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Abstract

Aims Little research has been conducted to quan-
tify the atmosphere-plant-soil interaction in urban
environments due to a lack of understanding of plant
water use characteristics and the limited availability
of high-quality field data. This research aims to quan-
tify the drying effect of root systems of two Austral-
ian native tree species on soil water dynamics and
ground movement using high-quality field measure-
ment data.

Methods A long-term field monitoring on soil
moisture variation and ground movement close to
C. maculata and M. styphelioides, was conducted
for up to 45 months in Melbourne, Australia. The
water requirement of each tree was monitored using
sap flow sensors. Laboratory soil testing was con-
ducted to obtain soil properties and develop profiles
of soil suction and water content. The intercorrelation
between soil water dynamics and tree soil water use
was established.

Results Tree roots could no longer extract water
from the soil when total soil suction exceeded a wilt-
ing point of approximately 1000 kPa. The soil profile
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differences between the two sites were a significant
factor causing substantial differences in tree water
consumption.

Conclusions At the C. maculata site, tree-induced
soil desiccation occurred to a depth of 1.1 m, while
at the M. styphelioides site, it extended down to 2.2 m
depth. The tree root-soil interaction analysis shows
that water uptake of 10.64 kL by tree roots partially
contributes to a 5% decline in soil water content and a
270 kPa rise in soil suction, resulting in a continuous
soil settlement of 22 mm.

Keywords Expansive soil - Plant-soil interaction -
Sap flow - Soil movement - Soil suction - Tree water
uptake

Introduction

Expansive clay soils undergo significant volume
changes in response to changes in moisture, expand-
ing during wet seasons and contracting during dry
ones. Trees growing near residential houses can
extract a substantial amount of water from the soil,
particularly during dry seasons, leading to differen-
tial movement in the foundation soils. This differen-
tial movement can cause severe damage to the footing
and building. In Victoria, Australia, Holland (1981)
reported that almost all foundation failure cases in
Quaternary basaltic clays were due to the drying set-
tlement of expansive soils beneath the building, while
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three-quarters of failures in Tertiary to Ordovician
clays were caused by local drying settlement resulting
from closer distances between plants and dwellings.

Trees need to expand their feeder root at a greater
distance to search for water during dry months, while
unrestricted water access could result in a smaller
root system. Ng et al. (2020) found that the capacity
of trees to absorb water remained at the highest level
before reaching the wilting point soil suction thresh-
old. Mature tree roots are typically developed 1-2 m
below the ground surface, with the greatest density of
roots within the top half meter, while the lateral roots
may extend more than 10 m from the tree trunk (Dob-
son and Moffat 1995). Cameron (2001) demonstrated
that the desiccating effects of a single tree could reach
up to 5 m deep during dry months, and this depth
could increase to 6 m for a group of trees. Li and Guo
(2017) concluded that the influence depth of a 15 m
tall Eucalypt tree was approximately 3.5 m. Through
the study of soil moisture in the vicinity of poplar
trees, Biddle (1983) found that the lateral impact of
tree roots can extend as far as the height of the tree.
However, the tree’s influential distance and depth
suggested by these studies were primarily based on
soil suction/moisture tests conducted once or twice
during site investigation or short-term site monitor-
ing, which could lead to underestimation of the tree’s
effects on soil.

Soil, plants, and the atmosphere are interconnected
through complex physical and biological interac-
tions. A better understanding of the significance of
the soil water balance, which is controlled by the soil,
plants and atmosphere, on plant water usage could be
obtained from modeling soil water dynamics (Verma
et al. 2011). Given that the mechanism by which
plants absorb water is controlled by the differential in
water potential between the soil and roots (Dasgupta
et al. 2015), the boundaries of soil water potential can
be utilized to quantitatively assess the relationships
between plants and soil.

Various models have been developed to simulate
the movement of water from soil to the atmosphere
based on the hypothesis of cohesion-tension (Cou-
vreur et al. 2018). Teodosio et al. (2017) proposed
a porous-media model that integrates the continu-
ity equation with Darcy’s law to simulate soil-plant
root interaction. Manoli et al. (2014) established a
3D plant—soil model based on Richard’s Equation
to examine the impact of the roots of pine trees on
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soil water dynamics. Silva et al. (2022) developed a
FETCH3 model to estimate the water flows via the
soil-plant-atmosphere continuum (SPAC).

The Australian Standard AS2870 (2011) pro-
vided an extra design soil suction change and an
additional depth to cope with the influence of trees
on the design of residential footing. The “normal”
design soil suction change caused by local climate
together with the suction change due to the tree root
drying effect are presented in Fig. 1. H, represents
the depth below which the soil suction remains
unaffected by climate variations, while H, signifies
the maximum drying depth induced by trees. The
“normal” design suction change without the effect
of the tree was assumed to be symmetrical for all
climatic regions (e.g. equal wetting and drying over
the life of the building). The shaded areas of suction
change due to the tree effect are equivalent between
the wilting point approach (Fig. 1a) and the design
compromise (Fig. 1b). Conservative values of the
additional tree-induced suction change Au,,, are
given in AS2870 (2011) for design purposes. How-
ever, these empirical values were based on the lim-
ited number of case studies, adding risks of footing
failure due to inappropriate design. Besides, infor-
mation such as water demand and tree species were
not considered at the time of revising the guidelines.
This study validated these empirical values outlined
in the Australian building standard by developing
soil suction profiles for the two experimental sites
using long-term, in-situ soil suction datasets. Long-
term soil water usage information for two popular
Australian native tree species was also provided.

This study was based on the hypothesis that
soil water uptake by different tree species induces
measurable desiccation effects in surrounding soils,
which can be characterized through in-situ field
measurements of sap flow, soil moisture and suc-
tion, and soil movement. Throughout this research,
soil hydrologic properties and soil movement in
close proximity to the studied trees were closely
monitored for a duration of up to 45 months. The
primary goal of this research was to investigate the
drying effect of root systems of two tree species
by establishing the intercorrelation between tree
soil water use and soil water dynamics, as well as
ground surface movement using high-quality field
datasets.



Plant Soil

Fig. 1 Design suction
change profile a theoretical
b equivalent suction change I

Total suction (pF)

Total suction (pF)

Aug A
| Aug 1

distribution

Depth (m)

Materials and methods
Experimental field sites

Two individual Australian native tree species, Corym-
bia. maculata (Hook) K.D Hill & L.A.S Johnson and
Melaleuca. Styphelioides Sm., grown in two well-
instrumented experimental sites (37°51°S, 145°16’E;
37°52’S, 145°17°E) in the southeast suburb of Mel-
bourne, Australia, were selected for monitoring soil
movements at the ground surface and sub-ground,
soil moisture and tree sap flow rate.

The location of various monitoring instruments
relative to the tree is depicted in Fig. 2. The chosen
species have been widely planted in parks, reserves
and road verges in the southeast region of Australia.
All sites have an altitude of 80 m and are located in
Climatic Zoning 3 (Li and Sun 2015; Sun et al. 2017).
Based on a 60-year climatic record (1960-2020), the
mean yearly temperature and precipitation are 14.8
°C and 828.7 mm, respectively (BOM 2022). The
mean yearly solar exposure is 14.8 MJ m~2. Each tree
was installed with a sap flow sensor, secured by a
cage consisting of six steel wire mesh panels. A shade
sheet was installed on the cage to prevent strong sun-
light. Two 12 V batteries placed in a protective box
were used to recharge the sap flow instrument. Tree
heights of 14.5 m and 8.6 m and crown diameters of
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11.9 m and 7.5 m were measured for C. maculata and
M. styphelioides, respectively. Both trees are more
than 50 years old.

Field site instrumentation

A number of monitoring instruments, including in-
situ soil hygrometers, soil movement probes, Neutron
Moisture Meter (NMM) access tubes and Sap Flow
Meters (SFM1), were installed at the C. maculata and
M. styphelioides sites in spring 2017. Details for the
instruments employed are described in the following
sections.

Soil suction

To obtain total soil suction in the vicinity of the
monitored trees, a number of in-situ soil hygrometers
(Wescor PST-55) were installed at various depths in
the pre-drilled borehole located close to the tree’s
dripline. A 0.15 m diameter PVC pipe was cut
to a length of 0.3 m and was installed at the top of
the borehole and closed with a cast iron cover. The
surface was finished with a 10% slope to drain water
away from the cover. While reading was taken, the
thermocouple junction was cooled below the dew
point of air surrounding the soil by a cooling current,
leading to water condensing on the junction. A
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«Fig. 2 The layout of the two experimental sites (not to scale)
a C. maculata site b M. styphelioides site

voltage is generated through equilibration between
water evaporation and condensation, which is then
converted to total suction. The sodium chloride
solution at various concentrations were prepared to
calibrate each hygrometer prior to installation. The
water potential system PSYPRO, with an accuracy
of 0.01-0.1 MPa, was employed to record in-situ
soil suction reading at various depths. The PSYPRO
Manual suggests that suction values below the lower
limit of 50 kPa should be considered with caution.

The design soil suction change profile (Fig. 1) will
be established against the soil suction profile devel-
oped based on the field measurements by hygrometers
for the two study sites. AS2870 (2011) specified that
the maximum surface design suction change value is
1.2 pF, equivalent to 1.2 log (kPa). An assumption
was made that the design suction change decreased
linearly with depth and no climate-induced soil suc-
tion change occurred below the depth of design suc-
tion change H,. The additional suction change caused
by trees can be determined using values of the wilting
point soil suction u,,, and the deep equilibrium soil
suction u,, obtained from field site measurements.
u,, is the soil suction beyond the threshold above
which tree roots are not able to absorb water from
soils, while Ugq is the soil suction that would not vary
due to climatic changes.

Soil movement

A number of ground surface movement pads and sub-
surface probes were installed at different distances
from the monitored trees to evaluate the effect of tree
drying on soil movement. The surface movement pad
comprised a 11 cm long, 2.5 cm diameter steel rod
attached to a cylinder concrete pad (10 cm highx
10 cm diameter), while the sub-surface probe com-
prised a 2.5 cm diameter steel rod with a length from
0.5 to 1 m fixed to a 5 cm high and 8 cm diameter
cylinder concrete block. At the field sites, boreholes
(BHs) were drilled to depths of 0.5 and 1.0 m and
sleeved with PVC pipes allowing sub-surface probes
to be installed at the bottom of BHs. The top end of
the PVC pipe was closed with a locking cap prevent-
ing the ingress of rainwater and debris.

A row of five galvanized steel survey pins spaced
at 1 m was installed on the asphalt footpath, located
10 m south of the C. maculata. Three surface pads
were installed at 7 m (pad 1), 11 m (pad 2) and
14.5 m (pad 3), respectively, from the tree, whereas
the 0.5 and 1.0 m sub-surface probes were installed
at 7.5 and 8.5 m away from the tree (Fig. 2a). These
monitoring points were located on the west side of
the tree. A row of four surface pads spaced at 2 m
was installed at 4.0 m, 6.0 m, 8.0 m and 10.0 m,
respectively, from the M. styphelioides, while the
1.0 m sub-surface probe was located at 6.3 m distant
from the tree (Fig. 2b). Movements of surface and
sub-surface soil were measured using a laser level.
The levels of soil were compared to the reduced
level of the benchmark constructed in close proxim-
ity. The original level obtained in the spring of 2017
was used to determine soil movements. Positive soil
movements imply heave, whereas negative move-
ments suggest a settlement. Level surveys were con-
ducted from Oct 2017 to Oct 2018 at the C. macu-
lata site and from Oct 2017 to Jun 2021 at the M.
styphelioides site.

The level survey data will be compared with
the surface soil movement y, determined by the
soil profile and the soil moisture state affected by
its regional climate (AS2870 2011). y, can be esti-
mated based on the soil design suction change pro-
file and applying Eq. 1.

N
1 _

=105 & (1 Buh) ()
where N is the number of soil layers within the depth
of design suction change H; I, is the soil instability
index estimated by a shrinkage index /,; and a cor-
rection factor a. Au is the mean suction change in the
soil layer, and 4 is the depth of the soil layer.

The tree-induced extra surface soil movement y,
is determined using Eq. 2 by assuming the soil is
fully cracked over the soil profile.

=+ —-0.5
HT

U Rl b el | 2 2
HT ’

where y.. 1S the tree-induced maximum surface
soil movement calculated following Eq. 1. D, and
D, are the distance from the tree to the building and
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the tree’s influence distance, respectively. HT is the
height of the tree.

Soil moisture

The Campbell 503DR Neutron Moisture Meter
(NMM) has been widely used to measure soil water
content due to its broad range of measurement, ease
of use and capability to measure at greater depths
(Li et al. 2003a, b). In this study, the NMM was
employed to monitor volumetric soil moisture vari-
ations at various distances and depths from each
tree. At each site, two 100 mm BHs were drilled to
a depth of 3-4 m, which were cased with 50 mm
diameter aluminium access tubes. The mixture of
soils from the same BH and bentonite was used to
backfill the gap between the boring wall and the
access tube. The top of the BH was secured with a
cast iron cover. For C. maculata, NMM measure-
ments were taken at distances of 6.0 and 15.0 m
away, and at depths ranging from 0.4 to 4.0 m. For
M. styphelioides, measurements were taken at dis-
tances of 3.7 and 8.2 m away, and at depths ranging
from 0.4 to 3.0 m.

The NMM includes a probe attached to a data
logger via a cable. The probe comprises an encap-
sulated radioactive source (Americium-241: Beryl-
lium) emitting high-energy neutrons and a detector.
The fast neutrons released from the source collide
with hydrogen in the soil and thermalize neutrons.
The moderated neutrons counted by the detector are
correlated with the level of water content in the soil.
The duration of neutron counts can greatly affect
the precision of NMM measurement, and it was
approved that the use of 16 s counts can lead to a
considerably precise measurement (Li et al. 2003b).
The neutron count ratio (NCR) is the quotient of
neutron readings in the soil divided by the back-
ground readings taken in the wax in the shield, and
it has been commonly employed by users to avoid
unacceptable drift of the electronics. The field cali-
bration of NMM was conducted for each site. The
volumetric water content was determined for silty
clay samples obtained from various depths of BHs.
The NMM readings for the same depth were under-
taken shortly after, which allowed NCR to be cal-
culated and subsequently correlated with volumetric
water content measurements.
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Sap flow meter

Sap flow, the water transport in the water-conducting
xylem tissue of plants, has been widely used to esti-
mate whole canopy transpiration for trees in the field
site (Fernandez et al. 2001; Nadezhdina et al. 2009).
Among various types of heat pulse velocity based sap
flow instruments, the Sap Flow Meter SEM1, which
is based on the theory of heat ratio method, was
approved to offer accurate sap flow measurements for
a wide range of plant species (Burgess et al. 2001). In
this study, one SFM1 was installed on the north side
of each tree to monitor the tree soil water use. It was
assumed both trees have a symmetrical cross-section.
This study used SFM1 to monitor the soil water use
of the two trees. The SFM1 include one heater nee-
dle and two temperature needles attached individu-
ally to the main body of the device. Two sensors are
positioned at a distance of 7.5 and 22.5 mm from the
tip of each temperature needle. After releasing a 20
J heat pulse from the heater, the thermistors meas-
ure the temperature differences in the sap transported
upstream and downstream. Two 12 volts (18 A) exter-
nal batteries in series placed in a stainless-steel case
were connected to the SFM1 to enable continuous sap
flow measurements. In order to maintain the uninter-
rupted operation of the SFM1, the site visit is sched-
uled every 21 days to replace the batteries used for
charging SFM1 before they are depleted. The SFM1
was programmed to half-hourly logging intervals.
The total soil water use of the tree was determined by
multiplying the sap flow velocity recorded by SFM1
with the sapwood cross-sectional area.

Site investigation and laboratory test

In the field sites, BHs were drilled at distances of 6.0
and 15.0 m away from the C. maculata, and at dis-
tances of 3.7 and 8.2 m away from the M. styphe-
lioides in October 2017 (Fig. 2). Soils obtained from
BHs were used to develop soil profiles and perform
soil laboratory tests, including soil water contents,
total soil suctions, Atterberg limits, shrink-swells and
soil water characteristic curve (SWCC).

The WP4 with a measurement range of 0—40 MPa
and programmed with the chilled-mirror dewpoint
technique was employed for the total soil suction meas-
urement due to its ease to use and capability of provid-
ing fast and accurate measurements (Leong et al. 2003).
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The potassium chloride solution was used to calibrate
the instrument as recommended by the user manual.

The soil samples were crushed with a hammer fol-
lowing oven-drying at 105 °C for 24 h, which were
then ground into fine particles using a mortar and pes-
tle. Soil passing through the 425 pm sieve was used
to conduct the Atterberg limits tests, including liquid
limits, plastic limits and linear shrinkage according to
AS1289 (20094, b; 2008), respectively.

The shrink-swell test (AS1289 2003) contains a
swelling test and a simplified core shrinkage test. The
soil samples used to conduct shrink-swell tests were
extracted from thin-walled 45 cm long and 5 cm diam-
eter tubes pushed to two different depths at the tree’s
dripline (Fig. 2) using a hydraulic hammer. The 10
cm long soil core was prepared for the shrinkage test.
A stainless-steel pin was pushed into the specimen at
each end to provide a reference point that allowed the
length change to be recorded. The mass and length of
the specimen were measured three times a day during
air-drying for two weeks and subsequently over-dried
for 24 h. This allows the shrinkage strain £g,to be deter-
mined. For the swelling test, a 2 cm high and 4.5 cm
diameter stainless-steel ring was pushed into the soil
core and trimmed flat at both ends. Both top and bot-
tom of the ring were attached with a porous stone and
subsequently placed in a brass consolidation cell. An
initial pressure of 5 kPa was applied to the specimen
and then increased to 25 kPa for 30 min. Swell occurred
following adding deionized water into the consolidation
cell, and the induced displacements recorded by a data
logger can be used to determine the swelling strain €.
The shrink-swell index I is calculated using Eq. 3. In
this study, the shrink-swell tests were conducted at 0.8
and 1.7 m depth near the tree’s dripline for each site,
I values other than the measured depth were estimated
using the corresponding Plastic Index (PI) based on the
I, — PI relationship recommended by Cameron (2017),
although the correlation is likely to be conservative.

£, + 2
[,= 220 (3)
1.8
Results

This section presents the results of soil tests and field
measurements conducted at a 21-day interval for soil

movement, soil volumetric water content, and soil
suction.

Soil test

The soil profile established for BH 1 at the C. macu-
lata site is presented in Fig. 3a. The soil comprised
1 m of fill, including a layer of 0.1 m thick silty loam
(ML), underlain by intermediate-plasticity silty clay,
which became high-plasticity to 4 m deep (i.e. the full
depth of investigation). At the M. styphelioides site,
the soil comprised a 0.3 m thick layer of low-plastic-
ity silty clay, which became high-plasticity to the full
investigation depth of 3 m (Fig. 3b). The Atterberg
limits test results for both sites revealed a relatively
smaller variation of plastic limits and linear shrinkage
over the depth of measurement. A marked increase
in liquid limits occurred from 1.0 m (38%) to 3.0 m
(82%) at the C. maculata site while a notable liquid
limits rise by 28% was observed from 0.5 to 3.0 m
at the M. styphelioides site. The shrink-swell indi-
ces I at five different depths at the C. maculata site
(Fig. 3a) show a significant increase in the I from
0.5%/pF (low expansive) at 1.7 m to 4.6%/pF (high
expansive) at 3.0 m. The I at the M. styphelioides
site (Fig. 3b) reveal that soil was highly expansive at
the four measurement points. The surface soil move-
ments y, of 19 mm (Class S) and 35 mm (Class M)
were determined for C. maculata and M. styphe-
lioides site, respectively, using Eq. 1.

The SWCC drying curves established for the two
study sites in Fig. 4 included 10 data points and were
developed using the Fredlund SWC-150 for suction
ranging between 10 kPa and 1500 kPa, and the Dew-
point Potentiometer (WP4) was employed for suction
exceeding 1500 kPa. The suction constraints of 0 kPa
and 1,000,000 kPa were assumed. The equation intro-
duced by Fredlund and Xing (1994) was used to best
fit the measurement data.

The soil suction and water content profiles in
February and October 2017 for BH 1 close to the C.
maculata are presented in Fig. 5a. Each data point
reported is the average of two sub-samples. The inves-
tigation was completed at 2.0 m deep in Feb 2017 due
to push tube refusal. Soil suction was relatively low
in October compared to soil sampled in the hotter
month in February. The corresponding water content
data revealed a similar trend of soil moisture condi-
tion with distinctly higher water content in October.
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Fig. 3 Soil test results Soil profile
in close proximity to the
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In contrast, soil desiccation from 1.0 to 1.5 m during data for 0-2 m in February and October at the C.
the tree growth season (i.e. October) was evident at maculata site that a change in the suction of 100 kPa
the M. styphelioides site (Fig. 6a), and this finding would represent a change in water content of approxi-
was supported by the corresponding water content mately 1%. Figure 5b presents the total soil suction
data. It is derived from soil suction and water content and water content profiles for BH 2 in February and
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October. In contrast to soil obtained in October, soil
suction ranged from 760 kPa to 1070 kPa in Febru-
ary, which was, on average, 28% higher over the full
depth of measurement. It is noticed that soil suction
remained constant below 2.5 m deep in both months,
and the 1000 kPa could be taken as the wilting point
suction u,, for the site. A same u,,,, value of 1000 kPa
was obtained at the M. styphelioides site (Fig. 6a). As
presented in Fig. 6a, when soil suction and water con-
tent data in February and October are compared, it is
calculated that a 2% change in water content equates
to a 100 kPa change in suction.

Ground and sub-ground soil movement

Figure 7a shows the level survey results in the
vicinity of the C. maculata over 13 months. Com-
pared to the soil further away from the tree, the
soil closest to the dripline (i.e. surface pad 1, D;:
HT=0.5) experienced more significant shrinkage
settlement in summer. At a distance of 7.3 m (D;:
HT=0.5) from the tree, a small amount of soil set-
tlement of 4 mm was found at 0.5 m depth. A con-
tinuous upward soil movement was observed at
1.0 m depth from Dec 2017 to May 2018, with a
maximum heave of 29 mm occurring at a distance
of 11 m from the tree. This movement is 34% higher
than the calculated y, of 19 mm. The considerable
heave at 1.0 m depth may be considered as the con-
sequence of rainwater ingress due to the PVC lock-
ing cap being damaged by a lawnmower. A rela-
tively smaller movement was observed from winter
to early spring for both surface and sub-surface soil.

Suction (kPa)

Figure 7b presents the variations in soil move-
ment beneath the pavement, showing soil experienced
a similar variation trend over 13 months. It is noted
that Pin (3) experienced a small amount of settlement
while the other four pins moved up on 10th Jan 2018.
The Pin (5) showed the largest shrinkage settlement
of 21 mm (D;: HT=0.7) during the level survey con-
ducted in March 2018, indicating localized shrinkage
settlement likely caused by tree root drying.

Figure 8 presents the level survey data in the vicin-
ity of the M. styphelioides for 45 months. Generally,
soil experienced more heave than settlement over the
study period, although both surface and sub-surface
soil have exhibited a similar variation trend. The
surface soil at a distance of 4.0 m from the tree (i.e.
surface pad (1), D;: HT=0.5) experienced the great-
est shrinkage settlement of 9 mm compared to the soil
located farthest from the tree. This trend is similar to
the C. maculata tree site, likely due to the drying effect
of high-density tree roots at the dripline. A significant
heave was observed for all surface pads from Jan 2018
to May 2018, and from Nov 2018 to Mar 2019, with a
maximum movement of 20.0 mm occurring at a dis-
tance of 8.0 m from the tree trunk. A marked down-
ward movement, on average, occurred from 16 mm
in May 2019 to -6 mm in Sep 2019 during the 2nd
season cycle. For all the monitoring points, fewer soil
movements occurred during the 4th season cycle.

Volumetric soil water content

Soil volumetric water content at various depths at
distances of 6 m (P1) and 15 m (P2) away from the
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Fig. 5 Total soil suction Total Suction (kPa)
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C. maculata over 13 months is presented in Fig. 9a.
Soil water content near the dripline (i.e. P1) varies
significantly from 9 to 32% within the top 1.1 m.
The variation became smaller between 1.1 and
2.7 m and experienced little change below 2.7 m to
the full measuring depth of 3.9 m. Volumetric soil
water content profiles for P1 at the M. styphelioides
site (Fig. 9b) show approximately 15% variation
in volumetric water content within the top 2.1 m,
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which lessened below this depth. An envelope was
established using the maximal and minimal meas-
urements at every depth across the full depth of
measurement over the study period. The lowest soil
water content ranging from 9 to 24% was observed
between 0.4 and 2.1 m at the C. maculata site, with
the noticeable tree-induced soil desiccation occur-
ring at 1.1 m depth (Fig. 9a). In contrast, soil dry-
ing close to the dripline of the M. styphelioides



Plant Soil

Fig. 6 Total soil suction

Total Suction (kPa)

‘Water Content (%)

and water content profiles 10.0 100.0 1,000.0 10,000.0 0 10 20 30 40
close to the M. styphelioides 0.0 0.0
aBH1bBH?2 \ y: / &%
0.5 0.5 ™
\ ,/% i
1.0 1.0
§. . £
a g
2
2.0 2.0
_ —A—Februar; } ’%
25 u,,= 440 kPa \ 25 y
—©—0ctober
30 —©—February \ 30
’ —A—October [ Uwp ~ 1000KPa ’
—Suction change profile
35 35
(a)
Total Suction (kPa) ‘Water Content (%)
10.0 100.0 1,000.0 10,000.0 0 10 20 30 40
0.0 0.0
L
0.5 0.5
D
1.0 1.0
B -
Z 15 E 15
& £
a = j
2.0 | 20
——February }[
b ——Fgb:
25 —©—October 95 ¢bruary
[ —©—0ctober ‘%&K
3.0 3.0 A
35 35

was evident between 0.6 and 2.2 m deep, with the
lowest water content, on average, of 21% (Fig. 9b).
For both sites, water content variations for P2 were
substantially less when compared to water content
changes at the same depth for P1.

Total soil suction
Three in-situ soil hygrometers were installed at

0.4 m, 1.4 m and 2.3 m depth in the pre-drilled
borehole located 6.7 m away from the C. maculata.

(b)

Figure 10a shows the soil suction profiles estab-
lished from measurements taken between Oct 2017
and Oct 2018. A significant variation in soil suc-
tion ranging from 10 kPa to 1390 kPa was observed
at 0.4 m deep, which lessened below this depth
until 1.4 m. This observation is confirmed by the
soil volumetric water contents profile in Fig. 9a,
which shows that the soil near the ground surface
has experienced considerable variations in water
content. The same trend was observed at the M.
styphelioides site, with substantial variation in soil
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Fig. 8 Surface and subsurface soil movement close to the M. styphelioides over 45 months

suction ranging from 10 kPa to 2240 kPa occurring
at 0.4 m deep. The established upper envelope for

the two sites reveals a wilting point suction u,,, of
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1000 kPa, which is consistent with the estimated
value in Figs. 5b and 6a. The soil at the M. styphe-
lioides site experienced a suction change of 330 kPa
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Fig. 9 Volumetric water
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between the dry limit (110 kPa) and the inferred u,
(440 kPa) at 2.5 m deep (Fig. 10b), indicating the
climate-induced suction change occurs deeper than
the depth of 2.3 m provided by the Standard.

Tree soil water use

The daily sap flow rate logged by SFM1 on a 30
minus interval for the two trees over 28 days in

(b)

Feb 2018 is depicted in Fig. 11. The daily sap flow
rate on the north side of both trees revealed a bell-
shaped curve, with the sap flow peaking in the early
afternoon and closer to zero flow at midnight fol-
lowing a gradual descent. A noticeable night-time
sap flow was observed for both trees on the 24th
of February, contributing 23% and 17% to the total
daily amount. The slowest sap flow was found on
the same day for the two trees, most likely due
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Fig. 10 Soil suction measurement results close to the sampled tree a C. maculata site b M. styphelioides site

Fig. 11 Comparison of
daily sap flow rate for the
two tree species over 28
days
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to the lowest daily solar radiation of 3.2 MJ m~2,
which is 84% lower than the monthly mean.

The monthly sap flow volume variation pattern
for C. maculata and M. styphelioides from Sep 2017
to Dec 2018 is presented in Fig. 12. A similar vari-
ation trend was observed for the two trees, with a
significant sap volume rise from spring until mid-
summer, followed by a gradual decrease through
autumn and early winter. It should be noted that
construction work was carried out close to the C.
maculata in Nov 2018, leading to a marked reduc-
tion in the amount of water uptake by the tree. The
monthly sap flow volume for both trees showed
good agreement with two weather variables,
monthly average temperature and solar radiation, as
shown in Fig. 12.

Figure 13 shows a comparison of the monthly
sap volume for the two trees in 2017 and 2018. The
results indicate that the C. maculata extracted 10
—57% more water from September to December 2017
than during the same period in 2018. The monthly
transpiration of the M. styphelioides in 2017, on aver-
age, was 6% higher than that in 2018, with a marked
water use reduction of 865 L occurring in September.

Response of soil characteristics to tree water uptake

To investigate the causality and intercorrelation
among ground movement, soil water content, soil
suction and tree soil water use, the field measurement
data for these variables from May 2019 to Septem-
ber 2019 close to the dripline of the M. styphelioides
tree site was assessed. The chosen period revealed a

continuous soil settlement caused by the effect of tree
root drying, which was not observed during the study
period for the C. maculata site. The patterns for these
variables are presented in Fig. 14. The correlation
between ground movement, soil water content, soil
suction and soil water use of the M. styphelioides is
shown in Fig. 15.

Discussion

The design soil suction change profiles caused
by local climate and tree-induced additional suc-
tion change were compared against the measure-
ment-based suction profiles for the C. maculata site
(Fig. 5b). The value of 440 kPa was determined
for the deep equilibrium suction u,,, based on the
inferred u,,, and design value of Auy, (i.e. 0.35 pF)
given by the Standard. This value is much smaller
than the u,, of 980 kPa inferred for a 9 m high gum
tree site, but similar to the value of 420 kPa reported
for a site with a row of gum trees in South Australia
(Cameron and Beal 2011). Sun and Li (2023a) esti-
mated a u,, of 610 kPa for a C. maculata tree site
located 6 km away from the experimental site in this
study. Li and Guo (2017) established soil suction
profiles near a 15 m high Eucalypt at Williamstown,
Melbourne, and found a u., value of approximately
1210 kPa for that site. The differences in u, values
are likely due to variations in tree height, tree spe-
cies and soil profile. The wilting point suction u,,
was determined from the soil suction profiles for both
sites, revealing that the root systems of the two tree
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Fig. 13 Comparison of monthly sap flow volume of the sampled trees in two different years a C. maculata b M. styphelioides

species reached a point where they could no longer
effectively extract water from the soil once the total
soil suction exceeded the threshold of 1000 kPa. This
finding is in concordance with the observations of
Sun and Li (2023b), who reported a comparable u,,
of 4.04 pF (1,070 kPa) in proximity to a cluster of
C. maculata. Furthermore, analogous research con-
ducted by Cameron and Beal (2011) disclosed a u,,
value of 3.98 pF (930 kPa) at the outermost periphery
of a row of eucalyptus trees.

Figures 5b and 6a suggest that soil suction change
above 1 m depth was caused by climate variations
and the effect of tree root drying was responsible for

@ Springer

the suction change from 1 to 3 m deep. Sun and Li
(2023a) showed similar findings from the soil suction
profile that the climate condition caused the varia-
tions in soil suction up to a depth of 0.7 m near a C.
maculata; changes below this depth to 3 m were due
to the drying effect of the tree roots. The established
u,,, for both sites infers that soil shrinkage settlement
has already happened prior to the study period (Sun
etal. 2021).

The measured tree influential distance-to-tree
height ratio of 0.7 was determined for the C. macu-
lata site, which is significantly higher than the ratio
of 0.4 observed for a C. ficifolia located in a north
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Fig. 15 Linear correlation between ground movement, soil water content, soil suction and tree soil water use of the M. styphelioides

suburb of Melbourne (Li et al. 2014). The lower
influence exerted by the tree is likely attributed to
its young age of only four years. The noticeable soil
shrinkage settlement close to the dripline of C. macu-
lata (D;: HT=0.5) during summer is likely due to the
higher density of tree roots at the dripline, resulting
in a greater impact of tree root drying. The continu-
ous settlement for almost all survey pins from Janu-
ary to March 2018 (Fig. 7b) may be explained by the
increased soil water use of the tree during hotter peri-
ods (Li et al. 2014; Sun et al. 2022a, b). The soil on
the south side of the tree exhibited greater movements
compared to the west side, albeit with relatively small

changes from winter to early spring. This observation
suggests that the roots have extended more towards
the south side of the tree, likely due to higher soil
water availability beneath the footpath than in the
open ground on the west side. The influential distance
(D HT=0.5) of the M. styphelioides falls within
the conservative threshold suggested by the Stand-
ard. The effect of daily rainfall and mean daily tem-
perature on soil movements was assessed. From early
February 2017 to early May 2018 (Fig. 7a), a con-
tinuous soil heave was observed at all measurement
points at the C. maculata site, occurring a month
after an intense rainfall event in late December. The
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delayed upward soil movement could be attributed to
the low permeability of clays (Sun and Li 2023a).

Soil volumetric water content profiles (Fig. 9a)
established at the C. maculata site reveal a noticeable
tree-induced soil desiccation at 1.1 m depth. This is
consistent with the soil suction change profile estab-
lished in Fig. 5b, suggesting the tree root drying effect
commenced from 1 m deep. In contrast, the tree root
drying effect between 0.6 and 2.2 m depth is evident
close to the dripline of the M. styphelioides (Fig. 9b),
as water content varied from 20 to 22% over these
depths, significantly lower than soil ranging from
26 to 31% located 8.2 m away from the tree. Guswa
(2008) demonstrated that climate and water availabil-
ity exert primary control over the depth of root sys-
tem. In ecosystems constrained by water availability,
increased moisture levels resulting from climatic wet-
ness lead to the development of deeper root systems.
Notably, alterations in the duration of precipitation
events have a more significant impact on root depth
within such water-limited ecosystems compared to
changes in the frequency of rainfall.

Quantifying the radial distance and depth propa-
gated by soil moisture depletion from tree roots is
crucial for predicting localized hydrologic impacts
of urban trees. On a localized scale, determining the
zone of soil desiccation close to urban trees allows
the assessment of potential risks to surrounding infra-
structure due to seasonal shrink-swell processes. On
broader spatial scales, constraining the influences of
lateral root spread and root depth through field evi-
dence informs the parameterization and validation of
hydrologic models simulating coupled tree-soil water
dynamics at the landscape level (Fan et al. 2017).

The monthly soil water use by the M. styphelioides
ranged from 3.0 kL to 8.6 kL, with the maximum
and minimum sap volumes occurring in January and
June, respectively. The variation trend of monthly
sap flow volume is consistent with the soil water use
pattern observed in four M. styphelioides, as reported
by Sun et al. (2022a). The highest transpiration rate
of 2.7 kL for the C. maculata also occurred in Janu-
ary, 66% lower than the water used by the M. styphe-
lioides. Over the monitoring period, the M. styphe-
lioides had transpired, on average, 5.5 kL of water
per month, 69% higher than the mean monthly soil
water used by the C. maculata. The differences in
soil profiles between the two sites were a major fac-
tor contributing to the significant discrepancies in
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tree soil water use (Carminati et al. 2016). Based on
the calculated y,, the M. styphelioides site was clas-
sified as moderately reactive while the C. maculata
site was classified as slightly reactive. Highly reac-
tive silty clays with I ranging from 2.7%/pF to
4.2%IpF were distributed between 0.8 and 2.3 m at
the M. styphelioides site. In comparison, the clay
soil at the C. maculata site is less reactive, with the
I ranging from 0.5%/pF to 2.3%/pF over the same
depth range (Fig. 3). The volumetric water content
profiles (Fig. 9) close to the dripline also confirm that
soil water content over these depths at the M. styphe-
lioides site was, on average, 29% higher than that at
the C. maculata site, providing sufficient water for
tree roots to access. The SWCC drying curves devel-
oped for the two sites suggest that soil at M. styphe-
lioides site is capable of retaining more water when
subjected to suction below 400 kPa. It was found
that 64% of the in-situ suction measurement data are
smaller than this value. It is worth noting that the tree
characteristics, such as water-conducting sapwood
area, leaf and canopy size, and solar radiation inter-
ception, can significantly influence tree soil water
use (Li and Guo 2017; Francescantonio et al. 2018;
Sun et al. 2022a) and may contribute to the differ-
ences observed between the two sites. However, the
discussion of these impacts is beyond the scope of
this study. In November and December 2018, the C.
maculata had transpired 1.8 kL and 2.7 kL of water,
respectively, which is more than twice the amount
used in the same month of the previous year. This
increase in soil water use may explain the shrinkage
settlement observed at various distances on the west
side of the tree between October and December 2017,
which resulted from a reduction in mean water con-
tent by 3% from 0.4 to 3.9 m depth (NP1). The mean
monthly soil water use from September to December
2018 for the C. maculata has decreased by 753 L
compared to sap flow volume for the same period in
2017. This is probably attributed to the reduced rain-
fall amount of 13.5% over the study period in 2018
(BOM 2022). The water uptake by the M. styphe-
lioides was not influenced by the decline of rainfall
in 2018, and it had used the same amount of water in
November for two consecutive years. Quantifying the
water demands of these popular native tree species
within urban environments can help mitigate infra-
structure risks, contribute significantly to advancing
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sustainable design principles, and enable better man-
agement of urban forests.

The data analysis presented in Fig. 15a sug-
gests that there is a strong positive linear relation-
ship (R® of 0.82) between ground movement and
soil water content, as both exhibited a very simi-
lar variation trend during the monitoring period.
In contrast, there is a negative correlation between
ground movement and soil suction, as an increase
in soil suction leads to shrinkage settlement of the
soil. Figure 15b shows that soil suction, as an inde-
pendent variable, explains 89% variation in ground
movement. As independent variables to ground
movement, both soil water content and soil suction
are intercorrelated (Li et al. 2014; Cameron and
Beal 2011; Sun et al. 2021). A very strong linear
correlation was demonstrated for these two vari-
ables, with soil water content responsible for 96%
variation in soil suction (Fig. 15c). This trend was
confirmed by the SWCC drying curve (Fig. 4),
showing a reasonable linear correlation for suc-
tion ranging from 500 kPa to 900 kPa. Figure 15d-e
reveals a poor correlation between soil water con-
tent, soil suction and tree soil water use. This is
because other than water extraction by tree roots,
climate factors such as air temperature, precipita-
tion and evapotranspiration could also influence
soil water dynamics to an inferred depth of 1 m
(Sun and Li 2023a). Besides, the amount of water
used by the tree cannot entirely explain variations
in soil suction and water content since tree root
absorbs water not only at the dripline where soil
water dynamics were measured but also at various
distances and orientations from the tree. Overall,
the correlation of these measured variables suggests
that tree root water uptake of 10.64 kL from May
2019 to September 2019 partially contributes to a
decline in soil water content from 33 to 28% and a
rise in soil suction from 590 kPa to 860 kPa, result-
ing in a continuous soil settlement of 22 mm.

Conclusions

The drying effects of root systems from two popular
Australian native tree species on soil water dynam-
ics and movement were assessed for up to 45 months
in two well-established sites located in Melbourne,

Australia. This study finds that the drying influence
of root system of C. maculata extended to a radial
distance of 10 m (D;: HT'=0.7) and a depth of 1.1 m,
whereas for the M. styphelioides site, the drying influ-
ence reached a distance of 4 m (D;: HT=0.5) and a
depth of 2.2 m. Knowledge of the root-affected zone
by those tree species enables evaluating threats to
proximate infrastructure integrity arising from mois-
ture variation-driven shrink-swell behaviors of expan-
sive soils across wetting and drying cycles. The meth-
odological framework developed in this study has the
potential to be applied for investigating the soil des-
iccation induced by other tree species across diverse
climate zones, along with its impacts on slope stabil-
ity, buildings, roads, and other infrastructure.

Accurately assessing the water requirements of
these urban trees can aid in mitigating potential infra-
structure vulnerabilities. The long-term sap flow data
for the two native tree species is scarce but essential
as urban tree coverage expands. The high-quality tree
soil water use information could be used to assess the
suitability of tree species for applications like phy-
toremediation and revegetation by matching site con-
ditions with plant water requirements.

Long-term, high-quality field measurement data,
similar to what has been reported in this paper, can
serve local governments in assessing tree water con-
sumption and aiding in the selection of street tree spe-
cies. This, in turn, supports the development of effi-
cient and sustainable urban tree-planting management
plans. Researchers can employ the tree soil water use
and soil water dynamics datasets to calibrate numeri-
cal models of tree root water extraction and evaluate
additional soil suction resulting from similar tree spe-
cies with comparable characteristics across silty clay
sites in temperate climates.
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