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A B S T R A C T

Preferential flow has always been hotspot of research regarding soil water flow, biological activity, and carbon
and nitrogen dynamics. However, the mechanism of water flow exchange between two adjacent zones (with and
without root system) and the pattern of soil water supply for rubber are still unclear. In the present study, we
considered two plots experiencing similar farming history: in the first plot we measured soil physical properties
and soil volumetric water content (VWC) during rainfall, and the second plot was used to visualise water flow
path and to measure root biomass. Besides, a model was developed on preferential flow domain (PFD, matching
the root zone) and on non-preferential flow domain (NPFD, matching the remote root zone) to compute dif-
ferences in soil properties between the PFD and NPFD. The results revealed that the dominant flow type in the
PFD was preferential flow and the one in the NPFD was capillary flow. Dye stained area and wetting front rate
negatively correlated with bulk density, while they positively correlated to non-capillary porosity and root
biomass. Accordingly, PFD showed a quick response to rainfall. Indeed, during the rain, a lateral flow (driven by
water gravity and pressure head gradient) predominantly carried water (0.95, 0.27, and 0.44 cm3 cm−3 for
various rainfall events 1, 2, and 3, respectively) from PFD to NPFD. During the soil drainage stage, the lateral
flow direction changed, and water (about 0.63, 0.30, and 0.39 cm3 cm−3 for rainfall events 1, 2, and 3, re-
spectively) flowed from NPFD to PFD. As a result, PFD presented low storage and high flow characteristics
compared with NPFD, suggesting this complementary relationship for water interaction between the two do-
mains could be beneficial for rubber plants growth and development.

1. Introduction

Preferential flow is the process by which water moves unevenly
through soils via preferred path rather than uniform flow (Beven and
Germann, 2013; Allaire et al., 2009). The studies regarding preferential
flow have attracted global attention (Hirmas et al., 2018; Alaoui et al.,
2011; Chappell, 2010; Lago et al., 2010; Posadas et al., 2009; Clothier
et al., 2008; Jarvis, 2007; McClain et al., 2003; Jaynes et al., 2001;
Uchida et al., 2001) due to its essential contribution in hydrological and
ecological processes at different scales (field, catchment, and regional
scales) (Zhu et al., 2019; Lin, 2010; Lin and Zhou, 2008; Flury et al.,
1994; Bouma, 1981). As a critical hydrologic cycle of ecohydrological
process, preferential flow has substantial impacts on runoff generation,
soil water storage, moisture distribution, filter and buffer functions,

slope stability, species distribution, and biogeochemical cycling in the
tropical zone (Liu et al., 2016, 2014). Indeed, preferential flow paths
have higher microbial biomass, different community structures; and
nitrogen cycling than the rest of the soil (Bundt et al., 2001a, b). These
effects could become more critical in Xishuangbanna, China, where
ecological and environmental issues are of concerns because of the
conversion of natural forests to rubber plantations (Snoeck et al., 2013;
Li et al., 2012). Fortunately, these ecological issues can be improved
and even restored to a beautiful blueprint through knowledge of the
relationship between ecohydrological process and environmental issues
(Chen et al., 2018, 2017; Liu et al., 2015, 2014).

The understanding and perspective of preferential flow can vary at
different scales and different standard of classification. The preferential
flow (resulting from diameter > 2 mm macropore, detected by CT
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scanning) can be observed at soil column (small scale), which might be
regarded as matrix flow occurring at field (large scale) when the surface
soil section is uniformly stained by dye tracer based on classifying
method (Weiler and Flühler, 2004). As a common and effective method,
dye tracer has been used to successfully trace water flow and to dif-
ferentiate the flow paths in soil (Flury and Flühler, 1995; Ghodrati and
Jury, 1990). Nevertheless, this method usually relies on a single test,
and the patterns of continuous soil water flow during rainfall events
could become difficult to illustrate. Fortunately, the spatio-temporal
characteristics of preferential flow in response to large storms have
been successfully interpreted with a soil moisture sensor network
(Wiekenkamp et al., 2016; Liu and Lin, 2015). Thus, the accurate in-
terpretation of water flow behaviours (e.g., matrix flow, preferential
flow, lateral flow) can be helpful to understand rainwater redistribution
(rainfall infiltration, surface runoff, groundwater recharge, and plant
water storage) (Jiang et al., 2019, 2018; Lipiec et al., 2006). Besides,
capillary flow is typical to high clay soil (Jiang et al., 2018), which
could directly supply water to plants. However, previous studies have
been limited to point scales analysis (Jiang et al., 2019, 2018, 2017),
and the spatial patterns of soil properties and water variation con-
cerning the specialised root zone of rubber tree remain poorly under-
stood.

The root distribution zone has always been seen as hotspots of re-
search on soil physical, chemical and microbial properties (Bastian
et al., 2009; Hinsinger et al., 2009; Luster et al., 2009; Poll et al., 2008).
For instance, the root zone is full of large amounts of carbon and ni-
trogen releasing by dead roots (Bastian et al., 2009). However, soil non-
capillary porosity and saturated water-holding capacity are lower in
non-root zone than in root zone (Jiang et al., 2019), and soil water flow
types (matrix flow, preferential flow, lateral flow), its hydrological
properties (field capacity, saturated water-holding capacity), and phy-
sical properties (bulk density, non-capillary porosity, particle distribu-
tion) can substantially be different between non-root and root zones
(Niemeyer et al., 2014; Ludwig et al., 2005). Different water flow be-
haviours in soil with various root distribution was interpreted by HY-
DRUS-3D (Jiang et al., 2019). However, the monitoring data in field
was more valuable. Therefore, it would be essential to monitor, quan-
tify and analyse the real patterns of soil water content response to
rainfall events and soil properties.

Our specific objectives were: (1) to reveal the spatial patterns of soil
properties in two different flow domains (PFD and NPFD) under a
rubber monoculture and (2) to discriminate water flow paths in the two

flow domains using dye tracer infiltration experiments and reveal the
spatiotemporal characteristics of soil VWC. Then, (3) we will detect the
relationship between soil physical properties (bulk density, non-capil-
lary porosity, total porosity, root biomass) and soil hydrological prop-
erties (field capacity, saturated water-holding capacity, capillary water-
holding capacity, wetting front rate). Besides, based on the concept of
the dual-permeability, we extended the study scale and developed a
model assuming that: (1) root zone and adjacent non-root zone match
the PFD and the NPFD, respectively; (2) low storage and high flow
could characterize the PFD while opposite properties described the
NPFD; and (3) a mutual dependence of the two domains for water
distribution at saturation and draining stages would rely on water flow
behaviour. The results of this research are expected to provide a base-
line for foresters and local governments; and will help them to make
rational decisions on the water requirement of rubber trees in the study
zone and elsewhere in the tropics.

2. Materials and methods

2.1. Experimental site

The study site was located in the Xishuangbanna Tropical Botanical
Garden (XTBG; 21°55′39″ N, 101°15′55″ E; 750 m asl), Mengla County,
China. The local climate of XTBG is dominated by the southern tropical
monsoons from the Indian Ocean during the rainy season (from May to
October), and controlled at its southern edges by the subtropical jet
streams that prevailed and delivered dry hot and cold air during the dry
season (from November to February). The rainfall amount in the region
is over 80% of the total annual rainfall during the rainy season (Fig. 1).
The soil is classified as loam texture (42% sand, 34% silt and 24% clay)
according to USDA-SCS (1994). Rubber plantations are dominant in the
XTBG, with Hevea brasiliensis trees arranged 2 m apart in double rows
set 3 m apart, and each set of double rows separated by a gap of 18 m
width. Other crops (e.g., Citrus reticulate, Coffea arabica Linn., Theo-
broma cacao Linn., Clerodendranthus spicatus, Amomum villosum, Camellia
sinensis) are intercropped in the gaps between rubber tree rows.

2.2. Soil properties and volumetric water content

Two plots (6.0 m × 6.0 m, 12.0 m distance from each other) were
settled in the same planting zone (Fig. 2) containing similar rubber
trees (20 years old, height 12.5 ± 1.48 m, stem diameter

Fig. 1. Month wise precipitation and monthly mean, maximum, and minimum temperatures during the study period (2009–2018). Weather data are provided by the
Xishuangbanna Station for Tropical Rainforest Ecosystem that is adjacent to the study site.
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45.52 ± 1.76 cm). In the first plot, we dug a soil pit to prepared a
vertical soil profile (70.0 cm depth, 75.0 cm width) (10 cm to the root
axis) and used a rubber hammer to drive the volumetric ring (inner
diameter, 70.00 mm; height, 52.00 mm; and volume, 200 cm3) into the
vertical soil profile. We further used a sharp knife to cut off the soil
around the volumetric ring and also cut off the soil which connected to
the vertical soil profile to produce an intact soil core. All the volumetric
rings containing wet soil (fifty-three intact soil cores) were carefully
transported to the laboratory to determine the soil physical properties
(Danielson and Sutherland, 1986). The weights of the empty volumetric
ring and the volumetric ring containing wet soil were first recorded as
WHCR and WCRWS, respectively; then, the samples were placed in a tray
(70.0 cm length, 40.0 cm width, 10.0 cm depth) containing distilled
water for the effective saturation experiment in laboratory. The water
level in the tray was near the topsoil surface of the volumetric rings,
without entering the samples by the top. The weight of soil samples at
saturation (WSAT) was measured after ponding the soil core cylinders
for 24 h. Afterwards, the saturated soil core cylinders were placed on
sand to facilitate their drainage through gravity, then weighted two
hours (WWD2H) and five days (WWD5D) after drainage. Finally, the vo-
lumetric ring containing dry soil was oven dried at 105 °C for 24 h and
weighted (WCRDS); and the total porosity was calculated on the as-
sumption that air was not trapped in the soil pores, then validated using
dry bulk density and a particle density of 2.65 g cm−3 (Danielson and
Sutherland, 1986). The soil properties such as bulk density, non-capil-
lary porosity, total porosity, field capacity, saturated water-holding
capacity, and capillary water-holding capacity were determined ac-
cording to equations given in Zhu et al. (2019).

After the intact soil cores collection, the soil holes were filled with
soil from neighbours’ similar land to form a flat on soil vertical profile.
Then twenty 5TE sensors (Decagon Devices, Pullman, WA, USA) were

inserted entirely in the vertical soil profiles of the first plot (0.20 m to
rubber tree). The 5TE sensors (10.0 cm length, 3.7 cm width, 0.7 cm
thickness) have three prongs to enable simultaneous measurement of
subsoil temperature, VWC, and bulk electrical conductivity in soil
(Rosenbaum et al., 2010). These data were collected at an interval of 5
mins by the ECH2O Utility software (Decagon Devices, Inc©, Pullman,
WA) through an Em50 data logger. After the installation of the 5TE
sensors, the soil pit was carefully refilled to form a flat horizontal soil
surface. The impact of the sensor installation on water flow and soil
properties almost disappeared after four months, during which several
rainfall events saturated the soil and the data measured by 5TE became
stable, then the 5TE resume to forma work. The VWC was measured
during a rainfall event, with an average intensity of 4.8 mm min−1.

2.3. Water flow path interpretation

Dye solution was placed on two quadrats of the second plot for
water infiltration experiments. The first quadrat (0.20 m to the rubber
tree) was used to track water flow in the PFD, and the second (1.00 m to
the rubber tree) was utilized to trace the water flow in the NPFD. In
each quadrat, one hollow stainless-steel cylinder (diameter, 0.4 m;
height, 0.3 m) was inserted into soil at a depth of 0.05 m. Then, each
cylinder was filled with Brilliant Blue FCF dye tracer solution at a
concentration of 4.0 g L−1 (Flury and Flühler, 1995). Moreover, each
cylinder was rapidly refilled to 10 cm height during the infiltration
experiments to maintain a constant head (Zhu et al., 2019). The cu-
mulative infiltration volume was 26 L for each quadrat, and the in-
filtration experiments took 1.5 h for the first quadrat and 84.5 h for the
second quadrat.

The soils of two quadrats were dug 24 h after the end of infiltration
experiments to obtain two vertical soil sections at the mid-axis of each

Fig. 2. Diagram of the experimental design. Soil intact sores and 5TE in plot 1, Dye tracer infiltration test and root biomass samples in plot 2. The two plots (1 and 2)
were settled at locations where the rubber trees has similar morphological characteristics (20 years old, height 12.5 ± 1.48 m, stem diameter 45.52 ± 1.76 cm), the
similar soil condition was assumed for the two plots. The assumed rubber trees root systems were drawn in the soil profiles. The four points (M, N, P, and Q) were
divided into the PFD (marking as lilac area) because the four points were covered by wetting front at 30 mins after the rain, and the remaining part of area was
supposed as NPFD.
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cylinder. The soil sections were photographed using a digital camera
(Canon EOS Rebel T3, Japan). For the belowground biomass (Fig. 2),
soil samples were collected from each plot down to a depth of 0.6 m
using a root sampler (50 mm inner diameter; 50 mm height) (Fig. 2). A
total of 50 soil samples were taken to estimate root biomass, and the
soil was sieved through a 2-mm mesh, then wash-off to collect the soil
roots which were oven dried at 80 °C to a constant weight.

2.4. Spatial interpolation and preferential flow domain classification

Subsequent to soil hydrological features (field capacity, saturated
water-holding capacity, and capillary water-holding capacity) and
VWC, ordinary kriging in Surfer program (Version 10.0, Golden
Software Inc., Golden, CO, USA) was used to produce kriging maps of
the VWC, soil physical properties and hydrological properties across the
vertical soil profiles. A point (x, y) on the vertical soil section was
classified into the PFD if it is covered by the wetting front at a certain
period during the rain. For instance, points M (20, 0) and N (55, 0) were
classified into the PFD at 15 mins after the beginning of the rain, and
points P (20, 55) and Q (55, 55) were divided into the PFD at 30 mins
after the rain. Then, the rectangle (35.0 cm width, 55.0 cm depth)

formed by the four points (M, N, P, and Q) was assumed as PFD, and the
remaining part of the area was supposed as NPFD (Fig. 2). Besides, the
lateral flow of the wetting front in the vertical soil section was also
recorded at two different times (15 and 30 mins after the beginning of
the rain) to determine the wetting front rate of the downward flow;
then the wetting front rate and contour between the NPFD and PFD
were compared for the rainfall event.

2.5. Statistical analysis

The simulated soil physical and hydrological properties were ob-
tained from the kriging maps. Spearman's correlation was used to es-
tablish the relationship between measured and simulated soil proper-
ties. The difference in soil properties among NPFD and PFD was
analyzed using t-test in SPSS 20.0 (Statistical Package for the Social
Sciences, USA). All the data were first tested for normal distribution. A
log-transformation or square root transformation was applied for non-
normally distributed data. Differences were considered significant at
p < 0.05. A linear redundancy analysis (RDA) was also performed to
explore the relationships between soil hydrological and soil physical
properties, and a Monte Carlo permutation test was conducted based on
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Fig. 3. Spatial distribution contour maps of soil properties in vertical soil profiles and the t-test results of their comparisons between the two domains (preferential
flow domain and non-preferential flow domain, PFD and NPFD, respectively). BD, bulk density; NCP, non-capillary porosity; TP, total porosity. SWHC, saturated
water-holding capacity; CWHC, capillary water-holding capacity; FC, field capacity. * P < 0.05. ** P < 0.01. *** P < 0.001. NS: No significant.

Table 1
Correlation coefficients of soil physical properties between field measurement (FM) and interpolation method (IM). BD, bulk density; NCP, non-capillary porosity; TP,
total porosity. Soil hydrological properties refer to FC, field capacity; SWHC, saturated water-holding capacity; CWHC, capillary water-holding capacity.

IM FM

PFD NPFD

BD NCP TP SWHC CWHC FC BD NCP TP SWHC CWHC FC

PFD/NPFD 0.895** 0.681* 0.790** 0.909** 0.960** 0.679* 0.905** 0.734* 0.828** 0.862** 0.903** 0.938**

* P < 0.05.
** P < 0.01.

X.-J. Jiang, et al. Forest Ecology and Management 461 (2020) 117948

4



499 random permutations to test the significance of the eigenvalues of
the canonical axes in CANOCO 4.5 (ter Braak and Smilauer, 2002).

3. Results

3.1. Soil properties distribution patterns

The spatial distribution contour maps showed different soil prop-
erties between the two domains (PFD and NPFD) within soil profile
(Fig. 3). Because of the different number of measured data that chal-
lenged statistical analyses, we instead used the simulated data to
compare the soil properties between PFD and NPFD based on the ob-
served strong and significant correlation between measured soil prop-
erty and its corresponding simulated data (Tables 1). The bulk density
was significantly higher in the NPFD than in the PFD from the soil
surface to the soil depth of 50 cm (P < 0.05). The non-capillary por-
osity was higher in the PFD than in the NPFD from the soil surface to
25 cm depth (P < 0.01), and lower from 45 cm to 50 cm depth
(P < 0.01). The total porosity was higher in the PFD than in the NPFD

at the soil surface (P < 0.001), and lower at 50 cm to 55 cm depth
(P < 0.001). The saturated water-holding capacity was higher in the
PFD than in the NPFD from the soil surface to the soil depth of 25 cm
(P< 0.05). The capillary water-holding capacity was higher in the PFD
than in the NPFD at the soil surface, and the field capacity was lower in
the PFD than in the NPFD from soil surface to depth of 55 cm
(P < 0.01). The total root biomass was 6 fold lower in the NPFD than
that in the PFD (P < 0.001).

3.2. Water flow behaviours and spatiotemporal distribution of volumetric
water content

The current study also showed different water infiltration patterns
and water flow paths between NPFD and PFD domains (Fig. 4). The dye
stained area decreased with the greater depth, and exhibited scattered
points with micropores as dominant water flow paths in NPFD; whereas
more than half of the dye stained area was confined to the upper 50 cm
of soil profile in PFD, with roots and macropores as dominant water
flow paths. The temporal distribution of VWC inferred a quick response

Fig. 4. Different water flow paths and infiltration patterns in non-preferential flow domain (NPFD) and preferential flow domain (PFD), respectively. DAP, Dye area
percentage.

Fig. 5. Volumetric water content (VWC) at different soil depths as a function of rainfall events. NPFD, non-preferential flow domain; PFD, preferential flow domain.
Data expressed as an average value of two replications (5TEs) from one soil depth.
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of PFD to rainfall compared to NPFD, because the topsoil of PFD
(0–10 cm) wetted earlier (about 5 min) than NPFD after the beginning
of the rain (first rainfall event on December 20th 2018) (Fig. 5). Fur-
thermore, the coefficients of variation of VWC in NPFD was high at the
surface soil layer and decreased almost 6 fold with the rising soil depth,
while those of PFD mainly increased only 2 fold from the topsoil to the
deep soil (Table 2). Consequently, an opposite trend of VWC existed
between NPFD and PFD and the temporal variation of VWC was higher
in the PFD than in the NPFD.

The spatial distribution contour maps expressed the VWC patterns and
wetting front in the PFD and NPFD. The VWC fluctuated between 0.26 cm3

cm−3 and 0.44 cm3 cm−3 in PFD, and between 0.28 cm3 cm−3 and
0.44 cm3 cm−3 in NPFD, from beginning to end (Fig. 6A–E) of the rain.
Before the rain, the area of wetting front of VWC was higher in NPFD (28 to
38%) than in PFD (26 to 28%), although the two domains experienced
similar average values (0.29 cm3 for NPFD and 0.28 cm3 cm−3 for PFD).
The VWC spread as a downward flow of wetting front 15 min after the
beginning of the rain, reaching wetting front VWC ranges of 28–40% and
28–32% for NPFD and PFD, respectively (Fig. 6 B). From 15 min to 60 min

after the beginning of rain, both NPFD and PFD domains experienced dif-
ferent variations of VWC distribution, due to the higher downward rate of
wetting front in the PFD than in the NPFD. For instance, from 15 min to
30 min during the rainfall event, the depth of the wetting front in the PFD
increased by 40.8 cm, which was greater than that in the NPFD (only
17.5 cm rise) for the same period. Besides, the largest difference of average
VWC between PFD and NPFD occurred at saturation stage (0.40 cm3 cm−3

in PFD and 0.33 cm3 cm−3 in NPFD) (Fig. 6 D), and this difference de-
creased during drainage 240 min after the rain (0.36 cm3 cm−3 in PFD and
0.34 cm3 cm−3 in NPFD) (Fig. 6D–F). Therefore, a lateral flow occurred and
transported water from PFD to NPFD during saturation stage (0.95, 0.27,
and 0.44 cm3 cm−3 for various rainfall events 1, 2, and 3, respectively,
which is calculated as the difference of VWC between the two domains),
and inversely from the NPFD to the PFD during drainage stage (about 0.63,
0.30, and 0.39 cm3 cm−3 for rainfall events 1, 2, and 3, respectively).

3.3. Effect of soil properties on water flow

The soil hydrological properties (SHP) highly correlated with soil

Table 2
Descriptive statistics of volumetric water content (cm3 cm−3) (mean ± SE, n = 40203) in the two domains at various soil depths. PFD, preferential flow domain;
NPFD, non-preferential flow domain; SE, standard error of mean; SD, standard deviation; CV, coefficient of variation.

Depth (cm) Domain Mean Maximum Minimum SE SD CV (%) Skewness Kurtosis

10 NPFD 29.90 45.12 15.56 4.58 20.96 70.09 −0.78 0.34
PFD 20.89 48.05 10.88 3.00 9.02 43.20 −0.87 3.21

20 NPFD 30.32 45.63 14.42 2.42 5.86 19.32 −2.84 10.32
PFD 35.67 53.36 20.36 3.77 14.22 39.86 −1.18 39.86

40 NPFD 32.11 45.72 14.16 3.35 11.23 34.96 −1.82 34.96
PFD 28.52 48.44 12.59 4.94 24.45 85.71 −1.34 1.05

60 NPFD 30.42 47.80 10.97 2.96 8.74 28.74 −4.88 27.78
PFD 26.20 53.50 11.34 4.81 23.10 88.17 −0.75 0.16

90 NPFD 29.19 33.17 20.85 1.80 3.24 11.11 −1.90 3.84
PFD 31.27 47.59 14.93 4.97 24.68 78.91 −0.30 0.60

Fig. 6. Spatial distribution contour maps of volumetric water content (VWC) (left) and area (right) in vertical soil profiles. For each area, left side is the percentage
area occupied by a specific VWC in soil profile, and right side is the percentage area occupied by a specific VWC in PFD and NPFD. A: before the rainfall; B, C, D, and
E: 15, 30, 45, and 60 min after the beginning of the rain, respectively; F: 240 min after the end of the rain. The rectangle (35.0 cm width, 55.0 cm depth) formed by
the four points (M, N, P, and Q) was assumed as PFD (marking as lilac area), and the remaining part of area was supposed as NPFD.
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physical properties (SPP) as shown the results in the RDA graph (Fig. 7).
The RDA results exhibited significant eigenvalues for both canonical
axes and first axis (canonical axis: P= 0.002 and first axis: P= 0.002),
and the two RDA axis (SHP the first axis and SPP on second) sub-
stantially explained 98% of the total variance in soil properties
(Table 3). Root biomass was the dominant SPP, which suitably con-
nected to SHP (first axis), and total porosity was the dominant SPP
correlated with the second RDA axis (Fig. 7). Saturated water-holding
capacity, field capacity, dye stained area, and wetting front rate nega-
tively associated with bulk density and positively correlated with non-
capillary porosity and root biomass. Besides, saturated water-holding
capacity, capillary water-holding capacity, and field capacity correlated
positively with total porosity, while a negative relationship was noticed
between capillary water-holding capacity and root biomass (Fig. 7,
Tables 3 and 4).

4. Discussion

4.1. Soil water as affected by soil properties

In the present study, the spatial distribution patterns of soil prop-
erties in the vertical soil section exhibited a substantial variation of soil

properties between PFD and the NPFD (Fig. 3). The distribution pat-
terns of soil properties mainly matched the root system distribution
zone, because of the effects of roots activity and their decomposition on
soil properties, and daily disturbance from latex tapping and herbicide
application (Zhu et al., 2019). Additionally, the soil physical properties
(e.g., bulk density, non-capillary porosity) substantially affected its
hydrological properties (e.g., saturated hydraulic conductivity and cu-
mulative infiltration). For instance, bulk density negatively affects sa-
turated water-holding capacity (Chen et al., 2018; Jiang et al., 2018,
2017), which was positively influenced by both non-capillary porosity
and total porosity (Table 4 and Fig. 3). Besides, a significant negative
correlation existed between bulk density and dye stained area (-0.681,
P < 0.05) and wetting front rate (-0.769, P < 0.05). However, the soil
parameters such as root biomass and non-capillary porosity had a
substantial positive correlation with dye stained area (0.983, P < 0.01
with root biomass and 0.650, P< 0.01 with non-capillary porosity) and
wetting front rate (0.854, P < 0.01 with root biomass and 0.802,
P < 0.01 with non-capillary porosity) (Table 4). These correlations
patterns suggest that the downward water flow was reduced by the high
bulk density in NPFD, which was at the same time enhanced by the high
root biomass and high non-capillary porosity in PFD. Furthermore, the
high porosity resulting from high root biomass in PFD could be bene-
ficial for subsoil water storage during storms. Therefore, more water
infiltrated and stored in PFD, then the over-saturated water was de-
livered to NPFD through paths of preferential flow. As a result, the
system PFD-NPFD can reduce the surface runoff and store more water
for rubber trees.

Several studies reported that the spatial occurrence of preferential
flow mainly depends on soil properties and hydrological conditions
(Wiekenkamp et al., 2016; Flury et al., 1994; Ghafoor et al., 2013;
Jarvis, 2007). Moreover, the underlying pathways of preferential flow,
e.g. root channels, fractures, animal burrows, fissure, crack (Jiang et al.,
2019, 2018; Noguchi et al., 2001; Shipitalo and Gibbs, 2000; Bauters
et al., 1998; Dekker and Ritsema, 1996; Wang et al., 1996), and their
characteristics depend on factors including soil type (Bouma, 1981),
tillage management (Andreini and Steenhuis, 1990), and vegetation
(Beven and Germann, 2013). Our results suggested that the dominant
flow paths in NPFD were micropores, which did not induce an emer-
gence of preferential flow during water infiltration (Fig. 5) because of
the high bulk density and low non-capillary porosity of the NPFD
(Fig. 3). In contrast, the dominant flow paths in PFD were the inter-
space and cracks between soil and rubber tree roots, and the soil
macropores that derived from the activity and decomposition of root
system. These two paths in PFD lead to an occurrence of preferential
flow during the rainfall event. Haria et al. (1994) similarly found that
cracks and fissures are dominant flow paths in clayey soils. The pre-
sence of macropores and the activity and decomposition of roots re-
duced the soil bulk density while enhancing its non-capillary porosity
(Fig. 3). As a result, rubber roots appeared as the most critical factor
(being water path as well as affecting soil non-capillary porosity and

Fig. 7. Ordination diagram showing the results of RDA of soil physical prop-
erties and hydrological properties. Soil physical properties refer to BD, bulk
density; NCP, non-capillary porosity; TP, total porosity; RB, root biomass. Soil
hydrological properties refer to FC, field capacity; SWHC, saturated water-
holding capacity; CWHC, capillary water-holding capacity. WFR, wetting front
rate. DSA, dye stained area. Soil physical properties and hydrological properties
were obtained from the kriging maps. The arabic numbers (1–11 in NPFD;
12–22 in PFD) refer to soil sample number.

Table 3
Results of RDA of soil hydrological properties (SHP) and soil physical properties (SPP). Soil physical properties refer to BD, bulk density; NCP, non-capillary porosity;
TP, total porosity; RB, root biomass. Soil hydrologic properties refer to FC, field capacity; SWHC, saturated water-holding capacity; CWHC, capillary water-holding
capacity; WFR, wetting front rate; DSA, dye stained area. Soil physical properties and hydrologic properties were from the kriging maps.

Axes 1 2 3 4 Total variance

Eigenvalues 0.798 0.139 0.007 0.050 1.00
SHP-SPP correlations 0.997 0.865 0.807 0.000
Cumulative percentage variance of SHP data 79.8 93.8 94.9 99.4
Cumulative percentage variance of SHP-SPP relation 84.6 99.3 100.0 0.0
Sum of all eigenvalues 1.000
Sum of all canonical eigenvalues 0.944
Test of significance of first canonical axis Eigenvalue F-ratio P-value

0.798 71.217 0.002
Test of significance of all canonical axes Trace F-ratio P-value

0.944 101.215 0.002
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bulk density) influencing water flow in PFD. Indeed, the dye stained soil
exhibited scattered points that distributed from soil surface to 150 cm
depth in NPFD (Fig. 4), while the dominant dye stained soil was mostly
confined to the upper 50 cm of the soil profile in PFD. In sum, the
dominant flow type in PFD was preferential flow which was driven by
the action of gravity and pressure head gradient, while NPFD was
dominated by capillary flow mainly due to capillary action during the
single infiltration test. Finally, the characteristics of these two flow
types led to different durations of the dye infiltration with 1.5 h in PFD
and 84.5 h in NPFD.

The temporal variation of VWC was higher in PFD than in NPFD as
showed the spatial distribution contour maps of VWC (Fig. 5). In fact,
the wetting front exhibited a higher downward rate in PFD
(2.72 cm min−1) than in NPFD (1.17 cm min−1), which generated a
variability of VWC among the two domains. On the other hand, lateral
flow occurred during the rainfall as a dominant flow type from PFD to
NPFD (Fig. 6). These infiltration patterns compensated the low water
content in the NPFD and created a more homogenized water redis-
tribution across the entire soil profile. Indeed, the downward rate of
wetting front positively correlated with non-capillary porosity and root
biomass (Tables 3 and 4 and Fig. 7). Thus, the area with high range of
VWC (0.34–0.45 cm3 cm−3) increased along with the downward
movement of the wetting front (Fig. 6); and the rise was more

prominent in PFD than that in NPFD because of differences in bulk
density, non-capillary porosity and root biomass between the two do-
mains. Accordingly, the soil layers of PFD wetted earlier by the rain
compared with those of NPFD, suggesting PFD had a fast response to
rain water than NPFD.

4.2. Characteristics of PFD and NPFD

The PFD and NPFD showed opposite and complementary physical
and hydrological soil properties. The PFD was characterized by lower
bulk density and field capacity, and higher non-capillary porosity, total
porosity, saturated water-holding capacity, and capillary water-holding
capacity; while the NPFD was typically with higher bulk density and
field capacity, and lower non-capillary porosity, total porosity, satu-
rated water-holding capacity, and capillary water-holding capacity
(Fig. 3). This complementarity in soil properties could play an im-
portant role in the water infiltration and redistribution process. At the
beginning of the rain, if rainfall intensity was higher than infiltration
rate, runoff would appear in NPFD. In this case, the deep soil in the PFD
could be quickly saturated by this water, especially when the water
infiltration rate and its flux in the PFD are higher than those in the
NPFD. As a result, lateral flow occurred from PFD to NPFD because of
the differences in VWC, wetting front rate and pressure head gradient
between the two domains (Fig. 8A). The lateral flow carried water
(0.95, 0.27, and 0.44 cm3 cm−3 for various rainfall events 1, 2, and 3,
respectively) from the PFD to the NPFD. The lateral flow coexisted with
a downward flow, and they extended in the soil profile until saturation
(Fig. 8B). Nevertheless, after the rain, water drained faster in PFD than
in NPFD due to the higher non-capillary porosity in the PFD, and the
lateral flow oppositely occurred from NPFD to PFD at the draining soil
zones (Fig. 8C). Then some water (about 0.63, 0.30, and 0.39 cm3 cm−3

for rainfall events 1, 2, and 3, respectively) transported from the NPFD
to the PFD. Besides, after the water drainage from soil by gravity and
pressure head gradient, more water (high field capacity) first stored in
NPFD compared to PFD, then transported to the PFD through capillary
force (Fig. 8D). Consequently, the water flow patterns between the two
domains played an essential role in water supply mechanism for rubber
trees. Another essential characteristic of the two domains was their
difference in saturated hydraulic conductivity (Ks), which is a crucial
soil parameter used to model water movement and solute transport

Table 4
Correlation coefficients between soil physical properties and soil hydrologic
properties. Soil physical properties refer to BD, bulk density; NCP, non-capillary
porosity; TP, total porosity; RB, root biomass. Soil hydrologic properties refer to
FC, field capacity; SWHC, saturated water-holding capacity; CWHC, capillary
water-holding capacity; WFR, wetting front rate; DSA, dye stained area. Soil
physical properties and hydrologic properties were from the kriging maps.

Indicator BD NCP TP RB

FC −0.969** 0.794** 0.937** 0.612**

SWHC −0.901** 0.599** 0.933** 0.466*
CWHC −0.094 −0.071 0.516* −0.550**

DSA −0.681* 0.650** 0.226 0.983**

WFR −0.769* 0.802** 0.583 0.854**

* P < 0.05.
** P < 0.01.

Fig. 8. Conceptual model for soil water dynamic behavior in preferential flow and non-preferential flow domains. A and B: Different strength downward flow and
lateral flow were the dominant flow types in the different flow domains at both the beginning of rainfall and the saturation stage. C: Lateral flow occurred from the
non-preferential flow domain to the preferential flow domain at soil water draining stage. D: After the water drained by gravity, capillary flow, occurring from the
non-preferential flow domain to the preferential flow domain, was the dominant water resource for tea tree.
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through soil profile, and expresses the ability of soil to facilitate the
water flux under saturated conditions (Kutílek and Nielsen, 1994). Our
previously observed Ks values were higher in the root zone than in the
no-root zone (Jiang et al., 2019; Niemeyer et al., 2014; Ludwig et al.,
2005), resulting in higher Ks in PFD than in NPFD. High Ks and satu-
rated water-holding capacity suggest that a large amount of rainfall
water could infiltrate the soil and mitigate surface runoff at the wa-
tershed scale. Here, the PFD was typical of low storage and high flow
capacities while great storage and low flow capacities inversely char-
acterized the NPFD. Therefore, since the deep roots can affect
groundwater recharge (Li et al., 2018), the future researches should
also consider roots distribution and their morphological features to
precisely classify PFD. This consideration could have valuable im-
plications on understanding ecohydrological processes and water
supply mechanisms in natural ecosystems.

The current study revealed the water interaction behaviour of PFD
and NPFD domains, as similarly suggest the dual-permeability water
flow and solute transport models (Gerke and Köhne, 2004; Vogel et al.,
2000). Besides, our findings improved the results of our previous study
in which the variation patterns of water flow behaviours in a rubber-
based agroforestry system has been interpreted using dye tracer and
HYDRUS-2/3D (Jiang et al., 2019). However, our models would be
more useful if factors, such as plant root growth, swelling and shrinking
behaviour of clays, soil fauna burrows, topographic features, and ve-
getation cover, were considered for the subsoil hydrological processes
modelling.

5. Conclusions

Considering the differences in root distribution, soil properties, and
water flow paths between the root zone and its surroundings, we
evaluated water flow behaviour in preferential flow domain (PFD,
matching the root zone) and non-preferential flow domain (NPFD,
matching the remote root zone). The spatio-temporal characteristics of
PFD-NPFD system were quantified, and a high resolution soil sampling
and water content monitoring were conducted in the field.

The two domains were characterized by inverse soil properties with
PFD having low bulk density and field capacity, and high non-capillary
porosity and saturated water-holding capacity; while NPFD was of high
bulk density and field capacity, and low non-capillary porosity and
saturated water-holding capacity. High bulk density weakened the
downward water infiltration, which was at the same time enhanced by
the high non-capillary porosity and root biomass. Thereby, the wetting
front exhibited a higher downward rate in the PFD than in the NPFD.
On the other hand, the dominant flow type in PFD was preferential flow
with macropores as flow paths, capillary flow dominated in NPFD with
micropores as flow paths. PFD exhibited a quick response to rainfall,
and the difference in downward rate of the wetting front caused a
difference in volumetric water content between the two domains. As a
result, a lateral flow appeared from PFD to NPFD during rainfall, and
from NPFD to PFD during drainage. These infiltration patterns com-
pensated the insufficiency of soil water for rubber trees, especially
during soil water scarcity.

In conclusion, PFD was characterized by small storage capacity and
large flow capacity, and NPFD was of large storage capacity and low
flow capacity. In a system PFD-NPFD, PFD delivered over-saturated
water to NPFD during rainfall while NPFD provided available water
(deference between field capacity and wilting coefficient) to PFD for
rubber tree. Our findings show that this complementary water inter-
action relationship between the two domains can be helpful for rubber
growth. Our findings also have important implications on the under-
standing of ecohydrological processes and water supply mechanisms in
rubber plantations and natural forests.
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