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Abstract: The thickness of shallow landslides is
generally less than 2 m, which is of the same order of
magnitude as the growth range of vegetation roots.
Vegetation roots can improve the stability of shallow
soil through mechanical and hydraulic effects.
Therefore, the landslide process is closely related to
the plant roots growing on the slope surface. Plant
roots play a dominant role in the regulation of soil
suction through solar radiation induced transpiration.
However, little is known about the correlation
between cumulative solar radiation and soil suction.
Moreover, the specific effects of fine roots on the
suction distribution are not clear in most previous
studies. In this study, a vegetated soil of a drought-
tolerant and water-tolerant shrub, namely Amorpha
fruticose, was adopted. The suction and volumetric
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water content of bare and vegetated soils were
monitored under natural conditions for 4 months.
The results demonstrate that there is a nearly linear
relationship between cumulative solar radiation and
suction ranging from zero to 100 kPa. Regarding the
modeling of the soil-plant-atmosphere interactions,
this relationship could serve a significant role in
calculating the root water uptake under given solar
radiation conditions. In addition, higher suctions
were observed at the lower layer of the vegetated soil
than those at the middle layer, which is different from
the results of vegetated soil from previous
investigations. This is due to the fact that the root
area index (RAI) of fine roots at the lower layer is
twice that of the middle layer. Importantly, the higher
concentration of fine roots at the lower layer of
vegetated soil sample resembles the root distribution
of shrub near the soil-bedrock interface on shallow
bedrock landslides. The fine roots would increase soil



suction through transpiration, and hence reduce the

permeability and increase shear strength of landslides.

Eventually, these new findings serve as a preliminary
step on the evaluation of the stability of this common
type of landslides.

Keywords: Field monitoring; Fine roots; Solar
radiation; Suction; Shallow bedrock landslide

1 Introduction

Shallow landslides are natural geomorphic
processes that shape the landscape and are commonly
triggered by rainstorms (Rickli and Graf 2009) or
earthquakes (Croissant et al. 2019). As a green and
ecologically-balanced reinforcement approach (Pollen
et al. 2004; Ng and Menzies 2007; Jin et al. 2019),
vegetated slope not only restrains the surface soil
from erosion (Zhang et al. 2020), but also improves
the stability of shallow soil through mechanical and
hydraulic effects (Waldron 1977; Pollen et al. 2004;
Feng et al. 2020; Ng et al. 2020a; Su et al. 2020).
Mechanical effects mainly include reinforcing effect of
fibrous roots, anchoring effect of taproot, and pulling
effect of horizontal roots (Greenway 1987; Pollen et al.
2004; Stokes et al. 2009). In terms of hydraulic
effects, vegetation can increase soil suction through
transpiration, which is beneficial for reducing
permeability and increasing shear strength of
unsaturated soils (Ng and Menzies 2007; Ng 2017; Ni
et al. 2018; Sadeghi and Ng 2018; Mu et al. 2022).
Very often, the growth depth of woody roots is
approximate to the thickness of shallow landslides.
Therefore, the roots of woody plants on the slope have
a significant influence on the stability of shallow
landslides.

The transpiration-induced suction depends on
root water uptake, which is a complicated process due

to the soil-plant—atmosphere interactions (Segal et al.

2008; Nyambayo and Potts 2010). Accurate
prediction of the suction changes induced by
transpiration in the numerical simulations requires
an understanding of the physical mechanism of
radiation-transpiration effects on water uptake and
suction response. Therefore, a quantified relationship
between solar radiation and suction could be of vital

importance for the numerical simulations on this area.

Most root water uptake models, which have been
implemented into finite element codes (Indraratna et
al. 2006; Nyambayo and Potts 2010; Zhu et al. 2018),
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adopted soil suction, root distribution, and potential
transpiration as input parameters. The influences of
atmospheric conditions, i.e., the solar radiation,
temperature, and humidity, are not clear. Although
solar radiation is one of the key external driving
factors in transpiration-induced suction (Allen et al.
1998), little is known about the correlation between
solar radiation and transpiration-induced suction.

The aboveground vegetative leaf and atmospheric
conditions, as well as the belowground root and soil
environments, together determine the intensity of
transpiration (Haseba and Takechi 1972; Pieruschka
et al. 2010). The aboveground external factors
affecting transpiration depend mainly on the
difference in vapor pressure inside and outside of the
leaf and the magnitude of stomatal diffusion
resistance (Haseba and Takechi 1972; Pieruschka et al.
2010; Lin et al. 2016). Other things being equal, solar
radiation controls vegetation transpiration (Singh et
al. 1982; Ta et al. 2011). On one hand, solar radiation
causes the opening of stomata and reduces stomatal
resistance, thus enhancing transpiration (Singh et al.
1982; Baille et al. 1994; Pieruschka et al. 2010). On
the other hand, solar radiation increases the
temperature of the atmosphere and leaves, and
decreases the relative humidity of the air, which
increases the vapor pressure difference inside and
outside of the leaves and accelerates transpiration
rate (Haseba and Takechi 1972; Lin et al. 2016).
Water in the soil is sequentially evaporated to the
atmosphere by vegetation transpiration through root
hairs, intra-root ducts, intra-stem ducts, intra-leaf
ducts, stomata, and finally the atmosphere (Allen et al.
1998). This means that transpiration of vegetation
directly influences the buildup of soil suction through
the root system.

The root is the organ of vegetation for uptaking
water from the soil, and its morphology along the soil
depth has a significant effect on the distribution of
soil suction (Zhu et al. 2018; Ni et al. 2018). For
coarse roots (diameter > 2 mm), the liquid water
inside the root is easily vaporized to generate air
bubbles under high negative pressure. The number of
channels for the flow of liquid water are reduced, and
the permeability becomes low, adversely affecting the
root water uptake. On the contrary, the fine roots
(diameter < 2 mm) have a larger contact area with the
soil, and their epidermis and water conduits have
higher permeability (Segal et al. 2008), which is more
conducive for root water uptake. It is understood from
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the current literatures that, most previous studies
focused on the effect of overall root characteristics
(characterized by root area index (RAI) and root
length density (RLD), etc.) on soil suction (Scholl et al.
2014; Lu et al. 2020; Ng et al. 2016, 2020b). The
effect of fine roots, especially fine roots of shrub, has
not been fully explored.

Soil-water characteristics mainly depend on void
ratio, overburden stress, and soil pore size
distribution (Romero et al. 1999; Ng and Pang 2000;
Sadeghi et al. 2016; Mu et al. 2020; Ng et al. 2022a).
Experimental studies (Scholl et al. 2014; Ng et al.
2016; Jotisankasa and Sirirattanachat 2017; Ni et al.
2018) have shown that root system can modify the
structure of soil and thus affect the soil-water
characteristics. Roots change soil structure mainly
through (7) volumetric occupancy of roots in soil pore
space (Scanlan and Hinz 2010; Scholl et al. 2014); (i7)
the release of exudates from roots to clog fine pores
(Grayston et al. 1997; Traore et al. 2000); and (iii)
shrinkage or decay of coarse roots is conducive to the
formation of macro-pores (Ghestem et al. 2011; Ni et
al. 2018). Fine and coarse roots affect the soil
structure in different ways. Fine roots have a pore-
clogging effect on the soil, causing small aggregates to
coalesce. Coarse roots cause relatively large
movements and rearrangements of soil particles and
create fissures in the soil (Bodner et al. 2014; Lu et al.
2020). Herbaceous plants and shrubs have different
root thicknesses, root distribution patterns along
depth, and root reinforcement mechanisms for slopes.
Most of current studies are based on herbaceous
plants and there lacks an understanding of the role of
shrub roots in modifying soil-water characteristics.

Based on the research
gaps of the above studies,
the aim is to study the
effects of solar radiation and
fine roots on suction of
shrub-vegetated soil. To
achieve the main objectives

O Tensiometer

excavated and their root area index (RAI) was
measured. The effects of cumulative solar radiation
on suction were investigated, and the contribution of
fine roots to the distribution of soil suction was
analyzed. Finally, the influence of plant roots on soil-
water characteristics through their modification of
soil structure was further investigated.

2 Monitoring of Shrub-Vegetated Soil

2.1 Monitoring site and climate

The monitoring of shrub-vegetated soil was
carried out in Yanting Agro-ecological Experiment
Station of Purple Soil, Chinese Academy of Sciences.
The site is located at Linshan town, Yanting county,
China (105°27’E, 31°16'N), and it belongs to the
subtropical humid monsoon climate zone. Site climate
conditions, which come from the long-term
monitoring data of the network on the station,
including temperature, relative humidity, solar
radiation, and rainfall intensity, were measured
continuously by an automatic weather station. During
the monitoring period (from 17 June 2021 to 23
October 2021), the temperature ranged from 17°C to
39°C and the relative humidity varied from 28% to
100%. The maximum rainfall intensity was 29 mm/h.
The solar radiation ranged from o to 3.65 MJ/(m2h).

2.2 Monitoring setup and instrumentation

Fig. 1 shows the schematic diagram of plan and
cross-sectional views of a vegetated test cylinder. The
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Fig. 1 Schematic diagram of plan and cross-sectional views of a vegetated test
cylinder (all dimensions in mm).



cylinder is made of polyvinyl chloride (PVC), and is
characterized with diameter of 400 mm and height of
460 mm. Soil was compacted in each cylinder and an
individual seedling was transplanted in the center.
The lateral boundaries were impermeable, while the
bottom boundary was subjected to drainage through
holes drilled to the base plate. The top boundary was
subjected to atmospheric condition. The soil column
is 380 mm in height.

In order to measure the responses of suction, two
vertical arrays of miniature-tip tensiometers (Model
2100F, Soil moisture Equipment Corp) were installed
along the soil depth (Fig. 1). Each one has a ceramic
cup (i.e., the sensing element) of 6 mm in diameter
and 25 mm in length. The accuracy of each
tensiometer is +1 kPa. The vacuum dial gauge of the
2100F tensiometer was replaced with a pore pressure
transducer (PPT), so that the suction data can be
collected automatically (Sadeghi et al. 2020). Prior to
installation, the ceramic tip of each tensiometer was
fully saturated and the plastic tube was completely
filled with air-free water, as cavitation could occur in
each tensiometer when suction approached 80 kPa.
After installation, any gap between probe and
surrounding soil was backfilled with soil paste to
prevent preferential water flow during monitoring.

One vertical array, consisting of three
tensiometers (denoted T1, T2, and T3 in Fig. 1), was
installed directly beneath the shrub seedling located
in the middle of the cylinder. The instrument depths
were 100, 200, and 300 mm from the soil surface,
respectively. Another vertical array, consisting of two
tensiometers (denoted T4 and T5 in Fig. 1), was
installed at 9o mm from the centerline of cylinder.
The instrument depths were 100 and 200 mm from
the soil surface. During the monitoring period,
whenever the suction increases to about 60 kPa, a
large amount of air bubbles will be entrapped in the
plastic tube of tensiometers. At this time, it is
necessary to release the trapped air and refill the
plastic tube with air-free water.

Five soil moisture probes (EC-5, Decagon Devices,
Inc) were installed next to the five tensiometers to
monitor volumetric water content (VWC). They were
denoted S1 to S5 in Fig. 1. The purposes of moisture
probes were to check the measurements of suction
against VWC and to investigate the effects of roots on
soil-water characteristics. Each moisture probe was
calibrated in the laboratory using the same soil in the
monitoring cylinder and the accuracy was found to be
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+ 1% of VWC. Both the suction and volumetric water
content were continuously collected by a data logger
(cRIO-9040, National Instruments), one data point
every two minutes.

2.3 Soil and plant type

The soil selected for investigation is commonly
found in Yanting Agro-ecological Experiment Station
of Purple Soil. The dry density of soil was controlled
at 1.28 g/cm3, which was consistent with the
surrounding cultivated land. Measurements of the
particle-size distribution show that the contents of
gravel, sand, silt and clay in the soil are 0.6%, 31.7%
and 67.7%, respectively. The coefficients of uniformity
and curvature are found to be 9.2 and 1.5 respectively,
and this soil is thus classified as a well-graded soil.
The plastic limit and liquid limit of the test soil are 16%
and 30%, respectively. Based on the measured
particle-size distribution (Fig. 2) and Atterberg limits,
and following the Unified Soil Classification System
(USCS; ASTM, 2017), the soil is classified as lean clay
(CL). Other measured properties of the soil are
summarized in Table 1.

100 },__;::
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Fig. 2 Grain size distribution of the test soil.

The vegetation selected for investigation is a
drought-tolerant and water-tolerant shrub species,

Amorpha fruticosa. This shrub is selected because (7)

it has a thick taproot and a lot of lateral roots; (i7) the
soil requirements of this species are not strict, and it
can grow on barren hillsides, roadsides, and river
banks; and (ii) it can grow rapidly with dense
branches and leaves. Based on these advantages, it is
an outstanding shrub species for slope protection.

2.4 Test program

1793



J. Mt. Sci. (2023) 20(6): 1790-1804

In this study, five shrub seedlings, which were
previously grown in a nursery, were transplanted to
five separate cylinders at mid-April 2021. Each
vegetated cylinder was irrigated every ten days for one
month. The duration of one month of frequent
irrigation schedule was sufficient for plant roots to
establish with the surrounding soil. Due to the
variability of shrub species, the five shrub seedlings
had different properties. They had a mean height of
823 mm with standard error of 38 mm at mid-June,
and a mean height of 2113 mm with standard error of
51 mm when excavated on October.

Two of these five vegetated cylinders were used
for monitoring suction and volumetric water content
with tensiometers and soil moisture probes, denoted
as V1 and V2. The remaining three cylinders that were
used as a control group are denoted as V3, V4, and V5,
which would be used to measure RAI. For comparison,
tensiometers and soil moisture probes were installed
on one cylinder of bare soil, which was denoted as B.
The monitoring program was summarized in Table 2.

2.5 Test procedures

All six cylinders were exposed to the natural
environment for 6 months from 17 April 2021 to 23
October 2021. For the first 2 months after
transplantation, the probes and plant roots were not
tightly connected to the soil, so the monitoring was
not performed. The monitoring period is carried out
for 4 months, from 17 June 2021 to 23 October 2021,
during which suction and volumetric water content
were monitored continuously.

The distribution of root has a significant effect on
the level of soil suction along depth. At early October,
three cylinders of parallel vegetated soils (V3, V4, and
V5, the total number is m=3), with similar basal stem
and plant height to V1 and V2, were excavated to
measure the root parameters. This was achieved by
carefully excavating the entire soil-root assembly.
Afterwards, the whole root system was photographed
and cut into four sections along the vertical direction,
and the lengths of each section were 100 mm, 100
mm, 100 mm, and 80 mm, respectively. The root was
scanned with Microtek root scanner (Zhejiang Top
Yunnong Technology Co., Ltd.), and the length,
diameter, surface area, and volume of the root were
calculated with RhizoPheno analysis software to
obtain the root area index (RAI). Hence, in this study,
RAI was discretized at intervals of 100 mm. Because
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Table 1 Index properties of test soil

Index properties Value
Particle-size distribution

Gravel content (4.75-75 mm, %) 0.6
Sand content (0.075-4.75 mm, %) 317
Silt & Clay content (< 0.075 mm, %) 67.7
Effective particle size Dio (mm) 0.007
Median particle size D3o (mm) 0.030
Controlled particle size Dso (mm) 0.060
Coefficient of uniformity (Dso/D1o) 9.2
Coefficient of curvature (D30)2/(DsoD1o) 1.5
Specific gravity 2.65
Atterberg limits

Plastic limit (%) 16
Liquid limit (%) 30
Plasticity index 14
Unified Soil Classification System Lean clay
(Uscs)* (CL)

Notes: * ASTM (2017).

Table 2 Monitoring program

Monitoring period for analysis and soil-root
Test parameters

ID 25-Jun.to 04-Sep. to 18-Sep. to
05-Jul. 12-Sep. 01-Oct.

B Suction VWC Suction VWC Suction VWC
Vi Suction VWC Suction VWC Suction VWC
V2 Suction VWC Suction VWC Suction VWC
Vs / / / / RAI

\Z / / / RAI

Vs |/ / / / RAI

Notes: VWC: volumetric water content; RAI: root area
index.

of their similar growth, the average RAI of these three
cylinders was adopted to represent that of
instrumented V1 and V2.

The root area index (RAI) is a dimensionless
index that indicates the water uptake ability of roots
within the root zone. The RAI is defined as the ratio of
the root surface area in a longitudinal section at a
specific depth to the area of the root extension area in
the horizontal direction. RAI can be expressed as

> md A
RAJ = &==! (1)
7D /4

where, Ah is the calculated depth range, usually 10
mm; D, is the maximum extension diameter of the
root system in the horizontal direction; d; is the
diameter of the i-th root system; and n is the total
number of roots.

The global of root morphology of Amorpha
fruticose (Fig. 3a) is almost rectangular, which is due
to the restriction of the cylinder. Note that the root
system in the figure stretches out in excess of 400 mm,



m;;- '

Fig. 3 Root system of Amorpha fruticosa: (a) the root
morphology; (b) the details of the root system analysis:
the taproot (red), the first lateral roots (green), and
secondary lateral roots (yellow). The pink circle is the tip
of the root, and the green circle is branching point.

which is caused by the sagging of the fine roots under
the weight of gravity. Fig. 3b shows the details of the
root system analysis. Significant differences were
assessed with one-way ANOVA (analysis of variance),
followed by post hoc Tukey’s test. Correlations were
tested using regression analysis.
considered statistically significant when p < 0.05.
Each suction data point is derived from monitoring
data over a 24-hour period. There is some error in the
root analysis. For example, some fine roots are not
counted, which would lead to the actual fine roots will
be more than the analyzed result.

Results were

3 Interpretation of Measured Results

3.1 Observed RAI profiles of root

Fig. 4 depicts the measured profile of RAI along
the soil depth of all three shrub individuals. It is note
that the data points at 100 mm, 200 mm, and 300
mm depths in the figure refer to the RAI of roots
determined within the depth ranges of 50—-150 mm,
150—250 mm, and 250—350 mm, respectively.

It can be seen that at depths of 100 mm, 200 mm,
and 300 mm, the RAI of fine roots accounts for 52%,
58%, and 75% of root classes at each depth,
respectively. This means that the RAI of fine roots is
greater than that of coarse roots, regardless of the
depth at which they are located. The RAI of fine roots
at the 300 mm depth is 81% and 83% greater than
that at depths of 100 mm and 200 mm, respectively.
On the one hand, the newborn fine roots tend to grow
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downwards, resulting in fewer fine roots at the upper
layer of soil. On the other hand, a large number of
roots are restricted to grow and much fine roots
accumulate at the lower layer. The p-value for RAI of
fine roots with diameter of 0-2.00 mm is 0.002 at
three depths, the difference was significant (Table 3).
The RAI of fine roots at 300 mm are significantly
different from those at 100 mm and 200 mm,
respectively. It is also visually obvious from Fig. 3a
that the fine roots at the lower layer is denser than
those at the middle and upper layers, respectively.

Root area index
0.0 0.2 0.4 0.6 0.8

100

Depth (mm)
200

300

(20-2.00 mm ©2.00-5.00 mm @ 5.00-10.00 mm @ > 10,00 mm|

Fig. 4 Distribution of root area index (RAI) along soil
depth. Mean values are reported as mean + standard
error (m = 3).

Table 3 Summary of root area index (RAI) at three
depths (mean + standard error, m= 3)

Diameter Depth (mm)

-value
classes (mm) 100 200 300 p
0.00-2.00 0.38+0.07a 0.38+0.01a 0.70+0.07b 0.002
2.00-5.00 0.14+0.03a 0.13+0.03a 0.15+0.02a 0.810

5.00-10.00 0.22+0.02b 0.15+0.02ab 0.08+0.03a 0.013
>10.00 0.00£0.00a 0.00+0.00a 0.00+0.00a 0.422

3.2 Responses of suction and volumetric water
content to evapotranspiration

The suction and water content responses of
vegetated soils (V1 and V2) were similar, so only the
case of V1 was shown in Fig. 5. The lack of data during
the period was mainly caused by malfunction of the
acquisition system. The variation of suction and
volumetric water content of bare soil B along soil
depth is negligible. The suction and volumetric water
content at depth of 100 mm are adopted to represent
the entire cylinder, denoted as B-T1 and B-S1. During
the no-rainfall periods, apparent peaks of suction
were recorded due to the  significant
evapotranspiration (Fig. 5a). Accordingly, the water
content dropped to its minimum (Fig. 5b). In general,
the variation of suction along depth was not obvious,
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Fig. 5 Suction (T) and volumetric water content (S) responses of bare soil B and vegetated soil V1, regulated by the site
climate during the entire monitoring period: (a) suction and rainfall intensity (the intervals marked with red arrows
are the major analyzed periods); (b) volumetric water content and solar radiation.

but the variation of volumetric water content along
depth was more pronounced.

When subjected to rainfall, solar radiation is
minimal. Accordingly, the suction decreased and
volumetric water content rose rapidly for vegetated
soil. Compared to vegetated soil, the magnitude of the
variation in suction and volumetric water content of
bare soil was not significant, only one-tenth of the
former. Three periods, from 25 June to 05 July, from
04 to 12 September, and from 18 September to 01
October (marked with red arrows in Fig. 5a) were
chosen for detailed analysis of the relationship
between induced suction and cumulative solar
radiation, the suction distribution along soil depth,
and soil-water characteristics, because of their large
and representative magnitude of variation.

3.3 Relationship between induced suction and
cumulative solar radiation

The solar radiation determines the aboveground
plant transpiration to a large extent. While the
underground plant roots (mainly fine roots) uptake
water from the soil during transpiration, resulting in
an increase in suction. The suction responses of
vegetated soil (V1) and bare soil are compared to
highlight the effect of solar radiation on suction
buildup (Fig. 6). The suction at B-T1 is adopted to
represent the suction variation of bare soil, since the
suction buildup of B-T1 due to evaporation is the
fastest compared to those measured at other locations.
The suction of bare soil rises slowly compared to
vegetated soil due to the lack of transpiration. It is
interesting to note that, during the day, suction
increases with the cumulative solar radiation. At night,
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when solar radiation is absent, suction plateaus
without increasing, or even decreases due to the
redistribution of soil moisture, with a capillary effect
from area of high to low moisture.

During each of three monitoring periods (eight-ten
days), the leaf area index and root characteristics were
considered unchanged. Therefore, the solar radiation
energy interception rate of the leaves remained
constant. Despite the ratcheting effect caused by the
day-night cycles, the suction of vegetated soil Vi
increases with the cumulative solar radiation in all
three time periods and shows a linear relationship,
which is significant with fairly good correlations (p
<0.001, R2 > 0.9, Fig. 7). However, this relationship is
not unconstrained, because the root water uptake
intensity would decrease at the high suction range. The
transpiration reduction function « (h), which is the
relationship between the ratio of actual to potential
maximum transpiration rate and soil suction, describes
an empirical non-linear root water uptake model
(Feddes et al. 1978, Fig. 8). The four values of suction
in the reduction function change with the type of soil,
the type of vegetation, and its growth state. For most
types of vegetation, 0 < h: < h < h3 < 100 kPa, and h, >
100 kPa. Root water uptake is nearly constant when
suction is lower than the threshold suction, hs.
According to Fig. 7 and Fig. 8, this linear relationship
may only apply in the range below 100 kPa, which is
the range where most vegetation grows normally. As
suction exceeds hs, root water uptake would reduce
with suction (Feddes et al. 1978; van Genuchten 1987).
The linear relationship between suction and cumulative
solar radiation at the suction range higher than 100
kPa remains uninvestigated.
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From Fig. 7, it can be seen that the slope of the
relationship between cumulative solar radiation and
suction changes at different depths in three growth
periods. In the first growth period, the slope is T1 >
T2 > T3. That is, the suction distribution along soil
depth is T1 > T2 > T3 for the same cumulative solar
radiation (Fig. 7a). This is because, at the early stage,
the root mainly grows at the upper middle T1 and T2,
where the root water uptake is stronger, and there is
also evaporation at T1. In the second stage, the slope
at the three depths is close (Fig. 7b). This is because
the roots extend downward to the lower layer, which
increases the root water uptake intensity at T3. In the
third stage, the slope is T3 > T2 > T1 (Fig. 7c). The
large amount of fine roots cluster in the lower layer of
the soil cause a strong root water uptake intensity at
T3 and quick suction buildup. This indicates that the
root distribution and solar radiation affect the soil
suction in a coupled manner.

1.0
0.8

0.6

a(h)

0.4

0.2

0.0

Iy hy
h (the absolute soil water pressure head)

Fig. 8 Transpiration reduction function a(h) adopted
for simulating root-water uptake (Feddes et al. 1978, for
illustrating the upper limit of the linear relationship
between suction and cumulative solar radiation)

3.4 Relationship between induced suction and
RAI of fine roots

The suction distribution along soil depth of bare
soil (B) and vegetated soil (V1 and V2) were analyzed
in detail for the three periods selected above (Figs.
9&10). The suction distribution along depth is shown
for a selection of specific moments. For vegetated soil
V1, from 25 June to 04 July, the suction distribution
along soil depth is T1 > T2 > T3 (Fig. 9a). From 06 to
10 September, the difference in suction distribution
along soil depth disappears. The suction is almost
uniformly distributed along soil depth (Fig. gb).

The roots of Amorpha fruticose were excavated
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and RAI was measured at early October, so that the
suction distribution from 18 September to 22
September (Fig. 9c) can be explained through the
measured RAI. The RAI of fine roots at 300 mm is the
highest (Fig. 4), resulting in a fast rise in suction. This
explains the highest suction at the lower layer and
further confirms that the larger the root area index
(RAI) of fine roots, the more favorable it is for the
roots to uptake water. The soil at 100 mm depth is at
the upper layer, which is open to the air and has a
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higher evaporation rate, which also makes the suction
at this area of the vegetated soil higher.

Despite the RAI for the periods from 25 June to
04 July and from 06 to 10 September is not available,
it is postulated that the suction distribution (Fig.
9a&b) is caused by the evolution of fine roots along
the soil depth. Specially, for the period from 25 June
to 04 July (2 months after transplantation), the fine
roots mainly concentrate at the upper and middle
layers. In combination with the evaporation from the
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upper layer, the maximum suction appears at the
upper layer (Fig. 9a). As the fine roots further extends
downwards to the deeper soil (e.g., the period from 06
to 10 September, 5 months after transplantation), the
fine roots start to uptake more water from the lower
layer, resulting in a uniform distribution of suction
(Fig. 9b). Finally, in the last stage (from 18 September
to 22 September), as revealed by RAI in Fig. 4, fine
roots concentrate at the lower layer and suction peaks
there accordingly.

For vegetated soil V2, from 25 June to 04 July,
the suction distribution along soil depth is T3 > T1
(Fig. 10a), while the suction fluctuates more at 200
mm. From 06 to 10 September, the suction
distribution along soil depth is T1 > T2 > T3 in the
early stage of drying. By the late stages of drying, the
suction distribution along soil depth is T1> T3 > T2
(Fig. 10b). From 18 September to 22 September, the
suction at depths of 300 mm and 100 mm are greater
than that at depth of 200 mm (Fig. 10c). The greater
the RAI is, the more intense the transpiration and the
more favorable for the roots to uptake water. In turn,
the volumetric water content of the soil at the
maximum RAI (300 mm) (Fig. 4a) decreases more
quickly, resulting in a faster rise in suction. Note the
pattern of suction distribution for V2 is different from
that of V1, especially the response at the middle layer
(200 mm). Based on the revealed strong correlation
between fine-root RAI and suction distribution, this
may be caused by the wvariation of fine-root
distribution between V1 and V2.

In previous study on evapotranspiration induced
suction, suction decreases along increasing soil depth
(Ng et al. 2016; Liu et al. 2019; Ng et al. 2020b). The
distribution of RAI of along depth peaks at the middle
layer, with the RAI of fine roots and coarse roots not
distinguished. In contrast, the RAI of fine roots in this
study shows the highest at the lower layer (Fig. 4).
This leads to a different pattern of suction
distribution from previous studies.

3.5 Effect of root on soil-water characteristics

Fig. 11 shows the variation of the drying soil-
water characteristics curve (SWCC) for vegetated soil
(V1) as well as bare soil (B) at the same depth for the
three periods. Because the SWCC of bare soil B varies
very little in the three time periods, the SWCC of 11
(from 04 to 12 September) is used to represent the
SWCC of bare soil B in the three time periods. The
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Fig. 11 Measured drying SWCCs along soil depth of bare
soil B and vegetated soil V1: (a) at 100 mm; (b) at 200
mm; and (c) at 300 mm. (I) from 25 June to 05 July; (II)
from 04 to12 September; and (III) from 18 September to
01 October (The dashed line is the fitted curve).

drying SWCC of the bare soil is above the vegetated
soil, indicating that a higher volumetric water content
of the bare soil at the same suction, and a better water
retention capacity. The cause of the above
phenomenon could be that the root growth causes
cracks and formation of large pores (Lu et al. 2020),
resulting in a reduced water retention capacity. In
addition, the root water uptake is very intensive,
which accelerates the drying of soil and formation of
cracks. Fine roots have the effects of clogging pores
and causing small aggregates to coalesce, which in
turn makes the soil structure more compact (Ghestem
et al. 2011). Coarse roots cause a relatively large
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movement and rearrangement of soil particles and
make the soil looser. From the observations in this
study, it is obvious that coarse roots have a greater
effect in modifying the soil structure than fine roots,
and enlarge the soil pore space (Bodner et al. 2014; Lu
et al. 2020).
The SWCC is fitted by the empirical equation
proposed by van Genuchten (1980)
1
S e —
[1+ (ap)"]™
where, a, m, n are fitting parameters, a is the
parameter with air-entry value (AEV, ¥ = ¥ 5,), m
and n are shape related parameters; ¥ is the matrix
suction (kPa); S is the saturation. For convenience, it
is advisable to take m=1-1/n, the equation
contains only two parameters and has a simple form
and easy application.

The SWCC fitting parameters were used to
calculate the variables of the soil-water characteristic
curve, i.e. Py , desorption rates, saturated
volumetric water content (VWC_sat) and residual
volumetric water content (VWC_res) (Soltani et al.
2017; Ni et al. 2019; Ng et al. 2022b). Since the
SWCCs of vegetated soil V1 is close, the variation of
the variables of SWCC is not regular. Moreover, the
variation of the suction of bare soil B is small and the
data points are few, resulting in large errors in the
fitted SWCC (Table 4).

The wetting SWCC of vegetated soil (V1) is
demonstrated through the rainfall event, on 11
September (Fig. 12a). The lack of data for three suction
curves is due to the removal of outliers from the data.
The volumetric water content rises quickly, reaches its
peak and then falls to a steady value within 0.5 hour. In
contrast, the suction decreases slowly, taking at least 1.5
hours. Fig. 12b shows the characteristics of wetting
SWCC (red points) in comparison with the drying SWCC
(green points). The wetting SWCC is characterized with
an inflection point at about 80 kPa, where a rise of
suction happens. On the left of this inflection point,
the wetting SWCC is above the drying SWCC, which is
physically impossible. This is due to the nature of the
2100F ceramic probe, which requires a longer
response time for rising or falling in suction than the
soil moisture probe, resulting in suction that does not
correspond to the moisture content in real time.

(2)

4 Discussion and Research Challenges



4.1 Effect of solar radiation on suction

The suction of vegetated soil V1 increases with
the cumulative solar radiation linearly with good
correlations, which is significant (R2 > 0.9, p <0.001).
The existing models (Indraratna et al. 2006;
Nyambayo and Potts 2010; Zhu et al. 2018) for soil-
plant-atmosphere  interaction  mainly  adopt
vegetation- and soil-related parameters as input.
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Fig. 12 The drying and wetting SWCCs between 04 and
12 September for vegetated soil Vi: (a) changes in
suction and volumetric water content subjected to
rainfall on 11 September; (b) wetting-drying SWCC at
depth of 200 mm (T: Suction; S: Volumetric water
content).
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While the solar radiation, temperature, and humidity
in the atmosphere are ignored, because the
relationships between these parameters and suction
are not well established. In this study, within the 100
kPa suction range, the relationship between solar
radiation and transpiration-induced suction is found.
This linear relationship provides an important input
for modeling root water uptake in the framework of
soil-plant-atmosphere interaction.

However, this relationship is not unconstrained,
because the root water uptake intensity would
decrease at the high suction range, and root
distribution affects the relationship between solar
radiation and suction (Fig. 7). In addition to this, it
can be seen in Fig. 6d that the increase in solar
radiation increases the temperature and decreases the
relative humidity. The higher the temperature in a
certain range and the lower the relative humidity, the
greater the vapor pressure difference inside and
outside the leaf, and the easier the water vapor from
the stomata to diffuse out, enhancing the
transpiration. If the solar radiation is too strong and
the temperature is too high, the stomata of leaves will
be closed and the transpiration will be weakened.
Solar radiation, temperature, and relative humidity
affect vegetation transpiration in a coupled manner.

The linear relationship between cumulative
radiation and suction could provide an important
input in root water uptake models for evaluating slope
stability. Yet, this relationship is still not quantified
for usage in the numerical models. Further work will
focus on the calibration of this linear relationship in
an experimental environment, where the parameters
such as leaf area index, solar radiation, temperature,
humidity, soil water content, and fine root content
could be controlled, to isolate the influence of solar

Table 4 Summary of the SWCC variables determined by SWCC fitting parameters

Test

Types Depth (mm) Date Air-entry value (kPa)
25-Jun. to 05-Jul. 0.0900
100 04-Sep. to 12-Sep. 0.0200
18-Sep. to 01-Oct.  0.0200
25-Jun. to 05-Jul. 0.0400
Vi 200 04-Sep. to 12-Sep. 0.0100
18-Sep. to 01-Oct.  0.0100
25-Jun. to 05-Jul. 0.1500
300 04-Sep. to 12-Sep. 0.0300
18-Sep. to 01-Oct.  0.0800
100 04-Sep. to 12-Sep. 0.0004
B 200 04-Sep. to 12-Sep. 0.0002
300 04-Sep. to 12-Sep. 0.0100

Drying-SWCC variables

Desorption rate (log kPa)* VWC_sat VWC_res

-0.19 0.51 0.23
-0.14 0.50 0.27
-0.15 0.50 0.25
-0.12 0.51 0.30
-0.09 0.50 0.33
-0.13 0.50 0.29
-0.13 0.52 0.32
-0.11 0.51 0.32
-0.15 0.51 0.27
-0.15 0.45 0.31
-0.04 0.48 0.41
-0.06 0.51 0.39

Note: VWC_sat, saturated volumetric water content; VWC_res, residual volumetric water content.
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radiation from all other parameters.

4.2 Implication of fine root distribution on
shallow landslide along bedrock

Shallow landslides tend to occur on potential slip
surfaces near bedrock, where shear strength is the
weakest. During rainfall, the bedrock functions as a
less permeable layer to reduce the downward seepage
of water. As a result, water table will rise and thus
reduce the effective stress at the interface. Then the
soil layer is prone to slide along the potential slip
surface near the bedrock under the action of the
gravity-induced driving force.

For those vegetated shallow bedrock slopes
(thicknesses < 2 m), plant roots can easily penetrate
the soil to reach the bedrock, or be even embedded in
bedrock fissures. On one hand, root growth
downwards is impeded, which in turn leads to a lot of
roots growing near the soil-bedrock interface (as
shown in Fig. 13). This can effectively improve the
shear strength of the slip surface (Greenway 1987;
Stokes et al. 2009). On the other hand, prior to
rainfall event, the high concentration of fine roots
could substantially reduce the water content and
enhance the suction at the interface. As a result, the
permeability around the interface is substantially
reduced, preventing the pore water pressure to build
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Fig. 13 Schematic diagram of vegetation growing in a relatively shallow soil the RAI can be

stratum sitting on a bedrock.
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up at the interface. The root system (especially fine
roots) can greatly alter the soil structure and state of
soil saturation, which is conductive for improving the
mechanical and hydraulic effects of the vegetated
slope and improving the stability of slope (Ng and
Menzies 2007; Feng et al. 2020; Lu et al. 2020). The
distribution of fine roots and their corresponding
suction response in this study can provide a scientific
basis for stability assessment of shallow bedrock
slopes.

5 Conclusions

Continuous monitoring of soil water content and
water potential was conducted for 4 months under
natural conditions, on a soil layer vegetated with the
shrub species of Amorpha fruticose. Accordingly, the
effect of solar radiation on suction, as well as the
effects of fine-root distribution on suction and soil-
water characteristics were quantified, compared, and
discussed. The key conclusions can be drawn as
follows:

1. Solar radiation determines the intensity of
transpiration to a large extent, which further affects
the water uptake by plant roots and thus the suction
of vegetated soil. A linear relationship between the
suction and cumulative solar radiation was found.

However, this linear relationship
is not unconstrained, because the
root water uptake intensity
decreases with increasing suction
when a threshold suction of about
100 kPa is exceeded. This linear
relationship can provide an
important input for modeling

y root water wuptake in the
P 5 framework of soil-plant-

N7 _ -~ atmosphere interaction.
- 7 2. In contrast to previous
) /[ [ studies, 5 months after
/ Bedrock transplantation, the distribution

of suction along soil depth shows
higher suction values at the lower
layer than those at the middle of
soil. Fine roots are proved to be
the main root class of water
uptake in plants. Furthermore,
used to

characterize the root water



uptake intensity. In this study, the lower layer of soil
has the greatest RAI of fine roots and the strongest
root water uptake ability, resulting in higher suction
at the lower layer.

3. Comparison of SWCCs between bare soil and
vegetated soil showed that the volumetric water
content of bare soil is higher than that of vegetated
soil for the same suction level, which means that bare
soil has a greater water retention capacity. Root
growth affects the soil pore size distribution. It is
postulated that fine and coarse roots tended to make
the soil structure more and less compacted as
compared with the initial state, respectively. In
addition, results implied that coarse roots may have a
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