment

Soil water flow is induced by the
growth and decay of alfalfa root
systems/(1, 2)

8. Lange [42] Rain simulator
Canton Bern,
Switzerland/Atlantic
ocean/Forest

Root length distribution is a key
factor of infiltration/(2)

9. Bogner [43] Dye tracer and
mixed-effects models

Waldstein, Germany/Continental
winters and warm
summers/Spruce forest

Roots provide main preferential
flow paths and induce macropore
flow/(2)

10. Guan [44] HYDRUS modelling
Los Alamos, USA/n. r./
Semiarid ponderosa pine
(Pinus ponderosa) hillslope

Root penetration depth is a critical
condition for the occurrence of
percolation/(3)

11. Archer [45]
Runoff trap, gypsum block group,
theta probe, and neutron probe
access tube/n. r.

Rambla Honda Valley,
Spain/Mean annual rainfall is
between 300 and 350 mm, mean
annual temperature is between
15.5 and 16.5 ◦C

Shrub roots have a crucial role in
increasing water infiltration/(1, 2)

12. Schwärzel [13] Dye tracing experiments Saxony, Germany/Suboceanic
climate/Tharandt Forest

Fine roots of beech trees induce
preferential flow/(2)

13. Bargués [46] Rainfall simulations,
and tracer experiments

Burkina Faso, West Africa/Mean
annual temperature is 28 ◦C,
mean annual precipitation of
785 mm/Agroforestry parkland

Tree root density influences the
degree of preferential flow/(2)

14. Zhang [47] Dye tracing experiments
National Forest Park,
China/Temperate
continental/Forest ecosystem

Fine roots systems strongly affect
preferential flow in soil/(2)

15. Shao [48] Laboratory test, and models n. r.
The single-permeability model
overestimates pore water pressure
in shallow soils/(1, 2)

16. Zhang [49] Field dye-tracing experiments
National Forest Park,
China/Temperate
continental/Forest ecosystem

The amount of fine plant roots
decreases with increasing soil
depth/(2)

17. This study Dying techniques,
and HYDRUS-1D Table 2

The soil’s water downward
movement and volumetric water
content are significantly enhanced
by various roots and the degree to
which roots affect these
parameters is dependent on root
architecture, soil hardness, and
soil layer configurations/(1, 2, 3)

Our previous study used dye tracer experiments to visualize water flow path associ-
ated in three morphometric roots features [50]. However, the dye tracer technique cannot
fully illustrate the dynamic characteristics of preferential flow through soil, particularly
water flow through various soil profiles, such as a non-homogeneous soil structure and
multiple soils layers. Therefore, this study used dye infiltration experiments and Hydrus-
1D to understand the effects of roots morphometric features on the dynamic behaviors of
water flow through soil. Accordingly, the three objectives of this study are to predict the
effects of: (1) fibrous roots on soil water infiltration through homogeneous plough layer of
an agricultural site; (2) fine roots on soil water infiltration through the hard soil of a rubber
forest site; and (3) smooth roots on soil water infiltration through the multilayered soils of
an intertidal zone.
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2. Materials and Methods
2.1. Experimental Site

The fibrous roots of maize (Zea mays L.) were selected from Dingxi County, Gansu
Province, China (Table 2). Field observations showed that most of the biomass from maize
fibrous roots was confined to the upper 20 cm soil layer. A detailed description of the
study site is provided by Jiang [51]. In the present study, the plot was prepared to select
three quadrants with roots (hereafter, rooted) and another three quadrants without roots
(hereafter, rootless). The quadrants (0.4 m × 0.4 m) were randomly arranged and prepared
from 15–20 August 2018.

Table 2. Geographic locations and basic properties of experimental sites.

Site Geographical
Coordinates a.s.l. (m)

Soil Classification a/
Utilization Patterns
and Main Plants

Meteorological Characteristics

Minqin 101◦49′–104◦12′ E
38◦03′–39◦28′ N 1298–1936

Anthropic Camborthids
(developed from alluvial
sediments)/Agriculture.
Maize, sunflower, wheat

Arid continental climate: spring (March to
May), summer (June to August), autumn
(September to November), and winter
(December to February). Average annual
temperature is 7.8 ◦C, average evaporation
is 2646.4 (mm yr−1), and mean precipitation
is 110.5 (mm yr−1).

Mengla 101◦05′–101◦50′ E
21◦09′–22◦23′ N 480–2030

Ferralic Cambisol
(developed from alluvial
deposits derived from
sandstones)/Forestry.
Rubber tree

Tropical southern monsoons and
subtropical jet streams: rainy (June to
October), foggy cool (November to March),
and hot dry (April to May). Average annual
temperature is 21.7 ◦C, average evaporation
is 1350.5 (mm yr−1), and mean
precipitation is 1487.0 (mm yr−1).

Dongtai 120◦07′–120◦53′ E
32◦33′–32◦57′ N 1.4–5.1

Saline-alkaline (with
alternating sandy loam
and mud layers)/
Tideland reclamation.
S. alterniflora

Monsoon climate: spring (March to May),
summer (June to August), autumn
(September to November), and winter
(December to February). Average annual
temperature is 14.36 ◦C, average
evaporation is 1006.7 (mm yr−1),
mean precipitation is 1022.9 (mm yr−1).

a IUSS Working Group WRB, 2014.

Fine roots of rubber trees (Hevea brasiliensis) were selected from Mengla County,
Yunnan Province, China (Table 2). Rubber trees were arranged 2 m apart in double rows,
which were 3 m apart, and each set of double rows was separated by a gap 18 m in width.
The fine roots of rubber trees were primarily distributed in the top 0–30 cm soil layer. For
this study, a plot was prepared to select the three rootless quadrants and three rooted
quadrants. The quadrants (1.2 m × 1.2 m) were randomly arranged and prepared from
5–10 June 2018.

The smooth roots of Spartina alterniflora were selected from Dongtai, Jiangsu Province,
China (Table 2). The intertidal zone in the site is suitable for the growth of S. alterniflora. A
previous study showed that the smooth roots of Spartina alterniflora easily penetrated the
soil profile [50]. The S. alterniflora clump area was 5–30 m2. Small clumps grow sparsely
around the external margins of the clump area. Three rooted quadrants (near the clump
area) and three rootless quadrants (far away from the clump area) were randomly arranged
in a typical plot, and all the quadrants (1.2 m × 1.2 m) were prepared from 8–13 July 2018.

2.2. Dye Tracer Infiltration

The eighteen quadrats at the three sites were prepared to conduct eighteen dye tracer
experiments. A stainless-steel hollow cylinder (single ring infiltrationmeter; diameter,
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0.2 m; height, 0.3 m) was placed in each quadrant. The cylinder was slowly driven into the
soil using a rubber hammer and the depths of the bottom cylinder edges into the soil were
0.10 m. The side walls and edges of the cylinder were compacted carefully to ensure that
they are watertight. Each cylinder was filled with enough water dye solution containing
4.0 g L−1 Brilliant Blue FCF dye tracer to visualize the water flow path and distribution
pattern [52]. The water head was kept 5.0 cm during the infiltration experiment. A steady-
state flow was assumed when constant infiltration was recorded for three consecutive
measurements taken at 5 min intervals, and the last three measurements were used to
calculate the steady-state infiltration rate (Is) [53]. The field hydraulic conductivity of the
saturated soil (Ks cm s−1) was calculated using the steady state infiltration rate (Is, 10 ◦C)
in accordance with the following equation [54]:

Ks =
Is

πR2
s

{[
H

C1d+C2a

]
+
[

1
α(C1d+C2a)

]
+ 1
} (1)

where Is (cm3 s−1) is the quasi-steady state infiltration rate, Rs (cm) is the radius of the
inner ring, H (cm) is the steady depth of ponded water in the ring, a is the radius of the
inner cylinder in cm, d (cm) is the depth of insertion of the cylinder into the soil, C1 and C2
are dimensionless quasi-empirical constants, and α is the soil macroscopic capillary length.
In this research a, d, and α were 10 cm, 5 cm, and 0.12 cm−1, respectively. The constants C1
and C2 were 0.316π and 0.184π, respectively, for d ≥ 3 cm and H ≥ 5 cm [55]. The value
of H for each run was calculated from the final filling event as the average between the
highest water level and the lowest water level, which was fixed to 5 cm.

Twenty-four hours after the end of infiltration experiment, vertical soil sections of
70 cm (width) × 60 cm (depth) were carefully excavated from the center of the cylinder
to produce photograph of dye-stained soil sections with the help of calibrated frames, a
digital camera, black umbrella, and so on. Detailed information on the measurement of
dye tracer infiltration is provided by Jiang [50].

2.3. Soil Physical Properties

Soil physical properties were measured using bulk soil samples (100 cm3) [56,57]. The
initial gravimetric water content and bulk density were determined as per Jiang [50].

Initial gravimetric water content (%) =
WCRWS (g)−WCRDS (g)
WCRDS (g)−WHCR (g)

× 100% (2)

Bulk density (g cm−3) =
WCRDS (g)−WHCR (g)

100 (cm3)
(3)

The weights of the empty cutting cylinder and the cutting cylinder containing wet
soil were recorded as WHCR and WCRWS, respectively. The weight of the cutting cylinder
containing dry soil (WCRDS, g) was measured after oven drying at 105 ◦C for 24 h. The initial
gravimetric water content was measured using the 105 ◦C dried soil samples. Detailed
information on the measurement of soil physical properties is provided by Jiang [50].
The soil particle size distribution was determined by laser granulometry (Mastersizer E,
Malvern) [58].

2.4. HYDRUS-1D Modeling

HYDRUS-1D was used to simulate soil water infiltration, volumetric water content,
and soil water pressure head in a three-dimensional model of the variable soil water
saturation [20]. The van Genuchten–Mualem model [59,60] was used to simulate the
variation in K(h) with volumetric water content in which:
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θ(h) =


θr +

θs − θr[
1 + |αh|n

]1−1/n h < 0

θs h ≥ 0

(4)

K(h) = KsSl
e

{
1−

[
1− Sn/(n−1)

e

]1−1/n
}2

(5)

where Se is effective saturation:

Se =
θ(h)− θr

θs − θr
(6)

and where θs is the saturated water content (cm3 cm−3); θr is the residual water content
(cm3 cm−3); Ks is the saturated hydraulic conductivity (cm min−1); α is the air entry pa-
rameter (cm−1); n is the pore size distribution parameter; and l is the pore connectivity
parameter. Parameters α, n, and l are empirical coefficients that determine the shape of
hydraulic functions. The model required to specify the hydraulic parameters θr, θs, α, n,
and l was run, and we estimated these parameters using Rosetta [61]. Data and estimated
parameters are presented in Table 3. The simulation was run with time steps in minutes,
and the model was used to simulate soil water movement processes in the 0–100 cm soil
layers of the experimental plots. The maximum rooting depth of different plants was 25 cm.
The upper boundary was selected as the constant pressure head (h = 10 cm). At Minqin
and Mengla sites, the lower boundary was set as free drainage conditions because of the
deep soil of the study sites, where the water table is considerably deeper than the domain
of interest. However, the lower boundary was set as variable pressure head at the Dongtai
site because the water table is approximately 1 m deep.

Table 3. Soil hydraulic parameters for the van Genuchten–Mualem model [60].

Site Plot
Soil Layer and
Soil Depth (cm)

θr
(cm3

cm−3)

θs
(cm3

cm−3)

α
(cm−1)

n
(-)

Ks
(cm mim−1) l

θi
(cm3

cm−3)

BD
(g cm−3)

Particle Size

Clay
(%)

Silt
(%)

Sand
(%)

Minqin

No roots 1: 0–100 0.049 0.417 0.010 1.533 2.81 × 10−2 0.5 0.12 1.23 11.79 39.47 48.74

Roots
1: 0–30 0.053 0.466 0.008 1.547 1.01 × 10−1 0.5 0.13 1.04 11.79 39.47 48.74

2: 30–100 0.049 0.417 0.010 1.533 2.81 × 10−2 0.5 0.12 1.23 11.79 39.47 48.74

Mengla

No roots 1: 0–50 0.069 0.411 0.012 1.467 5.12 × 10−5 0.5 0.35 1.43 24.19 33.52 42.29

Roots
1: 0–30 0.071 0.433 0.011 1.491 1.03 × 10−4 0.5 0.36 1.34 24.19 33.52 42.29

2: 30–50 0.069 0.411 0.012 1.467 5.12 × 10−5 0.5 0.35 1.43 24.19 33.52 42.29

Dongtai a

No roots

1: 0–12, 15–27,
30–42, 45–57 0.097 0.464 0.018 1.274 1.20 × 10−5 0.5 0.38 1.43 15.39 18.05 66.56

2: 12–15, 27–30,
42–45, 57–60 0.054 0.412 0.026 1.458 1.20 × 10−5 0.5 0.38 1.43 55.11 25.24 19.65

Roots

1: 0–12, 15–27 0.097 0.464 0.018 1.274 1.90 × 10−3 0.5 0.39 1.25 15.39 18.05 66.56

2: 12–15, 27–30 0.054 0.412 0.026 1.458 1.90 × 10−3 0.5 0.39 1.25 55.11 25.24 19.65

3: 30–42, 45–57 0.097 0.464 0.018 1.274 1.20 × 10−5 0.5 0.38 1.43 15.39 18.05 66.56

4: 42–45, 57–60 0.054 0.412 0.026 1.458 1.20 × 10−5 0.5 0.38 1.43 55.11 25.24 19.65

θr is residual water content. θs is saturated water content. α and n are van Genuchten’s shape parameters. l is
the pore connectivity parameter. Ks is saturated hydraulic conductivity, which is measured in field experiments
with a single cylinder (n = 3) [54]. θi is initial volumetric water content. BD is bulk density, θi and bulk density
measured in laboratory experiments with bulk soil samples (n = 3) [56,57]. Particle size was determined by
laser granulometry (Mastersizer E, Malvern) [58]. a 0–12, 15–27, 30–42, 45–57 denote the sandy loam layer
(thickness = 12 cm); 12–15, 27–30, 42–45, 57–60 denote the mud layer (thickness = 3 cm).

2.5. Statistical Analysis

All data were checked for normal distribution and homogeneity of variances via
the Kolmogorov–Smirnov test and Levene’s test, respectively. A log transformation or
square root transformation was performed when the assumptions were not met. A t-test
was applied to assess the effects of roots on dye infiltration parameters and soil physical
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properties; if it is not marked, it indicates no significance. The contour maps were drawn
using Golden Software Surfer 12 (Golden software Inc., Golden, CO, USA).

3. Results
3.1. Soil Water Distribution Patterns and Soil Hydraulic Conductivity

The fibrous roots from maize crops promoted an even water flow across the plough
layer of Minqin site (Figure 1A), especially the total dye-stained area increased by 43% in
the rooted soil compared to the rootless soil plots, and the Ks increased by 259% (Table 4).
However, at the Mengla site, the dye-stained areas were randomly scattered in the soil
profile, with infiltration time and water penetration higher at Mengla compared to those at
Minqin (Figure 1B). Here, the total stained area and the Ks were 98% and 101% higher in
the rooted soil plot than the rootless plot, respectively (Table 4). Finally, the smooth roots of
Spartina alterniflora induced water penetration through the muddy layer of the Dongtai site,
which had a low permeability. The total stained area and Ks increased by 32% and 157%,
respectively, in the rooted soil plot than the rootless plot of the Dongtai site (Table 4).

Figure 1. Soil water distribution patterns were significantly affected by the fibrous roots of maize (A),
the fine roots of rubber (B), and the smooth roots of Spartina alterniflora (C) [50].

Table 4. Effects of roots on the measured parameters (mean ± SE, n = 3) [50].

Site Plot Iinfiltration Time (min) KS (cm min−1) MDSW (cm) MDSD (cm) TSA (cm2)

Minqin No roots 44.51 (0.41) a 2.81 × 10−2 b 28.47 (1.06) b 16.44 (0.60) b 422.46 (37.72) b

Roots 12.61 (0.40) b 1.01 × 10−1 a 35.74 (0.76) a 28.99 (0.95) a 686.68 (23.73) a

Dongtai No roots 1251.30 (2.51) a 1.20 × 10−5 b 79.95 (0.97) a 20.65 (0.54) b 256.05 (18.49) b

Roots 650.65 (1.45) b 1.90 × 10−3 a 44.88 (1.02) b 28.29 (0.32) a 389.73 (57.09) a

Mengla No roots 1445.00 (32.93) a 5.12 × 10−5 b 22.05 (0.97) b 18.58 (0.54) b 328.36 (18.49) b

Roots 735.20 (35.55) b 1.03 × 10−4 a 52.51 (2.29) a 73.54 (1.94) a 786.27 (44.74) a

MDSW, maximum dye-stained width. MDSD, maximum dye-stained depth. TSA, total stained area. Different
letters within one column indicate a significant difference at p < 0.05.
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3.2. Effects of Maize Fibrous Roots on Soil Water Infiltration

The influence of fibrous roots on soil water infiltration was evaluated using parameters
including initial infiltration rate, cumulative infiltration, propagation time of the wetting
front, and water pressure head. The initial infiltration rate was higher in the maize fibrous-
rooted soil (1.89 cm min−1) than the rootless soil (0.94 cm min−1) (p < 0.05), while the
two soils had a similar final infiltration rate of 0.28 cm min−1.

The propagation time of the wetting front across the soil profile was 600 min in the root-
less soil and 500 min in the rooted soil, under cumulative infiltrations of 41.9 cm and 33.4 cm,
respectively (Figures 2 and 3) (p < 0.05). The soil infiltration saturation time was 700 min
in the rootless soil profile, and 600 min in the rooted soil (Figures 2 and 3). As expected,
the top soil layer (0–25 cm, SWC = 0.47 cm3 cm−3) saturated after 30 min infiltration in the
vertical rooted soil profile, followed by the deeper layers (>25 cm, SWC = 0.42 cm3 cm−3)
after 600 min infiltration.

Figure 2. Effect of fibrous roots of maize on infiltration (A). (B,D) shows the dynamic variation in
volumetric water content and soil water pressure head in the soil profile without fibrous maize roots.
(C,E) shows the dynamic variation in volumetric water content and soil water pressure head in the
soil profile with fibrous maize roots.
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Figure 3. Dynamic characteristics of volumetric water content and soil water pressure head as a func-
tion of infiltration time in the soil profile without fibrous maize roots (A,C). Dynamic characteristics
of volumetric water content and soil water pressure head as a function of infiltration time in the soil
profile with fibrous maize roots (B,D).

The soil water pressure head rapidly increased with the downward movement of
the wetting front. This phenomenon was particularly pronounced in the fibrous-rooted
soil profile. At the beginning of the infiltration, the soil water pressure head was lower
at the surface soil (0–25 cm) layer of the rooted soil than the rootless soil. The pressure
head increased faster during infiltration in the rooted soil compared to the rootless soil
(Figures 2 and 3), and then remained constant at 10 cm in the rootless soil after 800 min
infiltration. The soil water pressure head was different between the top soil (0–25 cm) and
the deep soil (25–100 cm) layers of the rooted soil, with soil water pressure head of 10 cm
and 28 cm at the top soil and the deep soil layer, respectively (Figures 2 and 3).

3.3. Effects of Rubber Fine Roots on Soil Water Infiltration

The initial and final infiltration rates were higher in the rubber fine-rooted soil
(0.04 cm min−1 and 0.0003 cm min−1, respectively) than the rootless soil (0.03 cm min−1

and 0.0002 cm min−1, respectively) (p < 0.05). Similarly, the cumulative infiltration was
higher in the fine-rooted soil (0.99 cm) than the rootless soil (0.59 cm) (Figure 4). In the
fine-rooted soil, a saturation zone (0.43 cm3 cm−3) occurred in the top layer (0–2 cm) at
the infiltration time of 100 min, and the downward movement of the saturation zone was
very slow, since only the 0–8 cm soil layer was saturated at the infiltration time of 2000 min.
Moreover, the downward movement of the wetting front remained uniform and slow in
the vertical profile of the rootless soil (Figures 4 and 5), and only the top soil layer (0–5 cm)
was saturated (0.41 cm3 cm−3) at the infiltration time of 2000 min. The soil water pressure
head changed from negative to positive over the infiltration time of 0 min to 2000 min in
the saturation zones of the fine-rooted and rootless soil profiles (Figures 4 and 5).
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Figure 4. Effect of fine roots of rubber trees on infiltration (A). (B,D) shows the dynamic variation in
volumetric water content and soil water pressure head in the soil profile without fibrous maize roots.
(C,E) shows the dynamic variation in volumetric water content and soil water pressure head in the
soil profile with fine rubber roots.

Figure 5. Cont.
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Figure 5. Dynamic characteristics of volumetric water content and soil water pressure head as a
function of infiltration time in the soil profile without fine rubber roots (A,C). Dynamic characteristics
of volumetric water content and soil water pressure head as a function of infiltration time in the soil
profile with fine rubber roots (B,D).

3.4. Effects of S. alterniflora Smooth Roots on Soil Water Infiltration

The cumulative infiltration was higher in the smooth-rooted soil (2.47 cm) than rootless
soil (0.28 cm). The initial and final infiltration rates were higher in the smooth-rooted soil
of S. alterniflora (0.95 cm min−1 and 0.0001 cm min−1, respectively) than the rootless soil
(0.04 cm min−1 and 0.00006 cm min−1, respectively) (p < 0.05). The infiltration rate sharply
decreased in the smooth-rooted soil at the infiltration time of 520 min (Figure 6). The
propagation time of the wetting front across the soil profiles (0–50 cm) was less than 50 min,
but was less than 35 min in the smooth-rooted zone (0–25 cm). The amplitude of the
wetting zone alternatively increased and decreased and increased, and only the 0–2 cm and
0–4 cm soil layers were saturated at the infiltration time of 2000 min in the rootless and
smooth-rooted soil profiles, respectively. The soil moisture was 0.46 and 0.42 cm3 cm−3 in
the saturated zones of sandy and muddy layers, respectively. The soil water pressure head
slightly changed during the infiltration time of 0 min to 2000 min in the saturated rootless
soil, but increased rapidly in the 0–25 cm soil layer of the smooth-rooted soil. However, the
soil water pressure head remained unchanged at the soil depths of 40 cm to 100 in both the
smooth-rooted and rootless soil profiles (Figures 6 and 7). Because the clay layer and sand
layer appear alternately, the saturated water holding ratio of the two layers is different, so
the water content and water potential change alternately.

Figure 6. Cont.
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Figure 6. Effect of smooth roots of S. alterniflora on infiltration (A). (B,D) shows the dynamic variation
in volumetric water content and soil water pressure head in the soil profile without fibrous maize
roots. (C,E) shows the dynamic variation in volumetric water content and soil water pressure head
in the soil profile with smooth roots of S. alterniflora. Since the clay layer and sand layer appear
alternately, the saturated water holding ratio of the two layers is different, and the water content and
water potential change alternately.

Figure 7. Dynamic characteristics of volumetric water content and soil water pressure head as a
function of infiltration time in the soil profile without smooth roots of S. alterniflora (A,C) Dynamic
characteristics of volumetric water content and soil water pressure head as a function of infiltration
time in the soil profile with smooth roots of S. alterniflora (B,D).
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The map of volumetric water content and soil pressure head in the two vertical soil
profiles was generated through ordinary kriging with Surfer program (Version 10.0, Golden
Software Inc., Golden, CO, USA) (This process was also conducted for Figures 4 and 6).
The x-coordinate unit decreased by 10 times relative to the actual infiltration time.

4. Discussion
4.1. Effects of Fibrous Roots on Soil Water Infiltration

The present study found that the presence of fibrous maize roots accelerated water
infiltration and promoted water distribution and storage in the plough layer. A high
infiltration rate occurred over the infiltration time of 0 to 50 min in the rooted soil profile,
indicating a fast water infiltration under the influence of fibrous maize roots. In fact,
fibrous roots can deeply penetrate through biopores or cracks in farmland soil [62,63],
and the fibrous root systems significantly influence soil infiltration capacity [64,65]. A
previous study supports that the presence of fibrous roots increases the soil porosity and
water-holding capacity under low soil bulk density in soil profiles (Tables 3 and 4) [28].

Additionally, the even movements of the wetting front and saturation zone were
highly affected by the fibrous maize roots (Figures 1–3). As a result, the propagation time of
the wetting front decreased by 33% in the maize fibrous-rooted soil relative to the rootless
soil (p < 0.05). Previous research highlighted that the downward water flux is higher under
macropores formed by root systems in desert and grasslands soils [39,66,67]. In this paper, a
single soil layer was saturated in the rootless vertical soil, whereas the rooted soil exhibited
two soil layers saturation zone. The first layer corresponded with the rooted zone and the
second layer with the rootless zone, and the volumetric water content of the saturation
zone was 12% higher in the rooted zone compared to the rootless zone (p < 0.05). This result
suggests a high impact of root activity on soil porosity based on bulk density, which was
also 12% higher in the rooted soil than the rootless soil (p < 0.05) (Table 3). In addition, the
soil water pressure head was 180% higher in the fibrous-rooted soil than the rootless soil at
the infiltration time of 800 min, and both profiles however exhibited similar saturated soil
water content. Finally, the soil water pressure head changed from negative (unsaturation)
to positive values (saturation) in the rooted and rootless soils, implying that the water
distribution in the soil matrix was more affected by gravity-induced water movement.

4.2. Effects of Rubber Fine Roots on Soil Water Infiltration

The stained areas were randomly scattered in the rubber tree fine-root soil profile
(Figure 1). Instead of gravity, the rubber trees’ fine-root system likely acted as capillary tubes
and the capillary force drove the slow water infiltration behavior in this profile, considering
the long infiltration time, deep penetration (Figures 4 and 5), and high soil bulk density
(Table 3). In addition, the rhizosphere through the assemblage of roots, microorganisms,
and soil around the roots, with the exception of bulk soil [68], may provide another path
for water flow in the rubber tree fine-root soil profile. This other path likely induces
the development of specific water distribution patterns matching the fine root layer and
improves the water use of rubber trees. The rubber tree exhibited low initial infiltration
rates, indicating that water did not infiltrate the profile and instead remained on the soil
surface and/or ran off. This phenomenon can be attributed to a high soil bulk density
and low Ks in the rubber tree soil profile (Tables 3 and 4). In addition, the lower water
infiltration rate and cumulative infiltration associated with high volumetric water content
in the rubber tree soil profile implied that the downward movement of water infiltration in
this hard soil occurred gradually even in the rubber tree fine-root soil.

Soil water flow is usually higher in soil profiles with plant roots than rootless soils [2,46,49].
In fact, our findings showed that the rootless rubber soil profile did not exhibit a wetting front
until the infiltration time of 100 min (Figures 4 and 5). The downward movement of soil water
by gravity could be delayed or even stopped by the hard soil of the rubber tree forests. Then,
the effects of fine roots on the volumetric water content and soil water pressure head became
more evident at the infiltration time of 2000 min, and the wetting fronts was different between
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the fine-root and rootless soil profiles. This result indicates that the fine roots developed flow
paths that enhanced the Ks (Table 4); especially, the effects of fine roots on the downward
movement of soil water are correlated with the infiltration time and soil hardness. Thus, based
on the influence of roots on soil hydraulic properties, these effects of fine roots can be attributed
to (1) the living roots, as well as decaying or decayed roots that provide preferential flow
paths [47,69], and (2) the rhizosphere, which can be an important pathway for water flow,
especially in hard soil.

Previous research reported that perennials and woody plants substantially change
flow behavior, whereas annual crops negligibly influence flow behavior. For instance, the
root diameters of annual plants are the main root traits necessary to effectively prime the
soil pore space [30]. Rudolf noted that living and decaying alfalfa roots generate stable
macropores [38], whereas living and decaying wheat roots did not. Yunusa and Newton
reported that different plant species exert different effects on soil hydraulic properties [70].

In addition, root-generated preferential flow paths and the rhizosphere could affect
not only the soil water flow, but also the soil volumetric water content and soil water
pressure head. The saturated soil water content increased by 5% in the rubber tree rooted
soil profile than the rootless soil profile, indicating that root activity and the rhizosphere
resulted in a lower bulk density (i.e., high porosity). Moreover, the water pressure was
lower in the rubber tree rooted soil profile than the rootless soil profile at the beginning
of the infiltration. Once water reached the soil layers through slow infiltration, the water
interaction between the preferential flow paths and the surrounding soil matrix serves as a
key mechanism for water distributing to the root zone [71].

4.3. Effects of S. alterniflora Smooth Roots on Soil Water Infiltration

Similar to the findings of Hamed [72], the high proportion of the stained areas is
confined to the upper 10 cm layer of the rootless soil profile acquired from the intertidal
zone (Figure 1). Moreover, the mud layer with a low hydraulic conductivity (rootless soil)
inhibited the downward water movement (Table 3), causing ponding and surface runoff.
However, these phenomena did not occur in sites with an S. alterniflora smooth root mud
layer. The initial and final infiltration rates were significantly higher in the S. alterniflora
smooth root soil than the rootless soil (p < 0.05) (Figures 6 and 7), indicating that runoff
always occurred in the rootless soil profile and can be mitigated by the S. alterniflora smooth
root system. However, the encounter between the wetting front and mud layers may limit
the degree of runoff mitigation. The water content in the vertical profile of the rootless
muddy layers slightly increased during the infiltration, and this variation in water content
corresponded with the alternating sand and clay layers (Figures 6 and 7). The water
contents increased sharply in the S. alterniflora smooth-rooted soil, and the 0–25 cm root
zone was saturated at the infiltration time of 1000 min. The velocity of the downward
movement of the wetting front was 113% higher in the S. alterniflora smooth-rooted soil than
the rootless soil (p < 0.05). Thus, the water movement induced by the smooth roots could
penetrate across soil profiles, as indicated the measured Ks (Table 3). Various conditions,
including climate, soil, and vegetation characteristics, can affect the deep percolation caused
by roots (by root water uptake) or facilitate it (by root-induced macropores). The deep
percolation is particularly affected by the frequency and duration of macropores saturation
and their saturation degree [44,73]. The soil in the intertidal zone was often saturated or
nearly saturated by rainfall and tide. Thus, although the mud layers act as impeding layers,
the presence of smooth roots was important for water percolation. Notably, the volumetric
water content was similar in the sandy loam layers of the rooted and rootless soil profiles,
while it decreased by 3% (p > 0.05) in the mud layer of the S. alterniflora rooted soil relative
to the mud layer of the other soil profiles. In fact, the water pressure head changed from
negative (−103 cm, i.e., unsaturation) to positive values (39 cm, i.e., saturation) in the
S. alterniflora rooted soil. Moreover, the living and dead roots could either promote or
dissipate the soil water pressure head depending on root configuration, orientation, and
interconnections. The soil of the intertidal zone exhibited alternating sandy and mud
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layers (Figure 1). Although the maximum volumetric water content occurred under steady
infiltration state, the soil water pressure head constantly increased in the S. alterniflora
smooth-rooted soil, whereas it matched the alternate configuration of sandy loam layers
and mud layers in the rootless soil.

5. Conclusions

Dye infiltration experiments and HYDRUS-1D provided evidence that roots act as
preferential flow paths for water infiltration and percolation into the soil. The dye tracer
technique suggested that preferential flow, capillary flow, preferential flow together with
capillary flow occurred at the plough layer (Minqin site), the hard soil layer (Mengla site),
and the alternating sandy and mud layers of an intertidal zone (Dongtai site), respectively,
and these water flow types were more pronounced in the presence of roots. In addition,
the initial and final infiltration rates were significantly different between the rooted and
rootless soil profiles, and the initial infiltration rate decreased gradually with the increasing
infiltration time. The propagation time of the wetting front across the soil profile decreased
by 33–113% (p < 0.05) as a result of root-affected infiltration events. The maximum volu-
metric water content occurred once the steady infiltration state was reached in the rooted
soil, and the soil water pressure head constantly increased under this condition. Finally, the
soil water pressure head increased from negative (unsaturated) to positive (saturated), but
this change was more pronounced in the maize fibrous root soil than the rubber tree fine
roots or the S. alterniflora smooth-rooted soils. In short, our findings indicate that the water
distribution in the plough layer and sandy soil layers were mainly affected by gravity-
induced water movement, whereas the water distribution in the hard and mud soil layers
were mainly affected by capillary flow. The water downward movement, volumetric water
content, and soil water pressure head were higher in the rooted soils than the rootless soils.
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