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Abstract

An alternative landfill capping technique ‘Phytocapping’ (establishing plants on a layer of soil placed over the
waste) was trialled at Rockhampton, Australia. In this capping trees act as ‘bio-pumps and ‘rain interceptors’ and soil
cover as ‘storage’. They together minimise water percolation leading to reduced leachate production. “Transpiration”
is a vital process to maintain the hydrological balance of a particular site. To be successful, the trees must transpire
enough water from the soil so as to reduce water percolation through the refuse. Water uptake in trees is influenced
by plant growth, tree characteristics, root activities, soil depth, soil water availability as well as climatic conditions
(rainfall intensity, wind velocity, relative humidity and temperature). The potential of the tree species to remove water
from the system plays a vital role in the sustainability of phytocapping system. Currently very little information is
available on water uptake patterns of native species established on landfill sites. Results from this study suggest that
the tree species grown on a phytocap are able to take up to 2.1 mm day-1 of water with an average of 1.4 mm day-1.

Keywords: Landfills; Native species; Phytocaps; TDP sensor;
Dynagauge transpiration

Introduction
An understanding of the movement of water from the soil to the

atmosphere via trees is important with regard to phytocaps, as trees
grown on phytocaps make a significant contribution to the
hydrological balance of the site on which these are grown. Trees
primarily help restrict rainwater entering the buried waste via canopy
interception and transpiration. This Paper discusses the role played by
different tree species.

Transpiration is the amount of water taken up (upward movement)
by a plant for its own use, with the excess being released into the
atmosphere, and is one of the key processes that helps maintain the
hydrological balance of a site [1]. For Phytocapping to be effective, the
plants must transpire sufficient water so as to reduce its percolation
into the waste [2]. Trees generally transpire water during the day as
part of photosynthesis [3]. The transpiration rates vary between species
due to variation in stomatal density and climatic conditions [4].
Transpiration has been expressed in a number of ways and most
scientists and hydrologists express transpiration as mm d-1 [3], as this
takes into consideration the area covered by the tree.

Sunlight is the main source of energy for trees to transpire, as this
process involves the flow of water against gravity [3]. The amount of
solar radiation incident on top of a canopy varies from the minimum
(or zero) in the night to a maximum at noon. The transpiration rate
and rate of evaporation would be expected to follow the same pattern.
However, this is not the case due to “the resistance to water flow that
exists between soil and leaf ” [3]. The presence of this resistance results
in a time lag between increasing transpiration and increasing rates of
water uptake by the roots. In most cases, transpiration increases as the
sun rises and decreases by late afternoon, as the sun starts setting.
However, resistance in the xylem and leaves does not allow

transpiration to take place in the early part of the day in many
instances, and it increases during the latter part of the day [3].

Night time transpiration of 0.8 mm was recorded by Benyon [5]
during a study at Wagga Wagga (NSW), and this could make a
significant contribution to the overall water use of the trees especially
during dry season. TDP sensors do not record night transpiration.
There are numerous reports of water loss at night. Sapflow
measurements indicate that night time loss ranges from 5 to 30% of
daily water loss in Actinidia, Eucalyptus, Malus, Populus, Prosopis,
Salix, Taxodium, and Dipterocarp [5-10]. For example Arabidopsis,
Betula, Brassica, Chrysothamnus, Fraxinus, Picea, Rosa, Tarcobatus
and Tilia have substantial night time water loss [11-13]. Seasonal
changes contribute to the change in transpiration rates. Dye [14]
reported an average uptake of 30 L d-1 during winter and around 90 L
d-1 during peak summers by a E. grandis tree that was 14.7 m tall with
a diameter of 147 mm. Kalma et al. [15] reported an average
consumption of 14.5 L d-1 and 10 L d-1 in a five year-old E. grandis
trees in Toolara, near Brisbane, which had a height of 12.8 m and 12.9
m respectively. Similar findings were reported by Dye [14] for an E.
grandis tree and Soares and Almedia [16] for a eucalyptus plantation
in Brazil. They reported 1.1 mm d-1 to 8 mm d-1 (9 year-old), 4 mm d-1

(5 years-old) and 2 mm d-1 to 4 mm d-1 (9 year-old) respectively.
Benyon [17] predicted 1 mm d-1 to 2 mm d-1 of water consumed by E.
grandis under well-watered conditions.

Leaf temperature, a function of the amount of solar radiation
received by the leaf, also affects transpiration rates [3]. Leaf
temperature increases with leaf size [3]. For example, casuarinas,
which have needle, shaped leaves, show very small surface areas as
compared to broad leaved species (such as eucalypts). Transpiration
rates decrease with a reduction in soil temperature from 45°C to 11°C
[18]. Transpiration rates of whole plants are also influenced by the soil
moisture potential [19], the extent of soil volume explored by the root
system [20], the architecture of the tree [21], and anatomical and
physiological features of the tree [22]. Transpiration rates vary among
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species [23], season [17], soil water availability, leaf area [24], leaf
biomass [25], climatic conditions, root development, the age of
plantation [26] and geographical region [4]. It is also influenced by
shallow water tables [27]. Various studies have shown that
transpiration rates of different trees are largely influenced by LAI [3].
Transpiration is also influenced by an increase in stem diameter at
DBH and root growth [3].

The ability of plants to acquire water depends on root distribution
[28] which also depends on the above ground responses of plants such
as leaf area and leaf biomass [24]. Tree roots respond quickly to rain
[29] and the degree to which lateral roots influence water uptake may
relate to the availability of water in the soil [30]. At first, the trees may
use the rainwater stored in the upper profile of the soil, followed by
streams adjacent to the site, and lastly the available groundwater [3].

Water uptake in any system can be determined by methods based
on pan evaporation and the Penman-Monteith equation [31], soil-
water balance [32], lysimeters [33], portable gas exchange chambers
[34] and heat pulse methods [35]. However, sapflow and sap velocity
have been extensively used by researchers, scientists and engineers [36]
and the values are comparable to those of other methods of estimating
transpiration, such as the heat pulse method [37]. The Thermal
Dissipation Probes (TDP) [6,38] developed by Granier in the 1980s
[37] require careful installation of the sensors within the sapwood
while avoiding the heart wood [39].

In the TDP method, the xylem sap is heated continuously; unlike in
the heat pulse method where heat is applied as a pulse at regular
intervals (typically 1 to 100 seconds; depending on the temperature of
the sap) [40] Burgess et al. [41] further developed an improved heat
pulse technique known as the Heat Ratio Method (HRM) to measure
low and inverse transpiration rates in woody plants. This method can
quantify low levels of transpiration as well as night time transpiration
in woody plants. This method also allows monitoring of water flows in
stems and roots of a wide range of species and stem sizes under varied
environmental conditions.

In the Heat Balance Method (HBM) or Dynagauges), sensors are
generally wrapped around the stem [42] and a small quantity of heat is
applied continuously to raise the temperature of the stem [43]. This
method has been successfully adopted by Sakuratani, Velancogne and
Nasr, Weibel and Vos [44-46]. The commercial version of the
Dynagauges [43] (Dynamax, Inc, Houston Texas, USA) was used in
this study, with a few dynagauges and HRM probes used for
comparison.

A TDP sensor consists of two needles that are inserted into the
sapwood of the tree at a fixed distance of 40 mm between the two
needles. A copper constantan thermocouple is located within each
needle at half way or 15 mm from the base of each needle. The needles
have a Teflon coating to assist in the removal from the stem. The
needles are usually inserted into the stem at around 1 m height. One
needle is inserted at the lower position (reference needle) and the other
at the upper position. The upper needle contains a fixed line heater that
is constantly heated. When the sapflow occurs, the heat produced by
the upper needle will be diluted by the sapflow. When this occurs the
upper needle produces more heat as it tries to maintain constant
temperature. Thus, the current required to maintain a pre-determined
heat will be measured and this will be correlated with sapflow, after
correcting for the sapwood volume.

The HRM sensor consists of three 30 mm long needles (probes)
integrally connected to a 16-bit microprocessor. The top and bottom

probes each contain a set of two very fine copper constantan
thermocouples placed at 7.5 mm and 22.5 mm from the tip of each
probe. The third and centrally located probe is a line heater that runs
the full length of the probe to deliver a uniform pulse of heat through
the sapwood. In the HRM technique, three probes are inserted into the
sap wood, such that the middle probe releases a pulse of heat, and the
probes located above and below will record the heat dissipated from
the central probe. Thus, the ratio of the heat dissipated from the central
probe to the two symmetrically placed temperature sensors will
determine the magnitude and direction of water flux. The rate of
dissipation of heat is proportional to the rate of sapflow and this will be
corrected for sapwood volume, and expressed in mm per tree per day.
The raw data were imported to an excel spreadsheet and the sap
velocity readings from individual trees were multiplied by the sapwood
area of each tree to obtain sapflow in mm d-1. Wounding coefficient is
the value derived from the finite element model to determine the effect
of wounding on sap velocity [41].

The TDP and HRM techniques are automated [47], moderately
invasive [48] and are widely used in transpiration and water relations
studies of woody plants [49]. The TDP technique was developed to
overcome limitations encountered by dynagauges in measuring radial
profiles of sapflow in large diameter woody trees having deeper layers
of sapwood [39]. Sapwood depth varies widely between species [50,51]
and can be identified based on xylem water content and/or colour [52].
The TDP sensors are extensively used in various fields [36,43] and are
preferred because of their simplicity, low energy requirement, accuracy
and low cost [53-55]. TDP sensors have several advantages, and these
include: i) the lack of a requirement to calibrate sensors for each
species and ii) a more representative measurement of the sapflow flux
density through integration of flux density along the length of the
probe [56-58].

Developed at the University of Western Australia, Perth, Australia,
the HRM sensors were validated against gravimetric measurements of
transpiration, and have been used in published sapflow research since
1998 [41]. To the best of our knowledge this is the first time
simultaneous performance of the two probes has been tested. This
study also compares the performance and accuracy of HRM and TDP
in estimating transpiration losses.

The ability of Australian native species to transpire when established
on a landfill has not been evaluated before. Nevertheless, this
information is critically important to determine the water balance of
phytocapped landfill sites. Thus, TDP sensors, HRM sensors and
dynagauges were installed in a range of native species that were grown
on a phytocapped landfill. This Paper focuses on species differences in
transpiration rates, seasonal variability and the difference between
probes in determining sapflow.

Materials and Methods
Fifteen species with stem diameters of more than 50 mm (minimum

requirement to install sapflow sensors) were selected for this study.
Sapflow measurements were recorded for fifteen species grown on
1400 mm and 700 mm soil cover in Thin phytocap, due to practical
constraints. From nine planted trees of each species in the
experimental plot, a representative tree was selected depending on the
stem diameter. Among the fifteen species selected at each batch of the
study (5 to 30 days per batch), sapflow in fourteen species were
recorded using TDP sensors (Figure 1) and sapflow in D latiflorus was
recorded using a dynagauge. During installation, the bark was
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removed until the sapwood was visible. Two 1.5 mm holes were drilled
40 cm apart (Figure 1). Hydrogen peroxide was applied to the holes to
restrict growth of the wood and to allow easy removal of the probes on
completion of monitoring. The sensors were then installed carefully
and covered with polystyrene shields (Figure 1) to avoid any damage to
the needles during high winds. The sensors were then wrapped with
aluminium foil (Figure 1) to minimise the effect of the external
environment on sensor readings. Each sensor was connected to a smart
logger via a monibus bar, and the sensors were powered by a 12 V DC
external battery which was continuously charged by an 80 W solar
panel (Figure 2). Sap flow measurements were recorded for 24 hours
on an hourly basis to check the functionality of the instrument. For
bamboo, the dynagauges (collar sensor) was wrapped round the stem
and wound tightly with the aid of velcro strips. A total of 49
observations were taken using various tree species, with each
measurement ranging from 5 to 30 days.

Figure 1: Installation of a TDP sensor A) TDP sensor installed, B)
probes protected with polystyrene shield, and C) set up sealed and
covered with aluminium foil.

Figure 2: Power and sensor system used to measure sapflow. A)
solar panel, B) smart logger, C) monibus bar and D) battery.

Sapflow was calculated from the measured sap velocity data. The
raw data were imported to an Excel spreadsheet and the sap velocity
readings from individual trees were multiplied by the sapwood area of
each tree to obtain sapflow in mm d-1. Parameters such as sapwood
depth and wounding coefficient were used to calculate sapflow in

individual trees [59]. The sapwood area was determined by destructive
methods, when the selected trees were felled for biomass
measurements in 2006. This was repeated in 2007. In the first instance,
alternate trees from each Thick and Thin phytocap (nine trees) and
from both replications were harvested. Of 9 trees harvested, 3 were
studied for their above ground biomass, and the remaining 6 were
harvested and measured for their D50, DBH, sapwood depth and
height. In 2007, 3 trees per species (representative of the entire stand)
in Thick and Thin phytocaps and from both replications were selected
and studied for their above ground biomass, and the rest were
measured for their height, D50, DBH and sapwood depth. Sapwood
depth measurements were taken at three locations (Figure 3) and the
average of these was used to calculate the sapwood area (Figure 4)
according to the method of Sharma [60], as shown.

Figure 3: Sapwood depth measurement in cylindrical and non-
cylindrical stems.

Figure 4: Cross section of a typical tree trunk (S=sapwood depth,
D=heartwood diameter).

Sapwood area=Cross sectional area of the stem (excluding bark)-
heartwood area

A=л(D/2)2 – л(D/2-S)2

=л{D2/4 – (D2/4 + S)2)}

A=лS(D-S).

Where D is under bark diameter of the tree and S is the sap wood
depth

Comparison between HRM vs TDP sensors
Six E. grandis trees that had similar stem diameter and height were

selected for the study. From the six selected trees, three randomly
selected trees were installed with TDP sensors and the other three were
installed with HRM sensors.
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HRM sensors were installed using similar procedures as for the TDP
sensor (Figure 5). The installed sensors could cause mechanical
damage or they may interrupt flow by occlusion or blocking of the
plant's vascular tissues [59], resulting in growth of non-conducting
tissues directly surrounding the probe. This type of growth, if any, was
corrected to achieve accurate results. Wound correction coefficients
applicable to a range of wound sizes were generated using numerical
models to obtain accurate values (Alec Downey, personal
communication). These corrections can be implemented either
automatically or they can be introduced manually after collecting the
data of raw heat pulse velocities (Alec Downey, personal
communication).

Figure 5: Installation of HRM sensor.

Testing sensor accuracy
Three G. lobocarpum were carefully excavated from the phytocap

and transferred into large planter bags which were then filled with soil
collected from the same field and placed on wooden pallets (Figure 6).
The planter bags were then mulched to reduce soil evaporation. TDP
sensors were installed in each tree and then connected to the smart
logger. After 4 weeks of establishment, the initial weight of each pot
was taken using a pallet scale. A known amount of water (up to 30 L)
was added to the pots and they were re-weighed. The pots were then
weighed after 24 hours. The difference in initial and final weight was
used to estimate the water taken up by each tree in 24 hours.
Simultaneously, sapflow readings as determined by TDP sensors were
calculated, assuming that the soil evaporation from the mulched pot
was minimal and uniform amongst the three tested plants.

Figure 6: Transplanted Cupaniopsis anacardioides saplings placed
on a pallet scale.

Soil moisture determination
Soil moisture in this study was monitored using micro-gopher,

which has a logger and 1 m long (<25 cm diameter) calibrated (10 cm
intervals) rod with a sensor at the tip of the rod. 84 gopher access tubes
made of PVC were installed throughout the experimental plot (21
gopher access tubes per experimental plot). Each gopher tube had a
diameter of 25 mm was 1.2 metre long. The bottom end of the access
tubes was sealed and the top end was capped while not in use (Figure
7). During measurement the micro gopher rod was inserted into tubes
upto 1 m each time, with 10 cm interval. Soil moisture levels at 10 cm
increments were taken from each access tube. Monitoring of soil
moisture was continued at regular intervals (every month). As
discussed, changes in soil moisture were recorded at 10 different
depths for each of the 84 tubes in the plot. The results in soil moisture
were related to plant growth and their capacity to transpire.

Figure 7: Micro Gopher access tube.
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Statistical analysis
The sapflow data were subjected to ANOVA using Genstat ver. 8.0,

after testing for outliers and homogeneity of error variances. Least
significance differences were used when ANOVA tests for species,
capping, season or their interactions were found significant. The effects
of various tree parameters on transpiration rates were assessed using
regression equations (GraphPad Prism v 4.03 and Genstat ver. 13) and
the linear equation was chosen as it produced the highest r2 values.

Results and Discussion

Transpiration rates
Fifteen of the 21 species were tested for transpiration rates (over 2

years) as they were the only species that grew to 50 mm diameter
(minimum requirement for installing TDP or HRM sensors).
Transpiration rates ranged between 0.9 mm d-1 to 2.1 mm d-1
(average of 49 observations), with an overall average (for all species
and all seasons over 2 years) of 1.4 mm d-1 (Figure 8). Acacia
mangium, H. tiliaceus, C. cunninghamiana and E. raveretiana had
high transpiration rates (2 mm d-1) (Figure 8). Transpiration rates
monitored over 2 years were as low as 0.1 mm d-1 and as high as 6.25
mm d-1 (Table 1). This large range in transpiration rates in individual
species may be due to variations in growth rates amongst seasons,
rainfall, temperature, wind velocity, vapour pressure deficit and solar
radiation as explained by Eamus et al. [3]. These variations
demonstrate the ability of the species to transpire copiously during
high rainfall period and very little during dry seasons. Such behaviour
in plants is highly sought after for species to be grown of phytocaps, as
these systems lack access to sub soil moisture unlike those present on
natural landscapes.

Figure 8: Transpiration rates of 15 species grown on a phytocap for
2 years (49 observations) (Bars represent l.s.d. 0.46).

Species Transpiration (mm/day)

Acacia harpophylla 0.35-2.69

Acacia mangium 0.45-4.0

Casuarina cunninghamiana 0.36-3.93

Cupaniopsis anacardioides 0.6-26

Dendrocalamus latiflorus 0.36-4.5

Eucalyptus grandis 0.22-4

Eucalyptus raveretiana 0.35-3.7

Eucalyptus tereticornis 0.28-4.0

Ficus microcarpa 0.26-4.0

Ficus racemosa 0.2-2.7

Glochidion lobocarpum 0.1-1.53

Hibiscus tiliaceus 0.36-6.25

Melaleuca leucadendra 0.2-2.67

Pongamia pinnata 0.1-2.64

Syzygium australis 0.3-2.56

Table 1: Range in transpiration rates of 15 species grown on phytocaps
over a 2 year period (n = 49).

Trees grown on phytocaps varied significantly (P<0.01) in their
transpiration rates (Figure 8) and this can be attributed to differing
performances of these species in different seasons associated with
variations in soil moisture regimes [17], leaf area [20], leaf biomass
[25,26] solar radiation [4,61], and root development. Although all
species experienced the same climatic conditions and seasonal change,
they differed largely in their LAI, leaf biomass and root development.
Furthermore, factors such as soil water availability and solar radiation
reaching the tree canopy would have varied seasonally and at different
times during the day. Variation in transpiration rates between species
and among trees of the same species was due to height increments
within stand, as the slow growing species were shaded by the faster
growing/dominating species, resulting in them acquiring minimum
sunlight and energy to transpire.

In many cases, canopy rainfall interception plays a vital role in
controlling soil moisture level [17]. However, in this study, no
significant effect of canopy interception on soil moisture levels both in
Thick and Thin phytocaps was noticed. Variations in the quantity of
leaf litter produced by the 15 species may also have an influence on the
soil moisture levels over small distances. However, the differences in
soil moisture levels were prominent due to rainfall interception by the
tree leaves and leaf litter that may have reduced the quantity of water
reaching the soil. Similarly, variation in the height of species due to
competition for sunlight and other resources greatly influenced
transpiration rates.

Diurnal variation in transpiration rates
Diurnal variation in water uptake depends on the incident solar

radiation on the canopy [3]. The diurnal pattern in two 3-year-old E.
grandis trees grown on the phytocaps with a stem diameter of 107 mm
and 105 mm respectively is shown in Figure 9. All species tested
showed similar transpiration pattern with close to zero or zero at night
increasing to a maximum at noon. As explained by Eamus [3], solar
radiation increases to the highest level at midday (Figure 10) and
hence the transpiration rates are expected to follow the same pattern.
However, this is not the case in many species due to a time lag in the
water movement due to resistance to water flow between the soil and
the leaves [3]. There was a time lag in water uptake by E. grandis
grown in the phytocapping system (Figure 11).
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Figure 9: Diurnal variations in transpiration rates of two 3-year-old
Eucalyptus grandis trees.

Figure 10: Solar radiation observed in January 2006 over five days
(1/01/2006 – 5/01/2006).

Figure 11: Solar radiation and associated transpiration pattern in H.
tiliaceus and E. grandis observed in April 2007.

In this study, the influence of seasonal changes on transpiration
rates has not been clearly understood because of the lack of continuous
monitoring of the same tree over several seasons. However, data of
some species have showed their ability to respond to wet and dry
cycles. For example data of H. tiliaceus shows its ability to adapt to site
moisture conditions by transpiring as high as 15 L d-1 after a rainfall
event and as low as 0.4 L d-1 during dry periods (Figures 12 and 13).
Similar trends were observed by Eamus et al. [3] in E. grandis and E.
globulus in the Victorian climate. E. grandis was able of take up 0.89
mm d-1 of water. E. globulus, on the other hand, transpired 2.2 mm
d-1 during late spring (rainy season) and only 0.33 mm d-1 during
summer (drought). This behaviour of the species is extremely
important in phytocapping, as seasonal availability of water in
Australia is highly variable. This is illustrated in H. tiliaceus (Figures 12
and 13). A medium size tree such as H. tiliaceus could survive in both
wet and dry cycles, and this demonstrates the capacity of the species to
both persist on the site during drought and rapidly remove water
during the rainy season.

Figure 12: Diurnal transpiration pattern in Hibiscus tiliaceus during
a rainfall event in January 2005.
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Figure 13: Diurnal transpiration pattern in Hibiscus tiliaceus during
a dry period in May 2005.

Transpiration rates in bamboo ranged between 0.36 mm d-1 to 4.5
mm d-1 (Table 1). Results from twelve observations spanning over 18
months (July 2005 to Dec 2006) suggest that the bamboo transpired on
an average 1.2 mm d-1 (Figure 11). These patterns further illustrate
that transpiration increases during wet seasons, maintains averages
during normal seasons and declines severely during dry seasons.
Similar results have been reported by Li et al. [62] in corn and by Katul
et al. [63] in oak.

Species response to rainfall
How quickly a tree responds to each rainfall event is important in

judging the suitability of a species to be grown on phytocaps. Thus a
short experiment was conducted in June 2006 on a bright sunny day.
Six species that were installed with sapflow sensors were irrigated (100
L) between 7.00 am and 7.30 am and their response to this irrigation
was monitored. Most species were able to take up water within the first
two hours of irrigation (Figure 14). A few species such as A.
harpophylla, A. mangium and G. lobocarpum responded to the
changed conditions and were able to take up water within one hour of
irrigation (Figure 14). M. leucadendra showed the unique trend of a
very high uptake followed by a steep decline (Figure 14), which could
be attributed to environmental factors such as insects, wind and/or
fluid in the wound affecting the sensor. The other species showed a
sharp increase in water uptake followed by a gradual decrease over 4 to
5 hours. This immediate response to rainfall events is very important
in maintaining the hydrological balance of the phytocaps. Similar
research is needed over a longer term to test the inherent ability of the
species to respond to rainfall and drought. These results clearly suggest
that the trees grown on this phytocapping system have the ability to
adapt and respond well to frequent wet and dry cycles thereby taking
up water quickly and avoiding excess water flowing through the soil
layers into the buried waste.

Figure 14: Response to irrigation by 3-year-old trees grown on the
Thin phytocap.

Another experiment conducted in early 2007, during the wet season
when a rainfall event (37.5 mm) occurred after a dry period, is shown
in Figure 15. Sapflow patterns were monitored for 3 consecutive days
following the rainfall event. The results showed an increase in
transpiration rates in H. tiliaceus, P. pinnata, E. raveretiana and Ficus
macrocarpa after the rainfall event on the fourth day (Figure 15).
Similar trends were observed in a number of other species. This
indicates that the trees grown in the phytocapping system rapidly
enhanced their transpiration rates within hours of a rainfall event;
thereby removing stored water from the soil layer. The extent to which
these remove water will show superiority of one species over the other.
This concept was explained by Ansley et al. [30] in honey mesquite in
Vernon, Texas. This cyclic nature of trees to increase, maintain and
lower transpiration rates in response to rainfall and moisture
limitation is critically important, not only for judging the effectiveness
of the phytocaps, but also for the long-term survival of the species on
the phytocaps.

Factors influencing transpiration
Transpiration rates are determined by the size of the plant and its

potential to transpire water rapidly. Hence the observed values of
transpiration were correlated with growth parameters. Transpiration
rates showed a significant correlation with tree height, DBH, D50, LAI
and shoot biomass (Table 2). Previous studies have demonstrated
positive relationships between transpiration rates and tree height or
stem diameter [64]. Biomass accumulation also directly correlates with
water uptake [65,66]. Taller trees have a greater canopy exposure to
solar radiation, allowing them to increase in stem diameter [67].

In a mixed stand, competition exists between species, and among
trees of the same species for resources such as light, water and food.
Fast growing trees such as A. mangium, H. tiliaceus, casuarinas,
bamboo and eucalypts grew more than 6 m tall in 3 years and most
species grew over 2 m. Callistemon viminalis and M. linariifolia were
the only two species that showed very slow growth rate. Similar
findings were reported by Wright and Westo [12]. This large variation
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in growth rate is partially genetic and partially due to competition for
light between tall and short species [68].

Figure 15: Water uptake by four species after a 37.5 mm rainfall
event.

Parameter r² value

Height 0.54**

DBH 0.50**

D50 0.55**

Shoot biomass 0.38*

Root Biomass 0.076ns

Root depth 0.07ns

LAI 0.40*

Canopy area 0.18ns

Leaf Area 0.051ns

Table 2: Correlation between transpiration rates and various tree
parameters for the 15 species grown on Thick and Thin phytocaps.

In a mixed stand, competition exists between species, and among
trees of the same species for resources such as light, water and food.
Fast growing trees such as A. mangium, H. tiliaceus, casuarinas,
bamboo and eucalypts grew more than 6 m tall in 3 years and most
species grew over 2 m. Callistemon viminalis and M. linariifolia were
the only two species that showed very slow growth rate. Similar
findings were reported by Wright and Westo [12]. This large variation
in growth rate is partially genetic and partially due to competition for
light between tall and short species [68].

Transpiration in the 15 species tested varied significantly (P<0.001)
between seasons (Figure 16) primarily due to moisture availability,
solar radiation, leaf area and season. Transpiration was higher during
the low rainfall period (April to October) than during the high rainfall
period (November to March). This could be attributed to high
evaporation during low rainfall periods and fluctuation in other
environmental factors such as VPD and solar radiation during rainfall
events.

Figure 16: Effect of season on transpiration rates (Bar represents
l.s.d. 0.242).

Differences in transpiration between species and those between
individuals of the same species are expected to reduce with tree height
and age as explained by Ryan [24]. Such differences may be caused by
differences in hydraulic resistance of the soil-to-leaf pathway, which
may be due to the variations in the path length (stem height) and the
sapwood permeability.

The amount of solar radiation increases from zero at night to the
maximum during the day. Since solar radiation increases in the
morning and decreases by afternoon, it is expected that the
transpiration in trees would follow a similar pattern. However,
resistance in water movement between the soil and the leaf does not
allow transpiration to take place instantaneously and a time lag
between increasing transpiration rates and increasing water uptake by
the roots was observed (Figure 17).

Figure 17: Effect of solar radiation on sapflow in 3 year-old
Eucalyptus raveretiana, Eucalyptus grandis and Acacia mangium
(March 2007).

Sapwood is the primary component of the stem that conducts water
[51]. The 3-year-old species differed in their sapwood depth (Figure
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18) which showed a strong correlation (P<0.001) with transpiration
rates (Figures 18 and 19) as the quantity of water absorbed by the
sapwood is influenced by its density and size [39]. However,
transpiration rates are expected to decrease with the age of the tree. As
the trees age, the sapwood depth increases, thus decreasing density of
the sapwood.

Figure 18: Variations in sapwood depth (cm) and transpiration in
15 species grown on a Thick and Thin phytocap for 3.5 years.

Figure 19: Relationship between sapwood depth and transpiration
rate.

In the current study, trees grown in phytocaps were regularly
irrigated (Figure 20) during establishment (first 15 months from 2003
to 2004) and then when they showed severe wilting symptoms. The
frequency of water supply was reduced after 15 months of planting (in
2005). Thus the plants were unlikely to be exposed to regular dry
periods when they were monitored for transpiration rates. Higher
transpiration rates during low rainfall periods may be due to higher
VPD.

Figure 20: Water supplied (L/m2) to various plots during the study
(Total 3 years).

Effect of transpiration on soil moisture profiles
Average soil moisture content (100 cm depth) under each species

varied significantly (P<0.001) between species and between Thick and
Thin phytocaps (Figure 21). This was primarily due to variation in
rainfall pattern as clearly reflected in the soil moisture content and
quick response of trees to take up water during rain events. Similar
observations were made by Ansley et al. [29,30].

Figure 21: Variation in soil moisture content in the root zone of
each species in Thin and Thick phytocaps (Average of 51
observations).

Soil moisture content varied significantly (P<0.001) between Thick
and Thin phytocaps (Figure 22) and was due to difference in plant
growth rates and soil depth as well as the variation in the chemical and
physical properties of the soils used in the two phytocaps.

Soil moisture levels also varied significantly (P<0.001) with rainfall
(Figure 23), and this is because the potential evapotranspiration
exceeds rainfall in Rockhampton. In this situation, soil dries to the
point where hydraulic conductivity becomes very low and any rainfall
that occurs will wet the soil uniformly and is lost through transpiration
and evaporation before any significant lateral redistribution takes place
[69]. As evapotranspiration decreases and rainfall increases, the soil
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surface gets saturated and thereby generating more runoff. In the wet
to dry transitional period, a rapid increase in potential
evapotranspiration (and possibly a decrease in rainfall) causes drying
of the soil [69].

Figure 22: Soil moisture content at the top (0-300 mm), middle (301
mm-600 mm) and bottom (601 mm-900 mm) of the Thick and
Thin phytocaps.

Figure 23: Soil moisture content in 100 cm depth soil during low
and high rainfall events (l.s.d 1.81).

Soil moisture data taken after a 16 mm rainfall event showed
significant difference between phytocaps and the non-vegetated site.
The difference in soil moisture content was 40% (Figure 24), clearly
showing the role that trees play in reducing water infiltration into the
buried waste. Another test conducted to examine the effectiveness of
phytocaps to reduce soil moisture levels after a rain event suggests that
the species grown on phytocaps can transpire the water received within
days; thus contributing to reduction in percolation (Figure 25). Figure
25 also shows species that responded quickly to increase in soil
moisture levels.

Figure 24: Soil moisture content of phytocaps and a non-vegetated
site before and after a 16 mm rainfall in October 2006 (Average of
38 access tubes).

Figure 25: Water uptake in four tree species after supplying 100 L of
water to each species.

Comparison between TDP and HRM sensors
Therman Dissipation Probe and Heat Ratio Method can be

effectively used to measure sap flow in tree stems. Although the heat
pulse technique has previously been shown to provide accurate
estimates of sap flow in Eucalyptus species [70,71], errors associated
with the estimation of sapwood area (as high as 38%; Hatton et al.
[35]) could make the results highly variable. Experiments conducted
during this study suggested that the three-year-old E. grandis with
slightly variable stem diameter and canopy spread was able to take up
0.80 to 2.5 mm d-1 tree-1 (Table 3).

Tree no. Tree Age
(years)

Canopy
spread
(m2)

Sensor
type

Stem
diameter
(mm)

Sapflow
(mm d-1)

1 3 4.15 TDP 105 1.9

2 3 4.09 TDP 107 2.4

3 3 4.16 TDP 124 2.3

4 3 5.02 HRM 76 0.8
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5 3 4.6 HRM 116 2.5

6 3 4.12 HRM 124 1.8

Table 3: Sapflow measurements in Eucalyptus grandis obtained by TDP
and HRM sensors.

Table 3 shows the sapflow values obtained for six E. grandis trees
with varied stem diameter and Canopy spread. Sapflow measurement
calculations in this instance were based on the Canopy spread of
individual trees.

Tree to tree variability of sap flow was significant (P<0.001), with
trees and day interactions (Figure 26). This is expected as sap flow
varies with season, climatic conditions, size of the plant and root
development [27]. Sapwood depth varied widely among species and
within the species which may also have a significant influence on sap
flow.

Significant (P<0.001) variations were found between TDP and
HRM sensors (Figure 26). Both TDP and HRM sensors are moderately
destructive techniques due to the insertions of the probes into
sapwood. Insertion of probes is time consuming and sensors must be
airtight and completely water proof to avoid damage to the system.
Although Green et al. [72] reported that the heat pulse sensors can
produce accurate measurements of sapflow in plant stems, provided a
reliable procedure is adopted, utmost care must be taken while
installing these sensors due to their delicate nature and the high cost of
the probes. TDP sensors are fragile and are prone to damage during
high winds or storm periods. This was a major drawback and
hindrance during this study as these sensors were broken due to
bending of trees during wind, storm and cyclonic events. The breakage
of sensor needles also resulted in short circuits and other technical
problems. The needles in the HRM sensors are more robust and
durable than those in the TDP sensors, yet there have been cases where
the needles of the HRM sensors were bent by wind that affected stem
movements. In open field experiments, especially in the landfill site,
the wires connecting the sensor and the logger were damaged by
rodents and/or birds. This caused malfunction of sensors on several
occasions.

Figure 26: Comparison of TDP and HRM sensors for sapflow
measurements recorded over 38 days.

Testing sensor accuracy
Results from an experiment conducted to test accuracy of sensors

suggest that although there may have been various external factors
such as soil evaporation and wind speed affecting weight of pots, the
overall impact was very minimal. The sapflow trend (Table 4) suggests
that the sensors were functioning well, as the values were comparable
to those obtained by the gravimetric method.

Sensor method Gravimetric method

TDP
sensor

Stem
girth
(mm)

Sensor
reading
(L d-1)

Initial
weight
(kg)

Weight
after
watering
(kg)

Final
weight
(kg)

Differenc
e (L d-1)

1 84.66 8.5 292 320 312 8

2 83.28 8.8 294 323 314.5 8.5

3 891 9.3 296 324.5 314 9.1

Table 4: Validation of sapflow readings obtained by TDP sensors.

Conclusions
Results from the current study demonstrate the ability of 15 native

species to transpire in landfill conditions in addition to showing their
adaptation to the seasonal variation in rainfall. The long-term sap flow
monitoring data also show that the trees can remove up to 2.1 mm d-1
(= 792 mm yr-1) of water and can survive on as low as 0.1 mm d-1.
Overall, the species differed significantly in their transpiration rates as
expected; as they differ in various factors such as their growth rate,
canopy structure, root depth and distribution. Transpiration rates of
the tested species ranged between 0.9 to 2.1 mm d-1, with an overall
average of 1.4 mm d-1. The TDP sensor data were verified by the
gravimetric method. This short term test showed that the transpiration
data from TDP sensors were comparable (5 mm d-1) to those
determined by the gravimetric method. This data and changes in soil
moisture and increase in sap flow after rainfall events or irrigation
clearly show that TDP data was reliable. Furthermore, values obtained
from this study were similar to those reported by other researchers.

Diurnal variation in water uptake depends on VPD, which in turn
depends on solar radiation, relative humidity and wind velocity. The
species showed similar sapflow values as those reported by other
researchers. Seasonal variation is an important factor and has not been
clearly highlighted in this study due to lack of continuous monitoring
and frequent technical interferences. However, in a few instances the
same species has been continuously monitored, and these have
demonstrated the ability of species to adapt to landfill conditions,
where moisture supply may be excessive during certain seasons and
deficient during other seasons.

The selected species also showed good responses to irrigation and
rainfall events. The species increased transpiration rates within two
hours of irrigation. Further research is needed to determine how
species respond to variables such as water stress, temperature, wind
velocity, light intensity and root depth and distribution, to determine
the overall transpiration potential of a species in a phytocap or landfill.

In this study, transpiration had a positive correlation with tree
height, DBH and D50. Other factors that influenced transpiration were
rainfall, soil moisture availability, sapwood area and solar radiation.
Transpiration data using TDP and HRM sensors revealed that the 3-
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year-old E. grandis transpired 2.5 mm d-1 with an average uptake of 1.9
mm d-1 during the experiment, with the highest potential uptakes of
up to 4 mm d-1. Sapflow of a given species varied significantly within
the day and between different seasons and the transpiration rates also
varied between trees of the same species.

Field experience suggests that TDP sensors are fragile and are prone
to damage during high winds or storm periods. This was a major
drawback and hindrance during this study as these sensors were
broken due to bending of trees during wind and storm. Precautions are
therefore needed to be taken while using these sensors. Tests indicated
that sapflow readings recorded by TDP sensors are realistic and are
comparable with each other and with those reported by other
researchers. The high variability between species for water uptake and
canopy interception offers an excellent opportunity to select best
species for a given site to achieve an effective site water balance.
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