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Effects of planting density on tree growth and induced soil suction

C. W. W. NG�, J. J. NI�, A. K. LEUNG†, C. ZHOU� and Z. J. WANG�

Plant evapotranspiration is recognised to affect soil suction of slopes and landfill covers. Previous
work has focused on evapotranspiration-induced suction by a single plant, with little attention paid
to the effects of planting density. The aim of this study is to quantify any changes in tree growth and
tree-induced suction during evapotranspiration and rainfall under different planting densities for
non-mixed-species plantations. A tree species, Schefflera heptaphylla, which is commonly found in
Asia, was planted in silty sand at spacings of 60, 120 and 180 mm, representing three different planting
densities. For each case, three replicates were tested to consider tree variability. In total, the responses
of suction for 297 seedlings subjected to drying and a rainfall event with a 10-year return period
were measured. The test results show that reducing the tree spacing from 180 to 60 mm induced greater
tree–tree competition for water, as indicated by a 364% increase in peak suction upon
evapotranspiration. Such tree–tree interaction led to: (a) a 19–35% reduction in the leaf area index;
(b) a 17–36% decrease in root length; and (c) an obvious decay of roots. Upon the rainfall event, the
infiltration rate for vegetated soil with trees planted at a spacing of 60 mm was up to 247% higher than
those for soil with a wider tree spacing, where mainly fresh roots were found. Although most suction
within the root zone (i.e. top 100 mm) was lost due to increased infiltration at 60 mm spacing, suctions
in deeper depths below root zone were largely preserved.

KEYWORDS: laboratory tests; partial saturation; suction; vegetation

INTRODUCTION
The presence of vegetation and its evapotranspiration has
been recognised to affect the hydrology of the vadose zone of
some civil engineering systems, such as embankments, slopes
and landfill covers (Scanlon et al., 2005; Smethurst et al.,
2006, 2015; Leung & Ng, 2013; Sinnathamby et al., 2013).
Plant evapotranspiration could directly affect the magnitude
and distribution of moisture content and suction in the
vadose zone. Such evapotranspiration-induced increase in
suction could result in a reduction in soil hydraulic con-
ductivity and an increase in shear strength (Ng & Menzies,
2007; Ng & Leung, 2012), increasing the stability of civil
engineering systems, especially under rainfall conditions.
Improved ecological restoration of civil engineering

systems including man-made or engineered slopes and land-
fill covers requires knowledge of an optimised planting den-
sity. By knowing an optimised plant arrangement, the aim
is to minimise unfavourable plant–plant competition, so as to
encourage plant growth and, hence, potentially maximise the
beneficial effects of evapotranspiration-induced suction on
the stability of these systems. Using a small plant spacing (or
high planting density) has been shown to discourage plant
growth and hence reduce plant biomass (both above ground
and below ground) and crop yield (Azam-Ali et al., 1984;
Darawsheh et al., 2009), because of increased competition
for water, nutrients and light from neighbouring plants
(Green et al., 2001; Benomar et al., 2012). The recommen-
dations for plant spacing (e.g. approximately 0·5 m; GEO,
2011) provided in existing guidelines for the restoration of

slopes are, however, empirically based and are made
primarily from the practical and aesthetic point of view.
Although studies have been conducted to quantify

evapotranspiration-induced suction by a single plant
(Fatahi et al., 2010; Garg et al., 2015a; Leung et al.,
2015b), seldom have the effects of planting density on
suction responses in the vadose zone been investigated.
Different plant spacings would result in different degrees of
overlap among root systems, and hence different influence
zones of induced suction. Also not well understood is how
different degrees of plant–plant interaction due to different
planting densities would affect the growth of the root system,
which has been shown to have a significant impact on the
water uptake ability of roots (López et al., 2001; Garg et al.,
2015a) and water retention behaviour (Grayston et al., 1997;
Traoré et al., 2000; Scanlan & Hinz, 2010; Scholl et al., 2014;
Leung et al., 2015a, 2015b; Ng et al., 2016).
The present study investigated the effects of planting density

on plant growth and its influence on the magnitude and
distribution of suction affected by evapotranspiration and
rainfall. A tree species, Schefflera heptaphylla, was selected for
testing. Three different planting densities were considered. For
each density, three replicates of the same tree species were
tested to take into account any differences of the properties of
seedlings supplied from a nursery, including tree height and the
size of root system. Effects of planting density on tree
characteristics including leaf area index (LAI) and root area
index (RAI) as well as soil water retention behaviour were
investigated. These soil and tree properties were then used to
interpret the suction responses upon evapotranspiration and
rainfall. It should be noted that mixed-species planting of tree
and grass conditions are beyond the scope of this study.

TEST PLAN
In total, ten tests were conducted – nine for vegetated soil

considering different planting densities and one for bare soil
(control; test B). Three planting densities, 320, 81 and 36 tree
seedlings/m2, were examined, corresponding to the plant
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spacings of 60 mm (test S60), 120 mm (test S120) and
180 mm (test S180), respectively. These plant spacings are
equivalent to one, two and three times the maximum lateral
spread of plant roots, as supplied from a nursery. In order to
consider the effects of any differences of the properties of
seedlings on test results, three replicates were tested for each
planting density in tests S60_1, S60_2, S60_3, S120_1,
S120_2, S120_3, S180_1, S180_2 and S180_3.

TEST SET-UPAND INSTRUMENTATION
Ten big test drums were constructed, each with a diameter

of 600 mm and a height of 500 mm (Fig. 1). Soil was
compacted in each drum to a depth of 450 mm. Multiple

holes, each with a diameter of 5 mm, were made in the
bottom of the drums to create a free drainage boundary
condition and to collect any water percolated from the base
during rainfall. Any surface runoff generated by an applied
rainfall event was allowed and was collected by an overflow
channel at the same elevation as the soil surface on each
drum (see Fig. 1). To facilitate the runoff process, the soil
surface was inclined at a small angle of less than 2° towards
the channel. Therefore, no surface ponding was allowed in
any of the tests. All drums were placed in a temperature- and
humidity-controlled plant room during the testing period.
The daily temperature and relative humidity in the room were
maintained constant at 25± 1°C and 60± 5%, respectively.
The light intensity provided by the cool white fluorescent
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Fig. 1. Schematic diagrams and pictures of the test set-up and instrumentation in the temperature- and humidity-controlled plant room
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lamp that was placed on the top of each drum was controlled
to approximately 120 (μmol/m2)/s within the 400–700 nm
waveband (i.e. equivalent to 5·0 (MJ/m2)/day). This particu-
lar range of waves is known to be favourable for plant
photosynthesis and plant growth (Gates, 1980; Ng et al.,
2014). Based on the atmospheric condition in the plant
room, it can be estimated from the Penman equation
(Penman, 1948) and Penman–Monteith equation (Allen
et al., 1998) that the potential evaporation (PE) and potential
evapotranspiration (PET) were 4·46 and 2·51 mm/day,
respectively.
In order to measure the responses of negative pore-

water pressure (PWP) or suction, two vertical arrays of
miniature-tip tensiometers (2100F, Soil Moisture Equipment
Cooperation) were installed along the drum depth (see
Fig. 1). One array, denoted by R and consisting of five
tensiometers, was installed directly beneath a tree seedling
located in the middle of the drum to prevent any boundary
effects on measurements. The instrument depths were 50,
100, 150, 250 and 350 mm. Another array, denoted by M,
was installed next to array R at a distance equal to half of the
plant spacing being considered. Owing to the possibility of
water cavitation, the maximum suction that could be
recorded by each tensiometer was 90 kPa. Two soil moisture
probes (SM300; Delta-T Device Ltd) were installed at depths
of 50 and 100 mm right next to the two tensiometers to
monitor the volumetric water content (VWC). The purposes
of installing moisture probes were to check the measurements
of suction against those of VWC and also to investigate the
effects of root and plant spacing on soil water retention
behaviour. Each moisture probe was calibrated in the
laboratory and the accuracy was found to be ± 3% of VWC.
In order to simulate different rainfall patterns in terms of

intensity and duration, a rainfall device similar to that
developed by Ng et al. (2014) was developed. The device
consisted of 12 horizontal plastic tubes that were connected
to awater source. The plastic tubes had small holes each with
a diameter of 1 mm for discharging water in the form of
droplets uniformly over the entire drum surface. A flow meter
with an accuracy of ± 0·5 l/h was attached to the rainfall
device so that any desired water discharge rate (i.e. rainfall
intensity) and discharge duration (i.e. rainfall duration) can
be applied during testing.

SOILTYPE AND SAMPLE PREPARATION METHOD
The type of soil tested in this study was completely

decomposed granite (CDG), which is commonly found in
tropical and sub-tropical regions of the world such as Hong
Kong. Measurements of the particle-size distribution show
that the contents of gravel, sand, silt and clay in the CDG
were 19, 42, 27 and 12%, respectively. The plastic limit and
liquid limit of CDG are 26 and 44%, respectively. According
to the Unified Soil Classification System (USCS; ASTM,
2010), CDG can be classified as silty sand. Based on the
results from standard Proctor tests, the maximum dry density
and the corresponding optimum water content (by mass) of
the CDG are 1870 kg/m3 and 12%, respectively. Other
measured index properties of the CDG are summarised in
Table 1.
The CDG in each test drum was compacted by moisture

tamping at a relative compaction (RC) of 95% (correspond-
ing to the dry density of 1777 kg/m3). Compacting to such a
high RC is common for man-made slope design against
rainfall infiltration and its induced slope instability in some
countries, including the USA (TDOT, 1981) and Hong Kong
(GCO, 2000). Various experiments have shown that the
species selected in this study, S. heptaphylla, is able to survive
and thrive under this level of compaction (Garg et al.,

2015a, 2015b; Leung et al., 2015a, 2015b). CDG has a field
capacity of 21%, which is defined as the water content
held in soil after excess water has drained away, assuming
a negligible rate of water movement (Veihmeyer &
Hendrickson, 1931). This water content corresponds to soil
suction of 25 kPa. Leung et al. (2015a) reported that the
saturated hydraulic conductivity ks of CDG at an RC of 95%
was 1·2� 10�8 m/s. In each drum, the CDG was compacted
in 15 layers, with each spanning a height of 30 mm. Between
each successive layer, the soil surface was scarified to provide
better contact.

SELECTED PLANT SPECIES AND GROWTH
CONDITION
The plant species investigated in this study was

S. heptaphylla, which has sharp leaves and is common in
many parts of Asia including southern China, Japan,
Vietnam and India (Hau & Corlett, 2003). S. heptaphylla is
a small tree species. This species is selected for testing
because it has significant ornamental and ecological value
for slope rehabilitation and reforestation (GEO, 2011) and is
drought tolerant (Hau & Corlett, 2003).
In total, 61, 25 and 13 seedlings of S. heptaphylla were

transplanted to the test drums with uniform tree spacings of
60 mm (test S60), 120 mm (test S120) and 180 mm (test
S180; Fig. 1), respectively. All 297 seedlings tested in this
study (single plant species) were grown in a nursery under
identical soil and environmental conditions and thus they
have similar tree properties, including the maximum lateral
root spread with an average value of 60 mm. For tests
involving the tree spacing of 60 mm, the tree roots sat right
next to each other without overlapping. The distances
between the tree seedlings in tests S120 and S180 were
approximately two and three times the maximum lateral
spread of the tree roots (i.e. � 60 mm), respectively, as
planted. For a fair comparison, tree seedlings with similar
heights, basal diameters and root depths were selected for
testing. The mean basal diameter (i.e. the diameter of the
stem at the base of a tree) was 6± 2 mm. Table 2 shows the
range, mean and standard deviation of these properties for all
selected tree seedlings involved in the nine tests.

Table 1. Index properties of completely decomposed granite (CDG)

Index properties Value

Standard compaction tests
Maximum dry density: kg/m3 1870
Optimum moisture content: % 12

Particle-size distribution
Gravel content (.2 mm): % 19
Sand content (�2 mm): % 42
Silt content (�63 μm): % 27
Clay content (�2 μm): % 12
D10: mm 0·15
D30: mm 0·7
D60: mm 2
Coefficient of uniformity (D60/D10) 13·3
Coefficient of curvature ((D30)

2/(D60D10)) 1·6
Specific gravity 2·60

Atterberg limit
Plastic limit: % 26
Liquid limit: % 44
Plasticity index: % 18
Unified Soil Classification System (USCS)* Silty sand (SM)

*ASTM (2010)
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Table 2. Summary of tree characteristics

Tree characteristics S60 S120 S180

S60_1 S60_2 S60_3 S120_1 S120_2 S120_3 S180_1 S180_2 S180_3

After transplantation

Height: mm 425–451 412–458 413–481 423–461 416–469 421–481 424–458 428–469 412–476
Mean: 440 Mean: 436 Mean: 449 Mean: 438 Mean: 443 Mean: 443 Mean: 435 Mean: 445 Mean: 442
S.D.: ±10 S.D.: ±16 S.D.: ±26 S.D.: ±15 S.D.: ±21 S.D.: ±23 S.D.: ±13 S.D.: ±16 S.D.: ±27

Leaf area index (LAI) 0·55–0·84 0·62–0·75 0·48–0·86 0·52–0·89 0·46–0·82 0·45–0·83 0·58–0·82 0·54–0·83 0·58–0·82
Mean: 0·70 Mean: 0·68 Mean: 0·71 Mean: 0·68 Mean: 0·65 Mean: 0·64 Mean: 0·68 Mean: 0·66 Mean: 0·72
S.D.: ±0·10 S.D.: ±0·06 S.D.: ±0·13 S.D.: ±0·14 S.D.: ±0·14 S.D.: ±0·15 S.D.: 0·09 S.D.: 0·10 S.D.: 0·11

Root depth: mm 65–89 75–92 54–95 66–92 72–98 72–94 71–93 68–98 69–98
Mean: 78 Mean: 84 Mean: 74 Mean: 81 Mean: 85 Mean: 84 Mean: 82 Mean: 80 Mean: 87
S.D.: ±10 S.D.: ±8 S.D.: ±16 S.D.: ±12 S.D.: ±11 S.D.: ±9 S.D.: ±9 S.D.: ±13 S.D.: ±12

After 4 months of growth

Height: mm 501–601 512–663 523–689 565–663 485–576 513–645 526–689 567–613 523–616
Mean: 564 Mean: 583 Mean: 586 Mean: 600 Mean: 544 Mean: 572 Mean: 584 Mean: 575 Mean: 560
S.D.: ±39 S.D.: ±68 S.D.: ±32 S.D.: ±48 S.D.: ±39 S.D.: ±52 S.D.: ±63 S.D.: ±24 S.D.: ±36

Leaf area index (LAI) 0·84–0·97 0·59–1·12 0·82–1·06 1·03–1·16 1·02–1·24 1·08–1·43 1·25–1·47 1·12–1·34 1·23–1·52
Mean: 0·91 Mean: 1·02 Mean: 0·95 Mean: 1·10 Mean: 1·12 Mean: 1·20 Mean: 1·35 Mean: 1·26 Mean: 1·40
S.D.: ±0·05 S.D.: ±0·09 S.D.: ±0·10 S.D.: ±0·04 S.D.: ±0·08 S.D.: ±0·14 S.D.: ±0·11 S.D.: ±0·09 S.D.: ±0·11

Root depth: mm 101–128 108–143 120–157 131–164 126–158 134–161 142–185 117–174 148–181
Mean: 118 Mean: 126 Mean: 137 Mean: 146 Mean: 145 Mean: 148 Mean: 160 Mean: 147 Mean: 165
S.D.: ±10 S.D.: ±14 S.D.: ±13 S.D.: ±13 S.D.: ±12 S.D.: ±10 S.D.: ±18 S.D.: ±19 S.D.: ±12

Peak root area index (RAI) 0·56–0·79 0·72–0·78 0·61–0·82 0·54–0·66 0·62–0·70 0·49–0·64 0·62–0·46 0·55–0·67 0·39–0·60
Mean: 0·66 Mean: 0·75 Mean: 0·68 Mean: 0·61 Mean: 0·65 Mean: 0·54 Mean: 0·53 Mean: 0·60 Mean: 0·48
S.D.: ±0·10 S.D.: ±0·04 S.D.: ±0·09 S.D.: ±0·05 S.D.: ±0·05 S.D.: ±0·06 S.D.: ±0·07 S.D.: ±0·06 S.D.: ±0·09
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After transplantation, all seedlings were grown for
4 months in the plant room and watered every 3 days so
that the average soil moisture was maintained close to the
field capacity of the soil. The growth duration and the
applied irrigation schedule are considered to be favourable
and sufficient for root establishment (Wang et al., 2007)
before testing commenced. No fertiliser was added during
the growth period to prevent any induced osmotic suction
caused by solutes in the soil pore water (Krahn & Fredlund,
1972). During the growth period, any change in LAI was
monitored for all tree seedlings. LAI is a dimensionless index
for a single plant and it is defined as the ratio of the total leaf
area to the projected area of canopy of an individual plant on
the soil surface in horizontal plane (Watson, 1947). LAI was
determined by image analysis using an open source software
called ImageJ (Rasband, 2011). Images of individual tree
leaves were captured by a high-resolution camera and then
converted to binary images, based on which the leaf area can
be determined.

TEST PROCEDURES
After growing for 4 months, the seedlings in the drums

were subjected to a two-stage test. The first stage was
designed to study the effects of planting density on the
magnitude and distribution of suction induced by evapo-
transpiration. Before evapotranspiration, the soil surface of
each drum was ponded until (a) the readings of all
tensiometers reduced to zero; (b) all soil moisture probes
recorded saturated VWC; and (c) percolation from the
bottom drainage holes was observed. This procedure was
aimed at establishing a similar initial hydraulic condition so
that the responses of PWP and VWC in the subsequent stages
were comparable. Thereafter, the soil surface of all drumswas
exposed to the same, constant atmospheric conditions in the
plant room for evaporation (test B) and evapotranspiration
(tests S60, S120 and S180) for 4 days. The holes in the
bottom of the drums remained open for free drainage during
testing. Variations in suctions and VWC were monitored
throughout the tests.
Immediately after the 4-day evaporation and evapotran-

spiration, the second stage of testing commenced. All
seedlings in the drums were subjected to a rainfall event
simulated using the rainfall device. A constant rainfall
intensity of 73 mm/h was applied and maintained for 2 h.
According to a statistical study of 100 years of rainfall data
in Hong Kong (Lam & Leung, 1995), the applied rainfall
pattern is equivalent to a 10-year return period (i.e. a typical
design return period for the stability of man-made slopes in
Hong Kong). During the rainfall period, the responses of
suction, VWC, any surface runoff and basal percolation were
recorded. Any rainfall interception by tree leaves was also
determined. Four cups each with a diameter of 70 mm were
placed uniformly on the soil surface of each test drum to
collect any rainwater that was not intercepted. It was found
that only 4–6% of the applied rainfall was intercepted during
the first 5 min of rainfall and, thereafter, no interception was
observed. Since the amount of rainfall intercepted was
negligible, the infiltration rate can be determined by
subtracting any surface runoff from the applied rainfall
intensity.
Once the two-stage test was completed, the root area index

(RAI) of all tree seedlings was determined. RAI is defined as
the ratio of total root surface area for a given depth range to
the circular cross-sectional area of soil in the horizontal plane
(Francour & Semroud, 1992). The circular cross-sectional
area of soil refers to the circular area, of which the diameter is
defined by the maximum lateral spread of the root system
within a given depth range. The root surface area refers to the

total outside (external) surface area of all roots within a given
soil volume that is defined by the cross-sectional area and the
depth range. RAI is a dimensionless index that indicates the
water uptake ability of roots within the root zone. The tree
roots were carefully removed from the test drums and the soil
attached to the roots was washed away with great care
according to the standardised root washing procedures
adopted by Smucker et al. (1982). Using the principle of
hydropneumatic elutriation, roots were separated from
compacted soils in an attempt to minimise the destruction
of small lateral roots and other fragile root structures. During
root excavation, root depth was determined as the deepest
soil depth beyond which no root was found. Then, image
analysis using ImageJ (Rasband, 2011) was conducted to
determine RAI, following the procedures suggested by Garg
et al. (2015a). High-resolution images were taken 360°
around the roots. All these images were combined to generate
a three-dimensional (3D) image. Grids with equal pixel size
(i.e. 12 pixels per unit mm of length) were superimposed on
the 3D image. The total number of grids that contain roots
at the given depth range was counted and hence converted
into the total outside surface area of roots in mm2. Finally,
RAI at any depth within a root zone can be determined by
dividing the total outside surface area of roots at a given
depth by the planar cross-sectional area of soil.

INTERPRETATION OF TEST RESULTS
Effects of planting density on plant characteristics
Figure 2 shows the measured variation in tree LAI during

the growth period. Based on the test results, it is the
behaviour of the selected species, S. heptaphylla, to grow in
an approximately linear rate with time at a relatively young
stage. Seedlings grown at a lower planting density (or larger
spacing) experienced a larger increase in LAI than seedlings
grown at a higher density (or smaller spacing). After growing
for 4 months, the seedlings tested in S180 had LAIs that
almost doubled from 0·68± 0·10 to 1·35± 0·11, whereas
those tested in S60 had LAIs that increased by approximately
36% only. Such an effect of planting density on LAI is
consistent with the findings for eucalyptus species (Pinkard &
Neilsen, 2003) and cotton crops (Darawsheh et al., 2009).
These trends are likely because the lateral growth of leaves
under a higher planting density was suppressed to a greater
extent as more leaves were shaded by adjacent plants (Fig. 1).
Shading reduced photosynthesis, and hence leaf growth.
Table 2 summarises the characteristics of each replicate
before and after the growth period.
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Fig. 2. Observed changes in LAI during the growth period under
different planting densities
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Figure 3 compares the typical root geometry of some tree
seedlings grown at the three planting densities after testing.
In general, the roots of tree seedlings from test S60 and
its replicates were shorter and more localised. Some of the
roots had decayed. On the contrary, the roots of seedlings
from test S180 were longer and more dispersed. The roots
were mainly fresh (displaying a whitish colour) and were
17–36% longer than those in test S60 (Table 2). With little
lateral and vertical extension, the total root volume in tests
S60 was only one-third of that in tests S180. Fig. 4 shows that
the distributions of RAI are non-linear and parabolic in
shape in all cases. RAI peaked at depths of 60–90 mm.

Interestingly, even though seedlings in tests S60 had smaller
root volumes than those in test S180 (Fig. 3), the peak RAI
within 10–90 mm depth was around 34% higher (Fig. 4).
However, the peak RAI values in tests S60 are around 70%
less than those measured byGarg et al. (2015a), who used the
same plant species and similar soil types. This is because the
tree seedlings investigated byGarg et al. (2015a) allowed for a
longer period of growing time (8 months) than those in this
study (4 months) under the same laboratory environment.
At a higher planting density, the demand and competition

for water would be greater among neighbouring seedlings.
The greater consumption and depletion of soil moisture

Decayed roots

40 mm

Decayed roots

Decayed roots

(a) (b) (c)

(c) (d) (e)

(f) (g) (h)

Fig. 3. Roots of tree replicates planted at different planting densities excavated after testing (the sheet of paper in the background contains
10 mm×10 mm squares): (a) S60_1; (b) S120_1; (c) S180_1; (d) S60_2; (e) S120_2; (f) S180_2; (g) S60_3; (h) S120_3; (i) S180_3
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would lead to a substantial reduction in root activity (Casper
& Jackson, 1997; Jiang et al., 2013). This explains why the
root growth for all seedlings was much more localised in test
S60 than in test S180 where seedling competition was less
intense (Fig. 3). However, owing to the water stress associated
with the tree–tree competition, plants would in general
activate abscisic acid for root proliferation (hence increase
RAI; Fig. 4) and survival (Munns & Sharp, 1993). Similarly
to the laboratory observation, the root volume of mature
plants in the field also increases when root density decreases
at wider plant spacing (Eastham et al., 1990; Hunter, 1998).

Effects of roots on the water retention ability of soil
Figure 5(a) shows the drying path of the soil water

retention curve (SWRC) of bare soil and vegetated soil
with seedlings planted at the three planting densities. The
SWRCs were obtained by relating the measured VWC to
suction at a depth of 50 mm during the 4-day evaporation
(for bare soil) and evapotranspiration (for vegetated soil).
Data points of SWRCs were from all the three replicates. The
equation proposed by van Genuchten (1980) was used to fit
the SWRCs. All required fitting parameters are shown in
Table 3. The water retention ability of rooted soil was
different from that of bare soil, and the difference appears to
be dependent upon the planting density. For any given
suction, the rooted soils in tests S120 and S180 had
noticeably greater water retention ability than the bare soil.
The presence of roots increased the air-entry value (AEV) of
the soil from 2 to 4 kPa. Such enhanced water retention
ability and increased AEV due to the presence of roots were
also observed by Leung et al. (2015b), who tested the same
soil type and tree species as in the present study but
considered one single seedling only. Scanlan & Hinz (2010)
proposed a conceptual model suggesting that, for a given soil
water content, root occupancy in soil pore space could reduce
the diameter of the soil pore throat, which in turn increases
suction according to the capillary law. In addition, other
biological factors such as the release of root exudates or
organic acid (Grayston et al., 1997; Traoré et al., 2000) could
alter the soil structure. Even though such bio-chemical root
activity took place mainly within 2 mm away from the root
surface (i.e. rhizosphere; Norton et al., 1990; Sauer et al.,
2006), it may also contribute to an increase in the water
retention ability of soil (Albalasmeh, 2013).
Interestingly, the rooted soil in test S60 showed reduced,

rather than enhanced, water retention ability, as compared to
the bare soil. The AEV decreased from 2 to 1 kPa, which is
against the trend observed in the previous two cases (where
planting densities were lower) and is inconsistent with the
conceptual model proposed by Scanlan & Hinz (2010). The
observed difference in water retention behaviour may be
attributed to the decay of roots exclusively in test S60 and all
its replicates (Fig. 3). Based on the observation made from
the 183 tree seedlings investigated, decayed roots were always
identified in soils with close tree spacing of 60 mm. This is
consistent with the findings reported by Goldberg & Miller
(1990), who reported that the occurrence of root decay is
expected for densely spaced plants due to the intense
competition among neighbouring plants. Root decay due
to the significant tree–tree competition in this case might
have created macro-pores in the soil (Ghestem et al., 2011),
which would reduce the water-holding ability of the soil,
outweighing any effects of root occupancy. The observed
reduction in AEV might be also attributed to the micro-
fracturing of the soil associated with excessive root growth
induced by the relatively significant tree–tree competition.
The good agreement between the measured and fitted
SWRCs suggest that the fitting equation proposed by van
Genuchten (1980) is still applicable to soil with the presence
of macropores (i.e. for S60 samples, where root decay was
identified), unlike the suggestion made by Beven & Germann
(2013).
Planting density also had noticeable effects on wetting

SWRCs (i.e. those SWRCs obtained during rainfall), as
shown in Fig. 5(b). It can be seen that the three vegetated soil
samples had similar adsorption rates (i.e. increase in VWC
for a given decrease in suction), but these rates were lower
than that of the bare soil. Because of the hydraulic hysteresis,
the wetting curve of both the bare and rooted soils did not
follow the corresponding drying curve. The hysteresis loop of
rooted soils in test S60 was much larger than those of the
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other two rooted soil samples and the bare soil. This might be
another indication that macro-pores had formed due to root
decay, as the presence of macro-pores would lead to a more
open soil structure. The resulting non-uniform distribution of
soil pore size makes the so-called ‘ink-bottle’ effects in the
soil more significant (Hillel, 1998).

Observed responses of evapotranspiration-induced suction
and VWC

Figures 6(a) and 6(b) show the measured suction and
VWC at a depth of 50 mm during the 4-day evaporation (for
bare soil) and evapotranspiration (for vegetated soil),
respectively. This particular depth of measurement was
selected for investigation to correlate transpiration-induced
suction with plant characteristics (in terms of RAI in this
study) and hence to improve the understanding of soil–
water–root interaction. As expected, the suction induced by

evapotranspiration in the vegetated soil increased much more
significantly, regardless of planting density, than the suction
induced by evaporation in the bare soil (Fig. 6(a)). The peak
evapotranspiration-induced suction at depth 50 mm in
the vegetated soil was 64–425% higher than the peak
evaporation-induced suction in the bare soil. The observed
greater increase in suction in the vegetated soil was attributed
to the greater reduction in VWC due to root water uptake
(Fig. 6(b)). During the first 2 days of the drying period, only
a slight difference in induced suction was observed among
the three planting densities (Fig. 6(a)). However, as suction
approached the field capacity (i.e. 25 kPa), the difference
became much more significant. It is evident from Fig. 6 that
the seedlings grown at a higher planting density consumed
more water (i.e. the reduction in VWC was greater) during
root water uptake, hence inducing higher suction. Beyond the
field capacity (i.e. after 48 h), the average suction increment
for test S60 (i.e. 51 kPa) was nearly four times (i.e. 364%)
higher than that for test S180 (i.e. 11 kPa). This reflected the
more intense tree–tree competition when seedlings were
closer to each other. Some test results reported by Garg
et al. (2015a), who measured evapotranspiration-induced
suction by a single tree seedling, are also illustrated in the
figure for direct comparison. The tree species, soil type and
atmospheric condition in their study are identical to those in
this study. The suction response in test S180 almost coincided
with those reported by Garg et al. (2015a). This implies that
the tree spacing of 180 mm allowed the seedlings plenty of
room to grow and the suction responses were free from
competition effects.
Figure 7 compares the responses of suction at greater

depth of 250 mm (i.e. below the root zone) between the bare
and vegetated soils. Similarly to the observation made in
shallower depth of 50 mm (Fig. 6(a)), suction induced in all
vegetated samples was higher than that in the bare sample
and the amount of suction induced was higher when the
plant spacing was closer. However, when compared to the

Table 3. Summary of fitting parameters for van Genuchten (1980) equation

Test Drying SWRC Wetting SWRC

θs: m
3/m3 θr: m

3/m3 α: m�1 n m θs: m
3/m3 θr: m

3/m3 α: m�1 n m

B 0·30 0·10 2·80 1·38 0·28 0·21 0·10 2·20 1·35 0·26
S60 0·29 0·10 4·00 1·50 0·33 0·24 0·10 0·60 1·50 0·33
S120 0·31 0·10 2·10 1·42 0·29 0·26 0·10 1·10 1·35 0·26
S180 0·30 0·10 1·80 1·45 0·31 0·28 0·10 1·80 1·27 0·21
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shallow depths, the magnitude of suction at greater depths
was generally lower as they were measured at depths below
the root zone and therefore were less influenced by root-water
uptake that took place in the shallow root zone.
Figure 8 compares the vertical distributions of induced

suction along the soil depth for the three planting densities.
Evidently, tree seedlings spaced closer together induced a
higher amount of suction at all depths for a given duration of
evapotranspiration. Within the root zone, the amount of
suction induced at a depth of 50 mm was always larger than
that induced at a depth of 100 mm. In addition to the effects
of surface evaporation, a major reason was the higher values
of RAI at shallower depths (refer to Fig. 4), where root water
uptake was likely to be greater (Garg et al., 2015a). It is
interesting to see that, even though the roots of the tree
seedlings in test S60 were the shallowest among the three
cases, their influence zone of induced suction was the
deepest. This is likely to be because of the higher water
demand associated with the tree–tree competition, which
might have created a larger hydraulic gradient in the soil
within and below the root zone. The continuous removal of
soil moisture and the associated upward water flow caused
soil drying at greater depths, extending the influence zone.
Figure 8 also compares the suction profiles induced along

arrays M and R (see test set-up shown in Fig. 1). The main
difference between results from these two arrays lies within
the root zone. The tree seedlings having a wider spacing in
both tests S120 and S180 induced higher levels of suction
along array R than along array M. The opposite trend was
observed in test S60. Although the root systems of the
seedlings in tests S60 were initially situated next to each other
without overlapping, post-test root excavation revealed that

some roots eventually overlapped because of the 4 months of
tree growth. Tree–tree competition for water in this overlap-
ping root zone would be stronger (Farnham, 2001). This
could explain why the levels of suction induced along array
M were higher than those induced along array Ronly in test
S60, but not in the other two tests where the tree roots did not
overlap.

Effects of vegetation and planting density on infiltration rates
The measured infiltration rates for bare and vegetated soil

during rainfall are shown in Fig. 9. As expected, the
infiltration rate for the bare soil decreased exponentially
with time, approaching a steady-state condition and ks of the
CDG (i.e. 1·2� 10�8 m/s). The measurements show that the
infiltration rate for vegetated soil may be higher or lower than
that for bare soil depending on the planting density. When
the tree spacing was 120 or 180 mm, the infiltration rate for
vegetated soil was lower than that for bare soil by 18 to 58%.
This trend appears to be consistent with the findings in past
studies (Meek et al., 1992; Ng et al., 2014; Leung et al.,
2015a), which also showed that the infiltration rate for soil
containing actively growing roots was reduced.
In contrast, when the trees were planted closer together

(spacing = 60 mm), the infiltration rate for vegetated soil was
42–86% higher than that for bare soil in the present study.
This might be attributed to the formation of preferential flow
paths (hence a higher infiltration rate) as macro-pores were
created in the soil due to the observed decay of roots
(Ghestem et al., 2011). In addition to the effects of decayed
roots, planting density might also affect the infiltration rates
because of (a) different stages of desaturation (i.e. as a result
of transpiration-induced suction before rainfall happened;
see Figs 6–8) and (b) different capacity of soil water storage.
The test results obtained from the present study suggest
that the infiltration rate for vegetated soil is not necessarily
higher or lower than that for bare soil, as commonly claimed
in past studies based on tests involving a single planting
density only.

Observed suction responses during rainfall
Figure 10 compares the measured variations in suction

with time at a depth of 50 mm (i.e. within the root zone)
between the bare and vegetated soils during the 2-h rainfall.
As expected, suction in all cases, with or without the presence
of roots, reduced upon rainfall infiltration. At the end of the
rainfall event, the bare soil lost all suction. For the vegetated
soil with a relatively wide tree spacing (i.e. tests S120 and
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S180), some suction (i.e. 3–18 kPa) was preserved along both
arrays M and R, although the rate of suction reduction was
similar to that for the bare soil. The two vegetated soils with
these tree spacings were better able to retain suction because
their infiltration rate was reduced (refer to Fig. 9), owing to
the presence of roots and because of the relatively higher
amount of evapotranspiration-induced suction before rain-
fall. When the tree seedlings were planted closer to each other
at a spacing of 60 mm, the responses of suction were
markedly different from those recorded for seedlings
planted in the other two cases with wider spacings. Suction
in the vegetated soil having 60 mm spacing of trees reduced
much more rapidly as it had the highest infiltration rate
among all cases (Fig. 9) and the amount of suction retained
after rainfall was less than 12 kPa.

Figures 11(a)–11(d) show the vertical suction distribution
before and right after the 2-h rainfall for the bare soil and the
vegetated soils with the three different planting densities.
After raining for 2 h, suction was reduced in the top 150 mm
of the bare soil and only a minimal amount of suction (i.e.
, 3 kPa) was preserved (Fig. 11(a)). On the contrary, with
roots in the soil in tests S120 and S180 (Figs 11(b) and 11(c)),
rainfall mainly affected the suction within the root zone. This
means that, for a given period of rainfall, the depth of
influence of suction in both vegetated soils was shallower
than that in the bare soil. This observation is consistent with
the test results shown in Fig. 9; that is, that the infiltration
rate for the vegetated soil having the tree spacing of 120 or
180 mm was lower than that for the bare soil. For the tree
spacing of 60 mm (Fig. 11(d)), the influence zone of suction
was deeper, as suction changed not only within the root zone
but also at a depth of 150 mm. This is likely to be attributable
to the increased soil hydraulic conductivity associated with

root decay, as indicated by the increased infiltration rate seen
in Fig. 9.
In contrast, when inspecting the suction responses below

the root zone at a greater depth of 250 mm in Fig. 11,
suctions measured during the rainfall event were largely
unchanged and preserved in all cases. The highest suction in
the S60 samples (around 26 kPa) was the consequence of the
more significant tree root-water uptake due to closer plant
spacing (see Figs 6 and 7) before the rainfall happened.

DISCUSSION
In order to better understand the role of vegetation in the

amount of suction retained during rainfall, water balance
calculation was carried out using the instantaneous profiles
of VWC depicted in Fig. 12. In each profile, the values of
VWC at depths of 50 and 100 mm were obtained from the
two soil moisture sensors (refer to Fig. 1), while those at
depths of 150, 250 and 350 mm (i.e. below the root zone)
were deduced by mapping the measured suctions to the
wetting SWRC of the bare soil shown in Fig. 5(b). By
considering mass continuity and the fact that no basal
drainage was observed during the applied rainfall, and
assuming one-dimensional water flow conditions in each
test drum, the amount of water stored in tests B, S60, S120
and S180 at any time can be determined by integrating the
VWC profiles. Fig. 13 shows that, in all cases, the total
amount of water stored in the soil during the 2-h rainfall
event was almost the same as the total amount of water
infiltrated, as determined by the area bounded by each
measured infiltration curve shown in Fig. 9. This suggests
that, during the applied rainfall event, evaporation in the
bare soil and evapotranspiration in the vegetated soil did not
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help to reduce the soil moisture very significantly, if at all. In
fact, the PE and PET during the 2 h of rainfall were only 0·37
and 0·21 mm, respectively, and they were negligible com-
pared to the total amount of water infiltration in each case
(i.e. 8·1–18·7 mm). This means that the amount of transpira-
tion during rainfall is much less than the amount of applied
rainfall.
Although evapotranspiration of vegetated soil was likely to

be minimal during the rainfall event, especially if the rain was
short in duration, evapotranspiration could induce a signifi-
cant amount of suction before rainfall (Figs 6–8). The differ-
ent initial levels of suction before rainfall (hence different soil
hydraulic conductivity; Ng & Menzies, 2007; Ng & Leung,
2012) may affect the suction responses during the subsequent
rainfall. Fig. 14(a) shows the measured suctions before and
after rainfall within the root zone (i.e. 50 mm and 100 mm)
in all cases. For tree seedlings planted at the wider spacings
of 120 and 180 mm, the higher the initial suction before
rainfall, the larger the amount of suction retained after
rainfall. Such a trend was consistently found in grass-covered
ground (Lim et al., 1996) and tree-covered ground with a
plant spacing of 200 mm (Garg et al., 2015b). Note that
Garg et al. (2015b) tested in the field the same soil type and
the same tree species as in the present study. This suggests
that, as compared to the bare soil where only evaporation
took place, evapotranspiration induced additional suction
in CDG that was vegetated with tree seedlings at the spac-
ings of 120 and 180 mm was more beneficial in preserving
higher suction after rainfall.

Interestingly, the data obtained from test S60 do not
follow the same trend. Although the magnitude of
evapotranspiration-induced suction before rainfall was the
highest (Figs 6 and 8), the seedlings in this test preserved a
relatively low amount of suction after rainfall (Fig. 14(a)).
This suggests that, for this particular tree species grown in the
CDG, the benefit of the additional suction induced by
evapotranspiration within the root zone would be lost when
the planting density is too high, as the resulting tree–tree
competition would cause root decay (Fig. 3) and hence an
increased rate of infiltration (Fig. 9).
Figure 14(b) shows the relationships of suction before and

after rainfall at greater depths of 150, 250 and 350 mm. In
most cases, except that for S60 samples at 150 mm depth, the
suction induced by evapotranspiration before rainfall was
largely preserved after rainfall. Although not all suctions
were preserved in the S60 samples, the amount of suction
after rainfall was the highest, when compared to other
samples. Interestingly, this observation is opposite to the
suction responses recorded in shallower depths within the
root zone, where suction preserved in the S60 samples was
relatively low (Fig. 14(a)). This highlights the importance of
transpiration-induced suction and the associated extension of
the suction influence zone before rainfall, as this suction is
shown to control the amount of suction preserved during and
after rainfall directly.
The laboratory findings in this study are particularly useful

for field application at an initial stage of vegetation of
engineered slopes/embankments, where young plant seed-
lings in a similar condition to that tested in this study (only
one kind of plant species considered, i.e. non-mixed-species
plantations) are usually transplanted. Based on the test data,
it may be beneficial to apply a planting spacing of 60 mm for
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the young trees to enhance the shallow slope stability by
preserving suctions at depths below the root zone. For the
interaction between soil and semi-mature/mature vegetation,
a number of field studies (Glendinning et al., 2009; Rahardjo
et al., 2014; Smethurst et al., 2015) have shown that, at one
given planting density, some suction was maintained at
depths below the root zone after rainfall, as similarly
observed from this study. However, more research is needed
to explore the effects of planting density of more mature
vegetation on slope stability, over longer periods of time, as
plants grow. It should be noted that an ideal planting spacing
in slopes may depend on many factors, such as type of species
to be planted and also potentially the slope angle. The
recommendation of 60 mm spacing given in this paper is
only relevant for the non-mixed-species planting condition
and it should also be treated with caution when adopted for
design directly.

SUMMARYAND CONCLUSIONS
This study explores the effects of planting density (i.e. 320,

81 and 36 tree seedlings/m2; equivalent to plant spacings
of 60, 120 and 180 mm) on the growth of a tree species,
S. heptaphylla, and on induced suction in silty sand.
Influences of planting density on soil water retention ability
and infiltration rate were quantified to interpret the observed
suction responses upon evapotranspiration and rainfall
through water balance calculation. Three replicates were
tested for each planting density to minimise any effects of tree
variability. This involved testing 297 tree seedlings (only one
plant species considered) in total.

It was revealed that the decrease in planting spacing from
180 mm to 60 mm reduced LAI from 1·35 to 0·96. The
reduced growth was attributed to the increased competition
among neighbouring trees for soil moisture, as indicated by
the observed greater reduction in VWC when tree spacing
was smaller. Owing to such tree–tree competition, the root
systems were much more localised for all replicates in the case
of 60 mm spacing than those where wider tree spacing was
used. Reducing the tree spacing from 180 to 60 mm also led
to a reduction in the total root volume by one-third and a
decrease in mean root length by 22%. Evident root decay was
observed for the case with the closest planting spacing of
60 mm.

When root decay presented (for the case of 60 mm spac-
ing), the water retention ability of silty sand was reduced. In
contrast, for the tree spacings of 120 and 180 mm, where
mainly fresh roots were identified, the AEVof the silty sand
increased to 4 kPa, indicating improved water retention
ability. The size of the hysteresis loop for these two cases
was markedly smaller than that for the previous case when
silty sand contained a significant amount of decaying roots.

The highest planting density (i.e. closest spacing of 60 mm)
induced the highest amount of suction (i.e. up to 75 kPa) and
yielded the deepest zone of influence of suction, as compared
to the other two cases with lower planting densities. This is
attributed to the greater demand, and hence depletion, of soil
moisture upon more significant tree–tree competition. As the
tree spacing is 180 mm, effects of planting density vanished,
because the amount of evapotranspiration-induced suction
was found to be almost the same as that induced byone single
tree.

Throughout a 2-h rainfall event, the infiltration rate for
vegetated soil was always lower than that for bare soil by
18–58% when the trees were spaced relatively wide apart (i.e.
120 and 180 mm). Owing to the reduced infiltration rates,
3–18 kPa of suction was preserved (i.e. the top 100 mm
depth) at the end of the rainfall in these two cases, whereas no
suction was retained in the bare soil. In contrast, the presence

of decaying roots in soil with the plant spacing of 60 mm
meant that the infiltration rate was higher than that for the
bare soil by at least 42%. The increased infiltration rate led to
a rapid reduction in suction at shallow depths within the root
zone and hence a small amount of suction retained (i.e. less
than 12 kPa) within the root zone (i.e. top 100 mm).
However, at greater depths below the root zone (i.e. up to a
depth of 350 mm), suctions were largely preserved after the
rainfall. The amount of suction preserved below the root
zone was the highest for the soil with the closest plant spacing
of 60 mm, because transpiration-induced suction before the
rainfall event was the highest, when compared to other tree
spacings.
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NOTATION
D10 grain diameter at 10% passing
D30 grain diameter at 30% passing
D60 grain diameter at 60% passing
ks saturated hydraulic conductivity
L planting spacing
m fitting parameter in van Genuchten’s equation

(van Genuchten, 1980)
n fitting parameter in van Genuchten’s equation

(van Genuchten, 1980)
α fitting parameter in van Genuchten’s equation

(van Genuchten, 1980)
θr residual volumetric water content
θs saturated volumetric water content
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