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Abstract
The objective of this short communication is to explore spatial distribution of soil suction in the vicinity of an urban tree

considering effects of termite infestation and also radiant energy interception by canopy. A site in an urban landscape

containing a mix of species cover (grass cover in the vicinity of trees) was selected for monitoring. A field monitoring

program was designed to monitor soil (soil suction, moisture), vegetation parameters (tree height, grass leaf area), and

meteorological parameters during drying/wetting cycles. As expected, before termite infestation, suction magnitude and

rate of change were highest near the tree stem and at shallower depths, reflecting the dominance of transpiration over

evaporation. However, after termite infestation, soil suction diminished significantly near the tree stem and increased

farther from the tree stem, a phenomenon accompanied by loss of canopy area, as captured by a color analysis technique

(i.e., an image processing method). These findings reflected a reduction in stomatal conductance, itself an indicator of

transpiration loss through the stomata—likely because reduced canopy shading effects caused increased evaporation. Soil

suction at deeper depths seemed not to be significantly affected, generally due to canopy and termite infestation. In

summary, the study sheds new light on issues of tree maintenance by showing how termite infestation can significantly

affect the performance of green infrastructure.
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1 Introduction

Numerous studies have demonstrated the hydrological

effects (i.e., soil moisture and soil suction) induced by

vegetation from the perspectives of slope stability

[17, 19–24, 42, 46, 51, 56, 60, 61] and agricultural crop

yield [5, 41, 53, 55]. An understanding of soil–plant–at-

mospheric interactions is crucial for analysis of such

hydrological responses, with recent studies

[15–17, 19, 20, 50] having demonstrated the effects of

canopy properties (i.e., leaf area index), root properties

(i.e., root area index), and tree/grass mix interactions in the

soil–plant–atmospheric continuum. These interactions have

been found to significantly affect hydrological responses

(such as infiltration) [17] from vegetation across seasons.

Both the presence of buildings in the urban landscape

and the presence of the plant canopy may cause shading

effects [17] by intercepting incoming radiant energy

required for photosynthesis and transpiration of vegetation,

which in turn can influence root water uptake. Whereas
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interception by the tree canopy can enhance soil suction

[19, 42, 59], interception by buildings in the urban envi-

ronment can degrade suction. Hence, interception of radi-

ant energy plays an important role in analysis of

hydrological responses from vegetation in an urban land-

scape. Likewise, an understanding of water flow in an

urban green infrastructure is necessary for design or anal-

ysis of vegetation in the urban landscape. Some studies

[12, 25, 34] have reported differential settlement caused by

water uptake or preferential flow under rain due to the

presence of vegetation roots near buildings in the urban

landscape. Furthermore, the presence of mixed species

(grass and trees) in a green infrastructure may cause

heterogeneity in the distribution of radiant energy [35], of

vegetation growth, and hence of soil suction, which should

be further quantified. Various studies [30, 40, 47, 54, 57]

have noted that solar elevation angle varies with seasons,

affecting distribution of radiant energy on the ground as

well as shading portions, with the solar elevation angle

generally higher in summer than in winter. Accordingly,

radiant energy distribution varies significantly with solar

angle and with the position of elements such as buildings.

For these reasons, solar elevation angle is a primary con-

sideration in the urban landscape, where shading effects are

likely to be amplified.

Another important ecological process that has been

reported to influence the water soil–plant–atmospheric

continuum is the presence of a termite colony (Fig. 1).

Termites usually feed on live or dead vegetation, con-

suming cellulose from wood. Termite infestations are a

major cause of tree death in urban environments compared

to forests [13, 27, 28, 37, 45], in part because of urban

planners’ failure to select plant species suitable for a site

and lack of care when transplanting the trees, factors

exacerbated by the lack of space for plant growth in the

urban environment. Termites influence the spatial distri-

bution and dynamics of soil as well as of vegetation

[9, 13, 28, 32, 37, 45], with the water flow mechanism in an

engineering infrastructure infected by termites able to

influence the water uptake process of vegetation and hence

soil suction.

All these interactions of urban elements and ecological

processes (such as termite colony feeding) call for further

investigations of the soil–plant–atmospheric continuum

with a view to designing better urban infrastructure. For

example, an understanding of the influence zone of suction

(spatial variations) induced around a tree in an urban

landscape featuring mixed grass species and tree–grass

interactions could help engineers and architects improve

their planning of infrastructure. In addition, meteorological

parameters have been found to significantly affect various

activities of vegetation [26], such as photosynthesis, res-

piration, and transpiration. Because these meteorological

parameters can vary locally with the presence or absence of

certain elements of the urban landscape (buildings, cano-

pies of other species, etc.), comprehensive study is needed

of hydrological responses from mixed vegetation (tree and

grass cover) in an urban landscape.

The main objective of this study is to explore spatial

distribution of soil suction in the vicinity of an urban tree

considering effects of termite infestation and also radiant

energy interception by canopy. In this study, site contain-

ing vegetation such as ‘‘Elaeocarpus Apiculatus Master’’

and ‘‘Pink Shower Tree’’ was selected for investigation.

These trees were selected for investigation, as they are

commonly found in the subtropical regions including many

parts of India, China, and Japan. In addition, they have

contrasting feature, i.e., the former is evergreen tree, while

the latter is deciduous tree A field monitoring program was

conducted to investigate spatial variations in soil suction,

Fig. 1 Termites feed on the cellulose in the wood of a tree stem and ultimately influence the tree’s growth (accessed from website: https://

rainforestpartnership.org/termites-the-rainforest-protector/)
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radiant energy, and plant parameters. Instrumentation was

specifically planned to measure suction at different dis-

tances from tree stem or canopy (i.e., at different extent of

tree–grass interaction). Using a simple shear strength

equation, the significance of measured suction in the urban

landscape near and far from a tree was evaluated. Finally, a

comparison was made with other studies involving rela-

tively remote landscapes (slopes, agricultural fields).

2 Materials and methods

2.1 Site description

A site for field monitoring was selected on the new campus

of the University of Macau (UM), on Hengqin Island,

Zhuhai, China. This site was selected because the campus

landscape resembles a typical urban landscape.

Figure 2 shows the location of the field monitoring site.

The average daily temperature was obtained from Macao

Meteorological and Geophysical Bureau. The average daily

temperature was calculated by estimating the mean of daily

average temperatures during the monitoring period. The

average temperature in Macau during the monitoring per-

iod was 22.3 �C, with the highest temperature 36.1 �C and

the lowest 5.0 �C. The average relative humidity was rel-

atively high at about 80%, and cumulative rainfall was

2,058.1 mm. The field monitoring site is located just near

the river in the urban landscape of the University of Macau

campus. The ground water table (GWT) at this site is

located about 1.5 m below the ground surface.

2.2 Field monitoring

Field monitoring was conducted in an urban landscape

(Fig. 3a) on the University of Macau campus from October

7, 2016, to September 1, 2017, a timeframe sufficient to

allow measurement of a wide range of soil suction mag-

nitudes (i.e., from 0 to 637.4 kPa; Fig. 12) and meteoro-

logical parameter values (Fig. 7a–c) around the vicinity of

the tree. So long a monitoring period provided sufficient

variation in measurement points around the tree’s vicinity

to allow quantification of the spatial distribution of suction

(or influence zone). The monitoring period was divided

Site location (UM 
new campus) www.mapsofworld.com

Fig. 2 Location of the field test site on the University of Macau campus, Macau, China
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into two stages distinguished by the onset of a termite

infestation in the tree (discussed later). Stage 1 included

monitoring from October 7, 2016, to May 31, 2017, and

stage 2 included monitoring from June 1 to September 1,

2017.

Instrumentation design was intended to bring an

understanding of variations in soil suction around the

(a)

(b) (c)

Fig. 3 Field monitoring site and infected tree: a overhead view of selected testing site showing overview of instrumentation for measuring

suction and soil moisture in a mixed-species site (tree–grass interactions); b termite infestation of T2; c stem of T2 after its removal by campus

grounds management after the monitoring period. Red circles show the infested portions of the tree (color figure online)
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vicinity of a tree in a mixed-species site (i.e., tree–grass

interactions). This was done by fixing a reference line

(Fig. 3a; bird’s-eye view of selected site using UAV [DJI

Phantom 4]) far from the main tree under investigation.

Soil suction and radiant energy distribution were investi-

gated at different distances from the tree. To measure a

wide range of suctions (i.e., from 0 kPa to more than

100 kPa), two different instrumentations were used. Jet fill

tensiometers (Soil Moisture Equipment Corp., 2010) were

used to measure suctions below 90 kPa; for suctions above

90 kPa, dielectric water potential sensors (MPS sensors

[8]) were used, considering Tripathy et al.’s [52] finding

that MPS sensors can measure from 10 kPa to 10,000 kPa

of suction.

Three trees were selected as research subjects: Tree 1

(T1), Tree 2 (T2), and Tree 3 (T3). T1 and T2 were both of

the species Elaeocarpus Apiculatus Master, whereas T3

was of the species Pink Shower Tree. This study examined

spatial variations in the suction around the vicinity of T2

while seeking to understand how the presence of different

species, such as T3, would affect suction. During the

monitoring period, T2 was observed to be infested with

termites, as shown in Fig. 3b. The site of infestation was

clearly visible, as shown by the red circles in Fig. 3b, c,

before and after the tree’s cutting, respectively. Previous

field studies that have analyzed the effects of termite

infestations on vegetation dynamics [11, 36] have found

that termites usually feed on woody plants, leaves, and

litter, as well as sometimes also on dead vegetation. During

our field monitoring, we also analyzed variations in suction

and moisture in the soil over time for T2, expecting a

decline in vegetation growth with worsening of the termite

infestation.

2.3 Instrumentation

Figure 4 presents a cross-sectional view of the instrumen-

tation used. As shown in Fig. 4a, sensors for measuring

suction were installed at three depths (0.2 m, 0.4 m,

0.6 m). At the shallowest depth, dielectric water potential

sensors were installed. Sensors (both soil suction and soil

moisture) were installed at 0.2 m depth. This particular

depth was selected as it lies within the range of trans-

planted tree root zone (0.3–0.5 m). Significant develop-

ment of soil suction is expected due to rapid loss of water

near the surface through evapotranspiration from grass

roots. The particular sensor will be able to capture the

effects of tree roots. Previous studies [6, 43, 48, 49] also

observed variations in soil moisture at shallower depths for

Schefflera heptaphylla. At the deeper depths, where

expected suction was lower (\ 90 kPa), jet fill tensiome-

ters were installed. To quantify the lateral influence of the

zone of suction, a similar set of suction probes along depth

were installed at four different distances from the stem:

point A (0.5 m from the tree stem), point B (1.5 m), point

C (3 m), and point D (5.5 m). These points were selected to

ensure coverage within the canopy as well as outside it, the

better to quantify intercepted radiant energy effects. In

addition, the instruments for measuring soil suction and

moisture were carried out along lines at farthest distances

(3–4 m) from other trees. This was done to ensure mini-

mum interactive of trees [31]. It is assumed in this study

that the effects of interaction among trees on soil suc-

tion/moisture measurements are negligible. Further studies

are required to analyze group interaction effects of trees on

soil suction. For installing soil moisture and suction sen-

sors, a careful procedure was adopted. Before installing Jet

fill tensiometer, a kaolin paste was applied to porous tip.

This was to ensure proper contact between soil particles

and porous tip. The Jet fill tensiometer was also saturated

before inserting it into ground. After insertion of Jet fill

tensiometer to a required depth, the space around ten-

siometer was filled with soil to remove any air gap. Further,

the area around the Jet fill tensiometer (at ground surface)

was cemented to minimize any preferential flow. For MPS-

6 sensors, a similar procedure was adopted but without any

need of saturation. For soil moisture probes, after inserting

the sensors the hole was backfilled and a cement paste is

applied around the wire (at ground surface), to minimize

any preferential flow of water.

Figure 4b shows a cross-section of the site in another

direction (A–A0 section), with two more points (point F

near T1, point E near T3) selected to aid study of the

effects of nearby urban landscape (i.e., river and building).

Because interpretation of suction distribution under

varying natural conditions requires close monitoring of

environmental parameters, a microclimate monitoring sta-

tion [7] was installed to measure rainfall intensity (rain

gauge), air humidity (VP-3 sensor), temperature (VP-3

sensor), and radiant energy (quantum meter). When mea-

suring the spatial distribution of radiant energy (including

intercepted energy), measurements made using the quan-

tum meter were obtained at several points within the

canopy of the tree as well as outside it. Solar elevation

angle was calculated using the computer program NOAA,

based on Astronomical Algorithms, by Jean Meeus (Earth

System Research Laboratory), which gives correct times

for sunset and sunrise to within 1 min for locations within

the latitudes ± 72�. (Due to variations in atmospheric

conditions, observed values may differ from calculated

ones.) Solar elevation angle, the angle between the inci-

dence direction of sunlight and the horizon, is significant in

the urban landscape for indicating what fraction of total

radiation will reach ground level. Theoretically, solar

radiation increases with increased solar angle: when solar
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elevation angle reaches 90�, solar radiation has reached its

highest value.

2.4 Image analysis of canopy cover

Image segmentation can aid identification of tree canopy

cover in an urban landscape featuring a mix of trees, grass,

and other elements. Image J is an open-source program that

allows users to carry out image segmentation [17]. The

images of trees were captured using UAV. For capturing

the tree canopy cover, UAV was positioned at a height (i.e.,

20 m above ground). The position was fixed so as to ensure

consistency of images to be captured at different time

intervals. The images were taken at mid-day (around 1

PM), which usually corresponds to maximum light inten-

sity or radiant energy. The images were mainly captured on

a less cloudy day to ensure proper lighting and hence for

capturing high resolution images. Detailed procedures have

also been mentioned in Gadi et al. [16, 17].

Color threshold was used as the method of image seg-

mentation, with the procedures used for this conversion

adopted from Gadi et al. [17], in which various patches of

grass cover were analyzed under different shading condi-

tions. Their study quantified different fractions of grass

cover with respect to time and space in a mixed-vegetation

site, separating each of the RGB components of an image

according to its distinctive features (tree, river, grass cover,

etc.; Fig. 5). In this study, the HSB (hue, saturation, and

brightness) color space was adopted for its ability to

remove unnecessary color (only green is needed to analyze

a plant canopy) by adjusting the value of hue. Using an

adjusted constant value of HSB, only a few noise points

(pixels associated with similarly colored objects) would

remain after setting the color threshold.

Fig. 4 Sensor instrumentation plan

1346 Acta Geotechnica (2020) 15:1341–1361

123



After removing the noise points, the scale of the image

was calibrated with the known dimensions of the object in

its site. In this study, a circular mark around the tree’s

vicinity was used, much as in the study by Gadi et al. [17].

Next the image was converted into a binary image (Fig. 6)

for calculation of black areas.

Fig. 6 Binary images of T3 captured on January 9, 2017, a before and b after applying a fill holes filter

Fig. 5 Image analysis after image segmentation
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Fig. 7 Variations in meteorological parameters: a rainfall, b air temperature, and c relative humidity
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The fill holes function was used to minimize discrep-

ancies resulting from differing light conditions [18]. This

function built into Image J fills small and closed circles in a

binary image after image segmentation (Fig. 6b). Similar

procedures were applied for Tree 2 to capture total canopy

area at different intervals during the monitoring period.

3 Results and discussion

3.1 Meteorological parameters in the urban
landscape during the field test period

Figure 7a–c shows variations in meteorological parameters

such as precipitation (daily rainfall), air temperature, and

relative humidity during the monitoring period. It can be

seen from Fig. 7a that the monitoring period saw frequent

rainfall events, with maximum daily rainfall ranging from

0 to 103 mm. The peak daily rainfall was observed on June

14, 2017. Generally, rainfall amount and frequency were

both lower for the period from October to May than for the

period from May to September, reflecting the shift of

season from winter to summer. Air temperature (Fig. 7b)

rose gradually with that same shift. Also, air temperature

fluctuated during day and night periods, dropping from

over 40 �C at the beginning of October to around a mini-

mum of 10 �C at the beginning of March and then rising to

around 40 �C once more at the end of September.

Relative humidity (RH) fluctuated between 50 and 90%

during most of the monitoring period, with differences in

relative humidity between winter and summer not as sig-

nificant as those between air temperature and rainfall.

Variations in rainfall and air temperature thus might have

exerted more influence on evapotranspiration (per the

equation proposed by Allen et al. [1]) and hence induced

suction, although changes in relative humidity are also

significant for causing variations in evaporation- or evap-

otranspiration-induced soil suction, per Kelvin’s equation.

3.2 Radiant energy characteristics of the urban
landscape during the field test period

Radiant energy characteristics such as solar elevation angle

and radiant energy magnitude (lmol/m2s) were quantified

while remembering the importance of solar elevation

angle, indicating as it does the direction of the sun’s

inclination, in the urban landscape for its influence on the

degree of shade caused by elements such as tree canopy

and buildings. A clear understanding of solar elevation

angle can aid exploration of the shading effects of build-

ings near selected trees (especially Tree T2).

To elucidate the effects of variations in solar radiation,

the solar elevation angle (Fig. 8) was calculated for the

year 2016. According to the NOAA solar position calcu-

lator (Earth System Research Laboratory), the solar ele-

vation angle at 10 a.m. varied from around 20� in

December to around 40� in June. Solar elevation angle

increases with the change in season from winter to summer,

indicating that the intensity and radiant energy of sunlight

are likely to be at their minimum during winter and at their

Fig. 8 Variations in solar elevation angle in 2016 (calculated using the NOAA solar position calculator H.K.)
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maximum during summer [47]. The significance of solar

elevation angle on radiant energy distribution in the pres-

ence of a tree or building in an urban area can be further

understood from Fig. 9.

To provide an understanding of the effect of tree canopy

on the urban landscape, measurements of radiant energy (at

10 a.m. and 4 p.m.) at four different points (see Fig. 4)

were plotted over time. Figure 9a, b shows variations in the

soil surface’s received radiant energies at four points at

different distances from T2 (A, B, C, D) and three points

under T2 shade (A), building shade (F), or no shade (E).

All measurements were taken at 10 a.m. and 4 p.m., the

times when radiant energy is likely to be at its extremes.

Figure 9a shows an increase in radiant energy with

increased distance from tree stem (T2), likely because the

interception effects of the tree canopy decrease with

Fig. 9 Variations in PPF at a different distances from tree stem and b isolated points away from tree stem during the monitoring period
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distance from tree stem. Similar observations were made

by Garg et al. [19] in a relatively smaller test setup in a

laboratory for a tree seedling, Schefflera heptaphylla.

Notably, radiant energy at 10 a.m. was greater than that

seen at 4 p.m., perhaps because of the lowered elevation

angle of the sun by that time.

Figure 9b shows that point E, free of tree and building

shading effects, received the highest level of radiant energy at

10 a.m., whereas point F (near a building) received the lowest

level of radiant energy at both 10 a.m. and 4 p.m., implying

that shade effects from the adjacent building were effective

throughout the day. Radiant energy for point A (close to T2)

lay between that for points A and F. Thus, in general, radiant

energy increasedwith distance from the building (frompoint F

to point E). The distribution of radiant energy on the ground as

a result of interception by buildings or treesmay affect suction

distribution, a possibility that will be discussed later.

3.3 Plant growth

This section presents an analysis of plant parameters,

including canopy area, canopy diameter, and root spread.

3.3.1 Plant activity

Tables 1 and 2 summarize the data produced by image

analysis of the canopy area, canopy diameter (see

Sect. 2.4) and also leaf area index (LAI). LAI is estimated

based on simplified definition (Ni et al., 2018) by dividing

the total area of leaves with the canopy diameter. The

canopy diameter is defined as the distance between two

farthest (diametrically opposite) leaves on tree. It is cal-

culated using image analysis [44]. In January, 3 days were

selected for this comparison, with analysis finding only

slight fluctuations after use of the fill holes function.

As observed from Table 1, the LAI for tree T2 was

approximately around 0.8 from January 5, 2017, till May

2017. Further, as observed from the table, the LAI reduced

significantly beyond May 2017. This is likely because of

termite infestation (Fig. 3b, c). On the other hand, LAI of

tree T3 is even lower than that of T2. This indicates that

tree T3 has even less dense leaf arrangement. On the

contrary to T2, there is no sharp decline in LAI beyond

May. However, after the tree was cut, the LAI was assumed

to be 0 in September 2017. Notably, T3 (refer to Table 2)

did not see such a decline beyond May 3.

Another parameter that can also reflect vegetation

growth is stomatal conductance (lmol/m2s), which is

generally measured using a leaf porometer. Figure 11

shows the variation in stomatal conductance of T2’s leaves

during the monitoring period. Generally, the stomatal

conductance values for tree T2 varied at around 10 lmol/

m2 s or below, with the literature [2, 14] indicating that

these values might be at least 10 times lower for an infested

tree species. This might be because of the different soil

conditions and lack of organic content that differentiate the

urban landscape from that of a forest [4, 33]. The artificial

soil seen in the urban landscape is often devoid of the soil

microbial communities that are essential for sustaining

vegetation growth [29, 38]. Presence of shredded leaves

and earthworms makes soil more porous and provides a

better habitat for soil-dwelling microorganisms than urban

soils can. In urban soils, moreover, artificial pest man-

agement practices may reduce microorganism growth still

further. For these reasons, higher levels of stomatal con-

ductance are seen in forest trees than in urban trees.

Stomatal conductance values declined from their maxi-

mum of approximately 10 lmol/m2s in January 2017 to

around 4 lmol/m2 s by the end of April 2017. This decline

was unexpected, as climate conditions such as radiant

Table 1 Leaf area and canopy diameter of T2

Date Leaf area

(m2)

Canopy

diameter (m)

Leaf area

index (LAI)

2017/01/05 13.11 4.53 0.81

2017/01/09 13.06 4.46 0.83

2017/01/13 13.23 4.56 0.81

2017/02/12 13.57 4.50 0.85

2017/03/01 13.78 4.61 0.82

2017/03/16 14.26 4.49 0.90

2017/04/28 13.55 4.63 0.80

2017/05/12 13.32 4.58 0.80

2017/07/04 7.13 4.3 0.49

2017/08/09 7.23 4.36 0.48

2017/09/14 0.563 2.93 0.08

Table 2 Canopy area and canopy diameter of T3

Date Leaf area

(m2)

Canopy

diameter (m)

Leaf area

index (LAI)

2017/01/05 2.04 2.30 0.491253

2017/01/09 2.01 2.34 0.467622

2017/01/13 1.99 2.32 0.470985

2017/02/12 2.20 2.33 0.516228

2017/03/01 2.18 2.40 0.48213

2017/03/16 2.20 2.32 0.520687

2017/04/28 2.62 2.26 0.653454

2017/05/12 2.50 2.35 0.57668

2017/07/04 2.18 2.45 0.462652

2017/08/09 2.12 2.39 0.472792

2017/09/14 0 2.11 0
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energy and air temperature seemed to be more favorable

for vegetation photosynthesis and transpiration [39] in

April than in January. The timeline for T2’s decline in

stomatal conductance appears to be similar to that for its

leaf area (Fig. 10).

3.3.2 Measured lateral extent of roots and trunk diameter

Borehole tests were conducted to analyze the lateral extent

of roots for all the trees. Lateral spread of roots for T1, T2,

and T3 were found as 4 m, 4.5 m, and 3.7 m, respectively.

Fig. 10 Variations in canopy area and canopy diameter during the field test period

Fig. 11 Variations in stomatal conductance at several times during the monitoring period
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Based on the results of analysis and measurement, the

height of T1, T2, and T3 are 13 m, 11 m, and 8 m,

respectively. Trunk diameters is usually measured at breast

height [58]. Trunk diameters for T1, T2, and T3 are

16.2 cm, 15.8 cm, and 14.4 cm, respectively.

3.4 Spatial distribution of suction around a tree
in an urban landscape

3.4.1 Variations in suction at different distances from tree
stem

Figure 12a, b shows variations in soil suction (at a mini-

mum depth of 20 cm) at different distances from tree stem

Fig. 12 Variations in soil suction at 20 cm depth during a stage 1 and b stage 2 of monitoring period
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Fig. 13 Variations in soil suction at different depths underground before termite infestation at a point A, 0.5 m from tree; b point B, 1.5 m from

tree; c point C, 3 m from tree; and d point D, 5.5 m from tree
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with time, for stages 1 and 2, respectively. As can be seen,

suction magnitude is greatest for the point (A) nearest the

tree stem (maximum value of around 629.8 kPa) and

lowest for the point (C) farthest from the tree stem. The

magnitude of suction at 20 cm depth near the tree stem,

however, is lower than that observed for Schefflera hep-

taphylla during summer (at relative humidity of around

70%) when grown on a recompacted slope in a field study

under similar climate variations in Hong Kong [19], likely

because of the higher relative humidity and lower level of

radiant energy observed during the first period of this

study: Relative humidity during this period was close to

90% on all but a few days, and air temperature was about

20 �C—much cooler than the average temperature of

around 27 �C, with relative humidity of around 70%,

observed in the field study conducted by Garg et al. [19].

This is because suction is mainly governed by relative

humidity [10]. Beyond March 2017, higher precipitation

existed during this field test that reduced suction.

Trends in soil suction over time are not consistent with

those for observed radiant energy distribution (refer to

Fig. 8; diurnal variation) at different distances from the

tree stem, because although radiant energy decreased sig-

nificantly at night, changes in soil suction were not sig-

nificant. Because suction is more dependent on relative

humidity, brief variations in radiant energy (such as at

night) may not be sufficient to cause diurnal variations in

suction. Inconsistencies between suction and radiant

energy are also observed with respect to distance from the

tree stem. Based on observed radiant energy, evapotran-

spiration rate [as calculated from Penman–Monteith

(1986)], and hence induced suction, must have been greater

at distances away from tree stem. This contrasting trend is

likely related to the dominance of tree root water uptake

over evaporation rate. As expected, the dominance is more

significant near the tree stem than at farther locations.

Moreover, the equation proposed by Penman–Monteith is

valid for uniform vegetation cover and ignores any inter-

action effects from another vegetation species (such as the

tree in this study). Although the trend in suction magnitude

for points from A to C was also observed in study [12], the

comparative is not true, for that study was of a single tree,

with no investigation of interaction effects resulting from

the presence of other species.

The trend of suction magnitude does not seem to hold

for points C and D, with the rate of increase in suction

under drying higher at point D than at point C, very likely

owing to the dominance of the evaporation effect from the

soil surface, itself a result of an increase in radiant energy

compared to root water uptake from tree roots. On some

occasions, the suction magnitude at point D might be

greater than at point A (nearest the tree stem), especially

during the rainy season, when the root water uptake effect

is minimal. Previous research has shown that the average

root system diameter is about 2.9 times the diameter of the

canopy [9]. Because points C and D were located at much

farther distances (3 m and 5.5 m) from the tree stem, it is

highly possible that they fall in either the lowest root

density zone or, if possible, none at all, based on the root

density distribution profiles of trees [12]. So significant a

variation in soil suction in a lateral direction provides

crucial information with which to analyze the differential

settlement of soil and hence any urban infrastructures

around it [34]. It should be also noted that differences in

Fig. 13 continued
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Fig. 14 Variations in soil suction at different distances from tree stem after onset of termite infestation, at a point A, 0.5 m from tree; b point B,

1.5 m from tree; c point C, 3 m from tree; and d point D, 5.5 m from tree
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suction magnitude were negligible during rainy season

(beyond March 2017).

By contrast, the second stage of the monitoring period

(Fig. 12b) seemed to show a rapid increase in soil suction

for point D and even point C compared to the other points.

The rise in suction for point C might have resulted from a

reduction in canopy interception effects as well as an

increase in evaporation effects during summer. This may

be because of a combination of several factors, such as

increased radiant energy at points C and D (Fig. 9b) and

decreased T2 canopy area (Fig. 10; possibly due to termite

infestation) as well as stomatal conductance (Fig. 11). The

increased radiant energy at points C and D may be because

of changes in solar elevation angle (Fig. 8) in the summer,

with the sun’s radiant energy likely spread over large dis-

tances. This indicates that the suction variations in a mul-

tiple-tree system in urban areas are highly dependent not

only on vegetation canopy growth but also on climate

parameters, including solar elevation angle and corre-

sponding radiant energy.

3.4.2 Variations in suction profiles at different depths
before termite infestation

To fully understand the spatial distribution of suction in the

vicinity of a tree, suction profiles at different depths (i.e.,

20 cm, 40 cm, and 60 cm) were plotted for all four points

away from the tree stem (Fig. 13a–d). Figure 13 shows

variations in suction distribution before the termite infes-

tation, with the magnitude as well as the change in suction

(under drying or wetting) much lower at 60 cm deep than

at 20 cm. This difference of suction across depths is much

larger for the point (A) nearest the tree stem. Although

different instrumentation (i.e., jet fill tensiometer) was

employed for measuring suction at greater depths, random

exchange of instrumentation among different points found

trends to be similar. So significant a reduction in suction

beyond 20 cm deep seems to suggest very shallow depth,

and hence influence zone, of tree roots, perhaps because the

trees in question were transplanted to the given site on the

University of Macau campus 2 years before the start of

monitoring. The root depths during transplantation were

around 0.4–0.5 m.

The vertical suction profile is in stark contrast to the

observed deeper influence zone of suction by tree root

water uptake found in previous field studies [3, 12, 25],

likely because in an urban landscape (as in this study), trees

are often grown by transplantation on artificially com-

pacted soil; hence root depth is expected to be less during

the first few years after transplant. Jim [27] also observed

suppression of growth in trees planted along roadsides in

Hong Kong, finding that the high shear strength of the soil

and the lack of adequate soil depth, water, and nutrient

sources were major factors causing reduced tree growth in

urban areas. By contrast, soil conditions in forests (in-

cluding the presence of nutrients) are likely to be more

favorable for tree growth.

3.4.3 Variations in suction profiles at different depths
after termite infestation

Figure 14 shows variations in vertical suction profiles at

different distances from the tree stem (A, B, C, and D) for

the monitoring period likely to correspond to the period of

Fig. 14 continued
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termite infestation. It can be seen from Fig. 14 that there is

significantly reduced soil suction at 20 cm depth during

this monitoring period compared to that seen during the

earlier monitoring period (Fig. 12). The suction at 20 cm

depth near the tree is within 100 kPa (Fig. 14), compared

with more than 600 kPa seen during the previous moni-

toring period (Fig. 13). Interestingly, however, areas dis-

tant from the tree (points B, C, and D) were found to have

greater suction at 20 cm depth, a trend contrasting with that

seen in Fig. 13. It appears from this trend that the effect of

root water uptake near the tree was reduced significantly

during the second stage of monitoring period. One major

factor could be a termite infestation that reduced leaf area

(Fig. 10) and stomatal conductance (Fig. 11b). Such a

reduction in leaf area would reduce evapotranspiration near

the tree stem due to less interception of radiant energy [19]

and, hence, induced suction. However, for distances farther

from the tree stem, evaporation effects are likely to dom-

inate with further reduction in tree canopy. This is likely to

have caused higher induced suctions at 20 cm depths for

distances away from tree stem. Increased suction due to a

reduction in canopy area has also been observed for species

native to Hong Kong [19]. For 40 cm depth, the suction

magnitude increased significantly at the distances farthest

from the tree stem. Overall, the observed response of

suction across different distances from the tree stem indi-

cates that despite climate conditions favorable (in the

second stage of the monitoring period) for inducing higher

suctions, tree roots were least efficient due to termite

infestation. This was also confirmed by the drastic reduc-

tion in leaf area (Fig. 10) and stomatal conductance

(Fig. 11).

3.4.4 Variations in soil suction induced in trees at different
distances from a river

It can be seen from Fig. 15 that soil suction at even 20 cm

depth for T3, close to the river, was almost negligible

compared to suction induced in T1 and T2, likely because

continuous subsurface water flow from the river countered

the effect of T3. T1 was observed to induce peak suction

almost 7 times that induced by T2, because T1 was farthest

from the river and also closer to the building (an imper-

meable wall), where soil is limited and any competition

from other trees for water uptake is negligible. The growth

of T1 was expected to exceed that of T2. Also, the trend of

induced suction is consistent with average canopy area,

which was highest for T1 and lowest for T3. Thus, several

factors, including distance from river and canopy area,

could influence suction—a possibility needing further

investigation. Considering that the main focus of this study

is to reveal the effects of termite infestation, future work

should study in depth the influence of tree location in the

urban landscape on transpiration-induced suction. Also,

quantification of termite infestation should be carried out

using specially designed techniques [39].

Fig. 15 Variations in soil suction among T1, T2, and T3 at three distances from a river
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4 Conclusions

In this study, spatial distribution of soil suction was

investigated in an urban tree, considering the influences of

tree canopy effects and termite infestation. Field monitor-

ing was conducted to monitor suction, climate parameters

(radiant energy, relative humidity), and plant parameters,

including stomatal conductance and canopy area. A new

color analysis technique was developed to estimate canopy

area. Spatial variations in suction near the tree were

interpreted with respect to measured climate and plant

parameters.

It was found that suction (especially at shallow depths)

was highest near the tree stem and decreased with distance

from the tree stem up to 3 m—an expected result consid-

ering the reduction in root density that accompanies dis-

tance from tree stem. At this distance, it is also expected

that canopy shading effects will be higher, reducing

evaporation. However, at 5.5 m (i.e., beyond the canopy),

suction at shallow depths again increased, likely because of

the dominance of evaporation effects beyond the estimated

root spread of around 4.5 m. Interestingly, suction at

greater depths (i.e., 0.6 m) did not vary significantly with

distance from tree stem, implying that tree canopy shading

effects are effective only within the root zone (i.e.,

0.4–0.5 m).

However, termite infestation seems to have significantly

influenced suction. Suction at shallow depths was found to

reduce significantly due to decreased canopy area and

stomatal conductance induced by infestation of a tree. The

relation of suction to distance from tree stem also changed

after termite infestation, with evaporation effects becoming

dominant due to reductions in canopy area. Accordingly,

suction at shallow depths was found to increase with dis-

tance from the tree stem, in contrast to the effect observed

during the initial monitoring period. In summary, this study

revealed the effects of termite infestation on tree growth

and soil suction—and because these effects are significant,

this phenomenon should be considered when adopting a

policy for maintaining green infrastructure (slopes, urban

landscape, landfill covers, etc.). Considering that the main

focus of this study was the analysis of soil suction near

urban trees, further comprehensive studies are required (in

both controlled and uncontrolled environments) to quantify

the effects of termite infestation on soil suction and per-

formance of green infrastructure. Further systematic stud-

ies are required to utilize techniques of machine learning

and probabilistic analysis [22, 23].
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