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A B S T R A C T

During the expansion of urban areas, small natural reserves have often been left intact within the built en-
vironment as central elements of biodiversity conservation, ecological connectivity, landscape sustainability,
and quality of life of urban dwellers. Consequently, the surrounding urbanized landscape may impact the en-
vironmental conditions of these reserves (e.g., high temperatures, low moisture conditions), resulting in the need
for extensive maintenance. This study presents an estimation of the water balance over two years (2017–2018)
in three small urban reserves (between 2 and 30 ha) within the Greater Melbourne metropolitan area in
Australia, for the purpose of understanding tree water use. Measurements of micrometeorological variables, soil
moisture content profiles, water-table levels, sap flow velocities, and stem diameter variations were used to
quantify the water sources of tree transpiration in these reserves. Results revealed that, despite the urban sur-
roundings and the climate variations, these reserves have enough water to sustain tree transpiration. In two of
the three reserves, groundwater was pivotal in sustaining transpiration rates; specifically, groundwater was
estimated to contribute about 30–40% of the total transpiration amount during the driest periods of the year.
Groundwater also played an essential role during nights with temperatures above 25 °C, helping trees to
maintain night-time water use from 3 to 16% of the daily water use. In the third reserve, the presence of a
shallow layer of heavy clay supplied water to the trees, which were able to maintain relatively constant tran-
spiration rates throughout the year. These results demonstrate the importance of understanding the water regime
of each urban reserve in order to support government authorities in preserving these ecosystems.

1. Introduction

The rapid expansion of urban areas to accommodate the growing
number of city dwellers represents one of the most irreversible human
impacts on the global biosphere and poses unique challenges for eco-
systems (Seto et al., 2012). Changes in land cover associated with ur-
banization generate a fragmented and heterogeneous landscape where
patches of vegetation, often remnants of natural habitats, are embedded
in a highly disturbed environment (McKinney, 2002). Remaining
pockets of vegetation within the built environment are recognized as
important areas for biodiversity conservation (Elmqvist et al., 2015;
Tulloch et al., 2016; Melaas et al., 2016; Lepczyk et al., 2017), miti-
gating the urban heat island (UHI) effect (e.g., Bowler et al., 2010; Gill
et al., 2007; Declet-Barreto et al., 2016), and restoring hydrological and
biogeochemical processes closer to natural conditions (e.g., Yang et al.,
2015; Livesley et al., 2016; Berland et al., 2017).

Considering its importance, there are concerns that the urban sur-
rounds may be exerting negative impacts on the remaining vegetation,
by imposing changes in the radiation and energy budget, the hydrologic

regime, and ecosystem composition and structure (Roberts, 1977;
Sieghardt et al., 2005). Specifically, increased temperatures and lower
air humidity due to the UHI often expose the trees embedded in the
urban landscape to high atmospheric evaporative demand. This can
lead to higher transpiration rates, in particular when soil moisture is not
a limiting factor (Litvak et al., 2011; Chen et al., 2011; Litvak and
Pataki, 2016; Zipper et al., 2017; Litvak et al., 2017; Asawa et al.,
2017).

The increase of impervious surfaces and the introduction of drai-
nage infrastructure lead to greater rates and volumes of surface runoff,
and reduce the volume of water which infiltrates the soils, decreasing
the water available to sustain vegetation growth and health (Xiao et al.,
2007; Barron et al., 2013; Shields and Tague, 2015). In addition, in-
creasing drought (Van Loon et al., 2016) and extreme heat events
amplify the water stress of urban trees, resulting in the decline of their
health conditions. During heat events, being photosynthesis and sto-
matal conductance strongly coupled, net rates of leaf photosynthesis
and transpiration are expected to decline toward zero due to the high
temperatures and vapor pressure deficit (VPD). Recent studies,
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however, found that cooling of leaves by transpiration might be an
important component to plant response to extreme temperatures,
leading to substantial rates of transpiration (Drake et al., 2018).

What remains of natural habitats within urban areas can also un-
dergo changes in vegetation structure with the introduction of non-
native species, thus creating unique biotic communities with different
water needs and more complex patterns of evapotranspiration, inter-
ception, and infiltration (Endter-Wada et al., 2008; McCarthy and
Pataki, 2010; Pataki et al., 2011). In the Greater Melbourne me-
tropolitan area (Australia), for instance, large areas of native vegetation
have been replaced by urban and suburban landscapes over the past
decades (DELWP, 2016). The consequences for the native plants are
substantial, with less than 4% cover of native vegetation remaining
within the urban growth boundary (Bradshaw, 2012; Hahs and
McDonnell, 2014). This remaining native vegetation is severely frag-
mented into small reserves, which become isolated and sometimes de-
graded. Moreover, a further decline in vegetation health have been
documented during the Millennium Drought that occurred approxi-
mately between 2001 and 2009 (van Dijk et al., 2013).

In this context, maximizing the effectiveness of remnant native ve-
getation conservation through active management is important to avoid
further losses of vegetation associated with urbanization. Therefore,
there is an increasing need for empirical evidence of the role that water
availability and the built landscape play in the physiological response
of vegetation to urban conditions (Livesley et al., 2016). More in-
formation is also needed to understand the water requirements of these
green spaces, enabling better design management guidelines for the
preservation of these ecosystems. This involves the identification of the
water resources that are most important to maintain key ecosystem
features and processes, including the degree of the ecosystem ground-
water dependency (Eamus and Froend, 2006; O’Grady et al., 2006).

This study aims to gain a better understanding of the interactions
and feedback between water resources and vegetation health in small
natural reserves embedded in the urban environment. The objectives
are to: (a) determine variations in the water balance of urban reserves
under different water regimes, (b) analyze the influence of micro-me-
teorological drivers and groundwater availability on tree water use, and
(c) understand the impact of heat stress on night-time tree water use.

2. Material and methods

2.1. Study sites

This study was conducted in the Greater Melbourne metropolitan
area, located in southeast Australia. Melbourne has a maritime/tem-
perate climate (Köppen climate classification Cfa), with a strong spatial
heterogeneity of rainfall within the metropolitan area, decreasing from
south-east to north-west. The study focused on three urban reserves
hosting predominantly remnant native vegetation with occasionally
introduced species: National Drive Reserve and Alex Wilkie Reserve are
embedded in the south-eastern suburbs, while Napier Park is located
about 9 km north-west of the Melbourne Central Business District (CBD)
(Fig. 1a).

National Drive Reserve (ND) covers an area of 14 ha and is located
about 40 km from the Melbourne CBD. The area consists of a large
stand of Eucalyptus Camaldulensis (River Red Gum) woodland with the
understory dominated by pasture grasses. The soil is predominantly
silty clay in the first 40 cm followed by clay, with the water table depth
ranging between 3 and 4 m below the ground surface. Long-term
average annual rainfall is 757 ± 148 mm (mean ± SD), mean minimum
temperature is 10.0 °C and mean maximum temperature is 19.8 °C
(1968–2018, Bureau of Meteorology (BOM), station 086224; the station
086077 located at about 10 km from ND was also used to fill extensive
data gaps in daily temperature series).

Alex Wilkie Nature Reserve (AW) is a sandy plain woodland of
about 1.8 ha located 10 km to the north-west of National Drive Reserve.

The reserve is populated mostly with E. Viminalis (Coast Manna Gum)
and E. Cephalocarpa (Silver-leafed Stringybark), with other natural and
planted lower trees (e.g., Allocasuarina Littoralis, Banksia Marginata) and
shrubs. The soil consists of loamy sand, which becomes sandy clay to
about 3 m below ground level and then silty sand at about 7 m below
ground level. The depth to groundwater ranges between 3 and 5 m
below the ground surface. Long-term average annual rainfall is
684 ± 132 mm, mean minimum temperature is 10.2°C, and mean
maximum temperature is 19.8 °C (1968–2018; BOM, station 086077).

Napier Park (NP) (4.1 ha) is home to a valuable population of E.
Camaldulensis with a number of significant E. Melliodora (Yellow Box).
Texture-contrast soils (duplex) cover the entire area of the reserve, with
the soil profile consisting of a sandy silt (up to 0.6 m), overlaying a
heavy clay (between 0.6 and 1.8 m) followed by sandy silt again.
Groundwater depth is about 20 m below the ground surface. Long-term
average annual rainfall is 557 ± 119 mm, mean minimum temperature
is 10.0 °C, and mean maximum temperature is 20.4 °C (1968–2018;
BOM, station 086038). Concerns over declining ecological condition of
the existing remnant vegetation led to the installation of an extensive
irrigation system utilizing stormwater harvesting; irrigation com-
menced in January 2016. Water delivery aims to recharge the soil stores
for about 85% of the reserve, responding to the site specific require-
ments of the remnant population of E. Camaldulensis, which needs to be
intermittently flooded.

2.2. Stand characteristics

The study was conducted over the two-year period from July 2016
to June 2018. Several 50 m × 50 m plots were selected in each reserve
covering a range of vegetation and environmental conditions (e.g.,
moisture conditions) (Fig. 1). Stand density (stems ha−1) for each plot
was calculated from tree count and area, taking into account both live
and dead trees. Total basal area (BA, m2ha−1) was estimated by mea-
suring diameter at breast height (DBH, at 1.3 m from the ground) of all
trees (alive and dead) with stems larger than 10 cm in diameter, in-
cluding multi-stemmed trees. Percentage of live basal area (%LBA) was
then calculated as the proportion of the total basal area contributed by
live trees.

2.3. Micrometeorology

Micrometeorological data, including rainfall (P), air temperature
(Ta), relative humidity (RH), and incoming shortwave solar radiation
(Rs) were measured every 15 minutes using automatic weather stations
(AWS) (Campbell Scientific). Daily vapor pressure deficit (VPD) was
calculated from Ta and RH. Measurements were conducted in appro-
priate open grassy areas within ND and AW reserves for the entire
period of the study; at NP, a weather station was placed within a private
garden adjacent to the park between November 2016 to February 2017.

The data collected from the site specific weather stations were
combined with the data from the closest BOM weather stations (i.e.,
BOM stations: 086224 for ND, 086077 for AW, and 086038 for NP) to
estimate long-term (1968–2018) average annual rainfall and tempera-
ture for all sites, to fill data gaps in the rainfall time series recorded at
ND (between July to December 2016) and AW (in March and July 2017
as well as from September 2017 to June 2018), and to integrate the
limited time series of micrometeorological data available from the AWS
installed at NP (i.e., from November 2016 to February 2017).

Comparing the BOM data with the data recorded at ND, AW, and NP
using AWS, a good agreement was found in terms of monthly rainfall
for ND (R2 0.84), and in terms of weekly and monthly rainfall for AW
(R2 0.86 and 0.94, respectively) and NP (R2 0.74 and 0.81, respec-
tively); therefore, BOM data were used to fill gaps in the data collected
from the site specific weather stations.
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2.4. Soil water and groundwater

Soil volumetric water content ( ) and soil temperature were mea-
sured every 15 minutes using fully encapsulated soil water capacitance
probes (Drill & Drop, Sentek). These probes measure the volumetric
water content through sensors fixed at 10 cm increments from the
surface to a depth of 120 cm. Five probes were installed at ND, three at
AW, and six at NP. Measurements were validated using the gravimetric
method with oven drying (O’Kelly, 2004), which involves the collec-
tion, using a sampling ring, of soil samples around the probes at dif-
ferent measuring depths. In our specific case, soil samples were col-
lected at 5 cm and 15 cm depths, as deeper soil layers could not be
reached due to the nature of the soils at all sites. The samples were then
used to estimate dry mass and bulk density (i.e., dry mass of the soil in

the given sampling volume), the latter showing variations with depth
( = ±1.1 0.2bulk cm,5 = ±g/cm ; 1.4 0.1bulk cm

3
,15 g/cm3). Good agree-

ment was found between measured with the Drill & Drop sensors and
that estimated from the volumetric soil sample analysis in the first 20
cm of soil.

Water-table depth (relative to the ground surface) was measured at
15-min intervals in monitoring bores at ND (11.1 m depth) and AW (9
m depth). Each bore was equipped with a water level datalogger (3001
LT Levelogger Edge, Solinist) and a barometric datalogger (3001 LT
Barologger Edge, Solinist) to enable specific barometric compensation.
Manual water level measurements were conducted on a regular basis
using a dip meter (dipper-T, Heron Instrument Inc.) to validate the
water level measurements.

Uncertainties related to the measurements of in the top 1.2 m of

Fig. 1. (a) Location map of the experimental plots and equipment for (b) National Drive Reserve (ND), (c) Alex Wilkie Nature Reserve (AW), and (d) Napier Park
(NP).
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soil (i.e., ±0.03%) and water-table depths (i.e., ±0.05%) were not
considered in the water balance, as annual changes in and water-table
depths were small compared to the other components of the water
balance.

2.5. Sap flow measurements and stand transpiration

Water use of individual trees was determined using commercially
available sap flow sensors (SFM1, ICT International, Australia), which
use the heat pulse velocity (HPV) technique to measure high, low, and
reverse rates of sap flow from the velocity of a short pulse of heat
moving along the xylem tissue. HPV was recorded at half-hourly in-
tervals in several trees within the reserves and corrected for wounding
effects following Burgess et al., 2001; wound widths were obtained
from data in the literature collected for similar trees. Sensors were
placed approximately at breast height (1.30 m from the ground) on a
total of twelve trees, four at each site (Table 1). Because the reserves are
open to the public, the number of trees selected could not be larger and
remain inconspicuous. Measurements were converted to sap flux den-
sity (SFD, cm3cm −2 h−1), based on wood core measurements of dry
wood density, gravimetric sapwood moisture content, and sapwood
area (calculated from stem diameter and thickness of sapwood and
bark).

During warm summer nights with temperatures above 25 °C (and
consequent high VPD; Forster, 2014), the magnitude of night-time SFD
(SFDn) was estimated as a proportion of the 24-h sap flow, considering
SFDn from 23:00 to 05:00, following the method proposed by Zeppel
et al., 2010.

Plot-level transpiration (Tplot) was calculated from the water use of
individual trees using the linear relationship (R2 = 0.86, p < 0.05)
between DBH (cm) and sapwood area (Asapwood, cm2) established based
on the twelve selected trees across the three study sites (Fig. 2). Esti-
mates of Tplot (mm h−1) were thus calculated as:

=T
SFD A
A ·10

,plot
avg T

plot
4 (1)

=
=

A DBH(10.02· 91.90),T
i

N

i
1 (2)

where AT is the total sapwood area in a plot (cm2), SFDavg is the average
area-weighted SFD (mm h−1) of the measured trees in the plot, and N is
the number of trees within the 50 m × 50 m plot area Aplot (m2). The
transpiration at the scale of the reserve (T) was estimated by averaging

Tplot for all measurement plots within each study site.
Potential errors in the measurements of SFD using HPV sensors

might lead to an underestimation of the actual SFD of up to 35% after
wound correction. These errors increase with SFD and are mainly
caused by heterogeneity of the sapwood (Steppe et al., 2010). Addi-
tional errors may occur during the scaling of measurements from a
single point to the whole tree due to the radial and circumferential
variability in sap flux density; the magnitude of this error mainly de-
pends on the width of the sapwood area (Nadezhdina et al., 2002). The
HPV technique is recognized to be the most accurate when compared to
the thermal dissipation (Peters et al., 2018) and heat field deformation
methods. Estimates of transpiration from stem sap flow data should also
include a lag coefficient to account for the withdrawal of water from
internal storage. Several studies demonstrated that 10 to 15% of daily
transpiration may be provided by stem water stores (e.g., Meinzer et al.,
2004; Matheny et al., 2015). However, because the dynamics of stored
water affect mainly the patterns of intra-daily transpiration (Matheny
et al., 2015), they have not been taken into account in this study.

2.6. Stem diameter variation measurements

A total of six trees among the ones monitored with sap flow sensors
were also equipped with band dendrometers (DBL60, ICT International,
Australia), to measure tree diameters over time (Table 1). The DBL60
sensors were fixed to the tree trunk with a 12 mm wide stainless steel
tape at about 1.3 m height on the southern side of the tree. A portion of
the outermost bark was removed prior to installation to provide an
undisturbed point of contact for the tape. Stem diameter variation
(SDV) and temperature were recorded every 5 minutes; SDV signals
were then corrected for sensor temperature sensitivity, applying an
average thermal expansion coefficient of 1.17·10−6µm (µm°C)−1 ac-
cording to Vandegehuchte et al., 2014.

2.7. Water balance

An estimation of the water balance of each reserve was conducted
out for 2 years (July 2016 to June 2017, referred to as 2017 water year,
and July 2017 to June 2018, referred to as 2018 water year) using:

= + +P T S Q ET , (3)

where P is rainfall, T is tree transpiration ( = +T T T ), Tsw gw sw and Tgw are
the transpiration components depleting the unsaturated and saturated
zones, respectively, S is total water storage change
( = + +S S S Ssw s sw d gw, , ), accounting for unsaturated soil water

Table 1
Plot characteristics at the three study sites.

Plota

Code
DBHb (m) Stand

density
(stems ha−1)

BAb (m2

ha−1)
N. Trees

Alive
(LBAb, %)

Monitored
Treesc (DBH, m)

ND1 0.31 ± 0.12 632 41.2 109 (91) EC1d (0.36)
ND2 0.32 ± 0.14 404 33.2 84 (95) EC2 (0.33)
ND3 0.40 ± 0.13 248 27.6 47 (95) EC3d (0.29)
ND4 0.24 ± 0.13 704 38.9 157 (96) EC4d (0.29)
AW1 0.19 ± 0.09 600 23.8 116 (66) EV3d (0.21),

EV4 (0.21)
AW2 0.22 ± 0.10 428 18.4 93 (91) EV1d (0.31),

EC5 (0.46)
NP1 0.16 ± 0.09 336 18.0 62 (35) EM1 (0.28)
NP2 0.24 ± 0.24 148 19.8 32 (58) EC6 (0.22)
NP3 0.24 ± 0.19 128 19.8 29 (76) EC7d (0.22)
NP4 0.19 ± 0.16 256 18.7 37 (38) EM2 (0.19)

a ND: National Drive Reserve, AW: Alex Wilkie Reserve, NP: Napier Park.
b DBH: Diameter at Breast Height; BA: Basal Area; LBA: Live Basal Area.
c Identification of the trees equipped with sap flow sensors in each plot

(Fig. 1); EC: Eucalyptus Camaldulensis, EV: Eucalyptus Viminalis EM: Eucalyptus
Melliodora.

d Trees equipped with band dendrometers.

Fig. 2. Relationship between tree diameter at breast height (DBH) and sapwood
area (Asapwood).
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change in the first 1.2 m of monitored soil ( Ssw s, ), unsaturated deep
soil water change (below 1.2 m) 1.2 m) ( Ssw d, ), and unconfined
groundwater storage change ( Sgw), Q is runoff, ET is evapotranspira-
tion ( = +ET ET Efloor i), accounting for floor evapotranspiration
(ETfloor), including grass, ferns, and small shrubs, and canopy inter-
ception (Ei), and is the water balance errors including systematic er-
rors in the estimates of the water budget variables. All terms of Eq. (3)
are expressed in equivalent water depths per unit of ground area (mm).
The equation was used to estimate ET + +Ssw d, for each site on a
water year basis, Q being negligible in all study sites.

The change in soil water storage ( Ssw s, ) was calculated as the
average change in volumetric water content in the soil profile at each
measurement point (i.e., the average water content for the 12 sensors
over the length of the probe). The change in groundwater storage ( Sgw)
was calculated only for ND and AW reserves as the change in water
table depth between consecutive years multiplied by the specific yield.
The specific yield was estimated as a function of the sediment texture,
as recommended for depths to the water table greater than 1 m
(Loheide et al., 2005); in particular, the specific yield at ND was esti-
mated as 2% and 7% at AW, as in Johnson, 1963.

Deeper roots also extend below the depth to which soil water probes
were installed, reaching the water table or its capillary fringe. To
quantify the groundwater uptake (Tgw) by trees in the sites where plants
have access to groundwater, the method developed by White (White,
1932), and later refined by Loheide et al., 2005, was used. Accordingly,

= ±T S r s(24 ),gw y (4)

where Sy (–) is the specific yield, r (mm h−1) is the rate of water table
rise from midnight to 4 a.m., and s (mm) is the rise or fall of the
groundwater level over a 24 h period (i.e., from midnight to midnight).
The method was applied during rain-free periods of few days, for which
water levels in the bores during the night can be reasonably assumed to
be due to a net recovery flux toward the bore (Orellana et al., 2012).

3. Results

3.1. Stand characteristics

Stand characteristics differed significantly across reserves, as well as
between plots within the same reserve (Table 1). ND was overall the
more dense site (248–704 stems ha−1) with a woodland structure that
varied from east to west across the reserve. Higher basal area was found
in plots ND1 (ca. 41 m2 ha−1) and ND4 (39 m2 ha−1) in the north-east
and south-east parts of the site, respectively. In all plots, living trees
accounted for more than 90% of the total basal area with a size about
2.2 times larger than dead trees. The woodland structure at AW reserve
varied from west to east with a higher stand density in the AW1 plot
(600 stems ha−1) compared to the AW2 plot (428 stems ha−1); AW1
plot is also characterized by the highest abundance of large trees (16
trees ha−1) within the reserve. However, in both plots living and dead
trees had similar DBH distributions. At NP, dead trees were on average
1.5 times larger than live trees and the mean basal area for the four
plots was 19 ± 0.9 m2/ha−1 (mean ± SD). The live tree distribution at
Napier Park was dominated by trees with a DBH of 0.15 ± 0.17 m with
few very large trees (DBH > 0.6 m).

3.2. Water balance

Seasonal patterns of Ta, Rs, and VPD were similar across all study
sites during the two year study period (Fig. 3). Compared to the al-
ternate year, mean temperatures were higher during November 2017
and January and February 2018 with the last two months characterized
by a large number of very warm nights having temperatures over 25 °C.
The environmental factors (Rs and VPD) influencing tree transpiration
strengthened from winter to summer, with Rs characterized by monthly
means ranging between 4 and 25 MJ m−2 and monthly means of VPD

varying from 1 to 2.5 kPa. The maximum recorded hourly mean Rs was
1200 W m−2 in summer and 520 W m−2 during winter for AW and NP,
and 910 W m−2 in summer to 415 W m−2 in winter for ND. The
average maximum recorded VPD in an hour ranged from 7.4 kPa (ND),
6.1 (AW), and 5.95 (NP) during summer 2018 to 1.8 kPa (for all sites)
during winter 2018; lower values were recorded during summer and
winter 2017.

Rainfall (P) did not display a marked seasonal variation, but varied
significantly among the study sites for both the 2017 and 2018 water
years, decreasing as expected from west to east (Fig. 4a). During the
2017 water year, rainfall was close to the 50-year average with winter
and spring above average; the 2018 water year was drier than average,
despite the wetter months of December and January (Fig. 4a; Fig. 3).

Observed transpiration (T) at reserve scale (Fig. 3) displayed a
distinct seasonal pattern, particularly at ND where higher tree density
overall led to higher transpiration rates. Transpiration ranged from 11.5
mm month−1 in June 2017 to 40.8 mm month−1 in January 2018, with
an average of 26.2 mm month−1. Lower transpiration rates were
measured in AW where DBH are much lower than ND. Transpiration at
AW ranged from 12.2 mm month−1 in June 2017 to 22.4 mm month−1

in January 2018, with an average of 17.6 mm month−1. Transpiration
rates in different months at NP were similar in the two years, with an
average transpiration of about 7.5 mm month−1.

Temporal averaged (calculated as the mean of all the measure-
ments over the study period in each site) shows different soil moisture
profiles in the sites (Fig. 4b). Shallow layers of soil remained relatively
dry at AW ( < 0.05 m3 m−3) with a more pronounced response to
rainfall events at depths of about 1 m, particularly for the wetter year
2017. Conversely, at ND and NP, in shallow layers varied more
compared to deeper layers. Three distinct soil zones could be identified
at NP: very dry topsoil, increasingly wet layers between 0.3 to 0.6 m,
and near-saturated layers below. These profiles clearly reflect the pro-
file of soil texture at the three sites.

Water table depth (Fig. 5) at AW had a visible seasonal cycle with
recharge from rainfall occurring between September and December. At
ND, groundwater appeared to be less sensitive to rainfall, but con-
versely the effects of prolonged rain-free periods were more pro-
nounced. In particular, an increase of 0.35 m in the depth to ground-
water table was recorded during the 20 days without rain between
February and March 2017, and an increase of 0.18 m was measured
during the 14-day rain free period in March 2018.

The data of P, T, , and water table levels were used to estimate the
water balance of the reserves (Table 2), with considerable inter-annual
and inter-site variability in the water balance components during the
two years (2017–2018). ND received about 789 mm of rain, while for
the irrigated site (i.e., NP) the total amount of incoming water including
both the annual precipitation and the irrigation water was 100 mm.
Despite more rainfall during 2017 than during 2018, the site-averaged
transpiration was quite similar for the two years of study. Of this
rainfall, about 297–332 mm (42–45% of the annual rainfall) was re-
turned to the atmosphere through tree transpiration at ND, 205-210
mm (31-35%) at AW, and only 85-91 mm (14-18%) at NP, accounting
for the high dependency of plot-level transpiration on the number of
live trees (Table 1).

Among the three study sites, AW experienced in 2017 a strong soil
water depletion in the first 1.2 m of monitored soil (−60 mm) with a
pronounced recharge to groundwater (+16 mm). The opposite beha-
vior was recorded in 2018 when a considerable decline of Sgw
(−31 mm) occurred, while the water content of the unsaturated zone
increased. Ssw s, increased overall at ND (+15 mm in 2017 and + 9
mm in 2018), whereas small variations were observed with respect to

Sgw. Taking into account only Ssw s, , NP showed a response similar to
AW, with a decline in 2017 and an increase in 2018.

The annual water balance closure, ET+ Ssw+ , varied from 351 to
588 mm yr−1, representing 56, 75, and 96% of P during the wet year
2017 and 53, 66, and 88% during the dry year 2018 for ND, AW, and
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NP, respectively. These values are further discussed in Section 4.

3.3. Groundwater uptake by vegetation

Diurnal fluctuations in the depth to the groundwater table were
observed during several rain-free days for both 2017 and 2018 at ND
(Fig. 6a and Fig. 6c). As SFD increased during the daylight hours, the
depth to groundwater table declined, while during the night a reduction
in tree transpiration coincided with a rise in the water table, indicating
a recovery flux toward the bore. These patterns of water table are often
associated with groundwater uptake by tree roots for transpiration
(Loheide et al., 2005; Orellana et al., 2012).

A total of 8 days were selected within the two prolonged rain-free
periods in 2017 and 2018. Using Eq. (4), groundwater uptake (Tgw) was
estimated to range between 0.4 and 1.1 mm d−1, for a total of 5 mm
during the 2017 rain-free period, and between 0.04 and 0.6 mm d−1,
for a total of 2.6 mm during the 2018 rain-free period. Therefore, about
42% (SD ± 16%) and 29% (SD ± 15%) of transpiration was estimated to

be from groundwater in those periods (Fig. 6b and Fig. 6d).
It was not possible to detect a clear diurnal water table signal at AW.

The delay in the downward propagation of air pressure through the
pores of the unsaturated zone generated water fluctuations in the bore
that overshadowed the diurnal signal. Examining the trends in soil
water content (Fig. 4b) and transpiration rates during the prolonged
rain-free periods in 2017 and 2018 suggested that transpiration rates
were not limited by the modest soil water availability. The diurnal
shrinking and swelling of the tree trunk for EV1 along with sustained
SFD also supported the presence of Tgw at AW (Fig. 7). Swelling started
in the late afternoon when the evaporative demand decreased con-
siderably, and continued throughout the night due to the water uptake;
as evapotranspiration demand increased during the daylight hours,
shrinkage occurred. The contribution of groundwater uptake to the
total transpiration was quantified by estimating the change in water
table depth attributed to the specific rain-free period. Using this
method, a total of 2.8 mm of Tgw was estimated for the 8 days between
February and March 2017, being about 47% of total transpiration. A

Fig. 3. (a–c) Monthly rainfall (P) (bars) and monthly mean (± SD) of air temperature (Ta) for ND, AW, and NP. (d–f) Monthly transpiration (T) losses (bars) and
monthly mean (± SD) of solar radiation (Rs) and vapor pressure deficit (VPD) for ND, AW, and NP.
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small data gap did not allow Tgw to be estimated for the 2018 summer
rain-free period.

3.4. Night-time tree water use

Warm summer nights with temperatures above 25°C following days
with temperatures above 35°C occurred a few times within the two
years of this study. In most circumstances, trees under observation
coped well with these short heat events and did not lose their hydraulic
functions. Substantial night-time SFD was recorded in both EV1 and
EV3 during the nights between 7 and 8 of January and between 8 and 9
of February 2017 (Fig. 8a and Fig. 8d). The high temperatures on these
nights were associated with consequent high VPD, which likely led to
transpiration during the night. During the two recorded warm summer
nights SFDn was found to be about 11% (EV1) and 16% (EV3) of the
daily water use for January 2017, and about 3% (EV1) and 13% (EV3)
for February 2017.

Measurements of diurnal shrinking and swelling of the tree trunk
also verified the presence of night-time water use. During the first warm
night, swelling, usually occurring near sunset when the evaporative
demand decreased, coincided with a reduced amplitude due to the

Fig. 4. Comparison of (a) cumulative rainfall during the 2017–2018 study period with the 50-year average (1968–2018) and (b) temporal-averaged soil volumetric
water content ( ) in the first 1.2 m of soil profile for: ND (blue), AW (red), and NP (green). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Dynamics of rainfall events and depth to water table observed at ND and AW during the study period (groundwater was not monitored at NP).

Table 2
Water balance components on an annual (water year) basisa.

Study Sites ID WY P Irr T Ssw s, Sgw ET+ Ssw d, + b

National Drive ND 2017 789 0 332 15 2 441
2018 657 0 297 9 −1 351

Alex Wilkie AW 2017 676 0 210 −60 16 510
2018 578 0 205 20 −31 384

Napier Park NP 2017 615 50 85 −8 n/a 588
2018 520 50 91 23 n/a 456

a WY: Water Year (1 July to 30 June); P: Rainfall; Irr: Imported water (i.e.,
irrigation); T: Tree transpiration; Ssw s, : Change in soil water storage in the first
1.2 m of monitored soil; Ssw d, : Change in soil water storage in the deep soil
(below 1.2 m); Sgw: Change in groundwater water storage; ET: evapo-
transpiration ( = +ET ET Efloor i) which includes floor evapotranspiration
(ETfloor), including grass, ferns, and small shrubs, as well as soil evaporation,
and canopy interception (Ei); : Water balance errors; n/a: data not available.
All water variables are in mm yr−1.

b Surface runoff (Q) negligible in all sites.
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night-time transpiration, causing an even larger shrinkage when the
evaporative demand increased during the following daylight hours
(Fig. 8b and Fig. 8c). This phenomenon was also present during the
second warm night even though recent rainfall events affected the
diurnal signal of DBH (Fig. 8e and Fig. 8f).

4. Discussion

This study attempts to understand and quantify the water balance
and tree water use of small urban reserves. In two of the study sites (i.e.,
ND and AW) groundwater was found to play an essential role in sup-
porting tree transpiration, especially during the driest periods of the
year and heat events. At NP, groundwater not being easily accessible,
the water stored in the shallow clay layer of the duplex soil supported

transpiration rates, as observed in other similar conditions (Verma
et al., 2014).

Observed transpirations rates were found to be comparable to es-
timates from other Eucalyptus stands in natural areas (e.g., Zeppel et al.,
2006; Doody et al., 2015). Transpiration rates at ND ranged from 1.3 to
0.5 mm day−1 during summer and winter, while at AW they were from
0.9 to 0.25 mm day−1; at NP, T ranged between 0.3 mm day−1 during
summer and 0.1 mm day−1 in winter. In both years, T was about 44%
(ND), 33% (AW), and 16% (NP) of total annual rainfall, showing large
inter-site variability due to different natural rainfall regimes and stand
density (Table Table 1; Table 2); on the contrary, small inter-annual
variability was observed, although annual rainfall in 2018 was about
15% lower than 2017.

In both years, a large portion of the water balance closure was

Fig. 6. Diurnal groundwater fluctuations and sap flux density (SFD) for a selection of 8 rain-free days for the (a) 2017 and (c) 2018 water years at ND. Daily
groundwater uptake from the fluctuation method (Tgw) (open square) and transpiration fluxes (solid circle) for the 8 days rain-free period of the (b) 2017 and (d) 2018
water years at ND.

Fig. 7. Sap flux density (SFD) and DBH for a selection of 8 rain-free days for the (a) 2017 and (b) 2018 water years at AW.
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attributed to ET (i.e., +ET Efloor i) and Ssw d, . The magnitude of ET and
Ssw d, can be estimated from previous studies conducted on similar

vegetation cover and hydrologic regime (Benyon and Doody, 2015).
Specifically, ETfloor may represent more than 50% of total ET (Zeppel

et al., 2006) and about 23-37% of the annual rainfall (Benyon and
Doody, 2015), whereas Ei may be between 15 to 26% of the total an-
nual rainfall (Dunin et al., 1988; Farrington and Bartle, 1991; Hutley
et al., 2000; Bulcock and Jewitt, 2012). Accordingly, considering

+ET Efloor i about 50% of the annual rainfall, this term accounted for
89% (ND), 66% (AW), and 52% (NP) of the water balance closure for
the 2017 water year, and 94% (ND), 75% (AW), and 57% (NP) for the
2018 water year.

These estimates support the water balance in Table 2, especially for
ND, in which Ssw d, is expected to be small due to the clayey nature of
the soil, which enhances the capillary rise up to the monitored soil
layers (as also shown in Fig. 4b). At AW, higher proportions of inter-
ception losses (Ei) should be considered due to the dense understory
cover. As well, higher Ssw d, may be expected because of the highly
sandy soil which increases the movement of water beyond the mon-
itored soil profile. At NP the water balance was only conducted for the
monitored soil (0 - 1.2 m), with Ssw d, representing the downward
drainage below this depth; at this site, extensive grassy and bare soil
areas may also contribute to a larger percentage of floor evaporation.

Most of the uncertainties in the estimates of the water balance

components are related to the underestimation of canopy transpiration.
Accounting for an underestimation of T of 35% would result in an an-
nual water balance closure of 41, 65, and 91% of P during 2017 and 38,
54, and 81% in 2018 for ND, AW, and NP, respectively. This may in-
volve, in particular at ND, a different water balance closure partitioning
with less water lost through ETfloor .

Groundwater use by vegetation at the ND and AW reserves illus-
trates the important role that groundwater resources may have in
supporting tree transpiration in urban areas, where arduous growing
conditions and abiotic stress factors, such as heat stress and low
moisture conditions, affect the health of trees. Several studies have
detected similar behaviors, but commonly with reference to large bio-
diverse ecosystems and often in natural environments or environments
mildly affected by human activities (e.g., Fan et al., 2014; Fan et al.,
2016; Balugani et al., 2017). In this study, groundwater transpiration
(Tgw) was estimated to contribute about 30–40% of total T in the driest
period of the year; this is consistent with the findings from other stu-
dies, showing that groundwater was a source of water for vegetation
(Orellana et al., 2012). The annual value of Tgw is difficult to estimate
precisely because of the assumptions in the definition of Eq. (4). The
difficulties in the estimation of Sy (Gehman et al., 2009; Dietrich et al.,
2018) and the lack of information on the groundwater flows in and out
of the reserves introduce uncertainties in the estimation of Tgw (Loheide
et al., 2005). However, the water table patterns during dry periods and

Fig. 8. Time evolution of environmental factors, sap flux density (SFD), and DBH during the night-time heat stress events observed in January and February 2017 at
AW: (a, d) air temperature (Ta), vapor pressure deficit (VPD), and rainfall (P); (b, e) SFD and DBH for the EV1 tree; and (c, f) SFD and DBH for the EV3 tree.
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the sustained transpiration rates during and following warm nights
strongly support the assumption that trees are using groundwater at ND
and AW.

As shown in Drake et al. (2018), water availability played an es-
sential role during heat events. During the study period, the monitored
trees successfully coped with warm summer nights with temperatures
above 25°C and did not lose their hydraulic functions. In particular, Tn
ranged from 3 to 16% of the daily transpiration, which is comparable to
those found in eucalyptus woodland in Western Australia ( 15–20%)
(Dawson et al., 2007) and in New South Wales ( 6–8% and up to 19%
on some days) (Zeppel et al., 2010; Fan et al., 2016).

5. Conclusion

Urbanization and the associated land use changes greatly impact
natural ecosystems, causing small natural reserves in urban areas to
face changes in their hydrologic regime. This study provides a com-
prehensive analysis of the water balance and tree water use dynamics
over a two-year period in three urban reserves hosting remnant native
vegetation and experiencing different rainfall patterns in Melbourne,
Australia. The water balances (2017–2018) showed that the three urban
reserves had enough water to sustain transpiration rates despite the
urban surrounding. Two of the reserves of this study appeared to be
dependent on groundwater and the other one relied on water stored in a
clay layer of its duplex soil. Groundwater played an essential role in
sustaining transpiration rates. During the driest periods of the year,
transpiration from groundwater was estimated to be about 30-40 % of
the total transpiration. During warm nights following days with tem-
peratures above 35 °C, groundwater allows trees to transpire between 3
and 16% of the total daily transpiration. Therefore, these results
highlight the importance of soil water resources in urban areas to
support green spaces.

In future studies, more attention should be given to quantify
groundwater dynamics in urban areas, to understand how changes in
water table due to urbanization and climate variations may impact
groundwater dependent vegetation. A quantification of groundwater
fluxes to and from the reserves would helped better constrain the
transpiration from the understorey (i.e., ETfloor). Longer series of sap
flow measurements and tree diameter variations would also support a
better understanding of how trees respond to different forms of stress.

Understanding the water requirements of urban reserves may assist
government authorities in improving management effectiveness for
these ecosystems through measures such as irrigation.
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