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Abstract Groundwater can have a critical role in sustaining the functioning of natural ecosystems
during droughts, especially in dry and seasonally dry climates. However, the response to droughts of
ecosystems embedded in urban areas is not well known. This study investigates how different scenarios of
groundwater availability control the water balance and vegetation productivity of two urban reserves
hosting native vegetation in the Melbourne metropolitan area, Australia. Using a mechanistic
ecohydrological model supported by field observations, long-term simulations were run to explore the
impact of groundwater flow on water, carbon, and energy fluxes under present climatic conditions,
including the Millennium Drought (2001–2009), and in response to perturbations in key environmental
variables (air temperature, atmospheric CO2 concentrations, and rainfall). It was found that the presence
of a water table and its capillary fringe within the root depths supports ecosystem transpiration and
vegetation productivity. The effects of declining groundwater were found to be more severe in
predominantly sandy soils because of the lower water holding capacity, identifying that the water status of
vegetation differs significantly depending on soil type. Differences in rooting strategies and groundwater
availability also had a pivotal role in helping plants soften the impacts of increased air temperature (Ta) and
make use of higher atmospheric CO2 concentrations. Increased Ta strongly affected evapotranspiration,
enhancing the competition for water between different vegetation types. These results provide quantitative
insights of how vegetation responds to groundwater depletion and climate variability, highlighting the
essential role of groundwater resources in urban ecosystems characterized by seasonally dry climates.

1. Introduction
A considerable fraction of the global land area has the water table (WT) or its capillary fringe within the reach
of plants roots (Fan et al., 2013). Therefore, groundwater is a key source of water for a wide range of terres-
trial vegetation systems across different climatic regions, especially those characterized by pronounced dry
seasons lasting for months (Fan, 2015; Lowry & Loheide, 2010). Consequently, groundwater could become
increasingly important under a rapidly changing climate, as more frequent and severe extremes, such as
droughts and hotter temperatures, increase the risk of plant mortality and reduce productivity (Allen et al.,
2015; Breshears et al., 2005; Mcdowell et al., 2016; Qiu et al., 2019; Soylu et al., 2011). Groundwater depth has
been found to control energy fluxes at the land surface, especially when the WT depth ranges between 1 and
5 m (Kollet & Maxwell, 2008; Maxwell & Kollet, 2008). In semiarid regions, for example, shallow WT near
river corridors allows vegetation establishment and helps plants to cope with extended dry seasons (Scott
et al., 2006). Other evidence of groundwater supporting plant water demand can be found in Mediterranean
climates (Barbeta et al., 2015; Eamus et al., 2006; Murray et al., 2003; Zencich et al., 2002), where groundwa-
ter represents a large source of water for transpiration, possibly being the sole contribution to transpiration
in parts of the year (Miller et al., 2010; Orellana et al., 2012). The contribution of the WT to forest transpira-
tion has also been found in humid temperate climates (Love et al., 2018), even during cool and wet winter
months (Vincke & Thiry, 2008).

The focus of most studies related to groundwater-dependent ecosystems is on large biodiverse ecosystems,
often in natural environments or areas mildly affected by human activities. However, the role of groundwa-
ter in the water balance of urban ecosystems has received considerably less attention. In cities, vegetated
surfaces become often fragmented into small and isolated patches of native species, which are surrounded
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by impervious surfaces and embedded in a highly disturbed environment (McKinney, 2002). This complex
mosaic of urban land use and cover strongly influences the water cycle (Bhaskar et al., 2016; Cho et al., 2009;
Newcomer et al., 2014; Shields & Tague, 2015; Xiao et al., 2007), having impacts on rainfall partitioning into
infiltration and runoff, plant available soil moisture, and, consequently, ecosystem health and productivity.
Moreover, changes in air temperature associated with the urban heat island (UHI, Manoli et al., 2019) can
increase the duration of the growing season of urban trees (Zipper et al., 2016), enhancing their transpira-
tion rates when and where sufficient soil water is available to sustain the higher evapotranspirative demand
(Zipper et al., 2017). In addition to these environmental changes, the need for fresh water in urban areas has
exacerbated the pressure on groundwater resources, especially in fast-growing cities (Flörke et al., 2018).
Because groundwater withdrawals and diversions may decrease groundwater levels, there is the need to
evaluate if urban groundwater-dependent plants can be affected by more frequent, rapid, and extended WT
declines and fluctuations than those in pristine environments (Naumburg et al., 2005).

While the role of urban trees in providing ecosystem services is well documented (Chiesura, 2004; Dobbs
et al., 2014; Livesley et al., 2016; Song et al., 2018; Richards & Thompson, 2019; Tyrväinen et al., 2005), less
is known about their response to environmental changes. In particular, groundwater-supported trees might
cope with short-term droughts and hotter temperatures (Drake et al., 2018; Marchionni et al., 2019) better
than with long-term groundwater storage declines due to climate shifts or direct anthropogenic manipu-
lations (Eamus et al., 2015; Kløve et al., 2014). Investigating the interactions and feedback between WT
dynamics and terrestrial vegetation becomes crucial for managing and maintaining healthy urban ecosys-
tems and in gaining an understanding of possible impacts on land surface fluxes (Naumburg et al., 2005;
Orellana et al., 2012).

This study has evaluated the vulnerability of urban vegetation to changes in environmental variables by
using simulations of present conditions, tested against observations and a series of numerical experiments,
for two urban reserves within the Melbourne metropolitan area in southeast Australia. Numerical sim-
ulations were carried out with a mechanistic ecohydrological model. The specific questions addressed
are as follows: (1) How do different scenarios of groundwater availability control tree transpiration and
vegetation productivity under both present and variable climate? (2) How can different vegetation types
(tree-shrubs-grass) coexist, and is this coexistence threatened? (3) How can soil properties amplify or
dampen the ecosystem dependence on groundwater?

2. Methods
The mechanistic ecohydrological model Tethys-Chloris (T&C) (Fatichi et al., 2014) was used to study two
urban reserves hosting native vegetation within the Melbourne metropolitan area in southeast Australia.
The recent Millennium Drought (Freund et al., 2017), a prolonged period of dry conditions spanning from
2001 to 2009, provided a unique opportunity to explore ecosystem response to changes in water availability.
During this prolonged drought, below median rainfall (since at least 1900) was recorded along with regional
declines in WT depths (Leblanc et al., 2012; van Dijk et al., 2013) and reductions of observed vegetation
biomass (Sawada & Koike, 2016).

2.1. Sites and Data Description
Two small natural reserves located in the Melbourne metropolitan area in southeast Australia (Figure 1)
were selected as case study: National Drive Reserve (38.03◦ S, 145.24◦ E; 14 m a.s.l.) and Alex Wilkie Reserve
(37.58◦ S, 145.15◦ E; 27 m a.s.l.). The two reserves host predominantly native plants, with some introduced
species, but differ in terms of vegetation structure and soil characteristics. Because a detailed description of
the sites is already provided in Marchionni et al. (2019), only a brief summary is reported here.

National Drive is a 14 ha grassy woodland dominated by Eucalyptus camaldulensis with a stand density of
about 500 trees per hectare and a mean diameter at breast height (DBH) of 293 mm; the soil across the
site is predominantly clay. Alex Wilkie, located 10 km northwest of National Drive, is a 1.8 ha sandy plain
woodland populated mostly with Eucalyptus viminalis and a dense understory of lower trees and shrubs
(e.g., Allocasuarina littoralis and Banksia marginata) with a stand density of about 515 trees per hectare and
a mean DBH of 203 mm. A shallow WT is within the reach of the plants root zone at both sites, potentially
making vegetation dependent on groundwater.
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Figure 1. (a) Location map of the study sites, long-term groundwater wells, and Bureau of Meteorology weather
stations (BOM WS) for Moorabbin Airport (No. 086077; 37.98◦ S, 145.24◦ E; elevation: 12 m) and Melbourne Airport
(No. 086282; 37.67◦ S, 144.83◦ E; elevation: 113 m). Monitoring network at (b) National Drive Reserve and (c) Alex
Wilkie Reserve.
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Hydrological measurements were collected from December 2016 to June 2018 every 15 min at both sites,
unless otherwise noted. Meteorological data, including rainfall, air temperature and relative humidity, wind
speed, and incoming shortwave radiation were collected at National Drive using an automated weather
station (Campbell Scientific). Long-term (July 1999 to June 2018) meteorological data were also available
from the Bureau of Meteorology (BOM) weather stations network. Rainfall, air temperature and relative
humidity, and wind speed at Moorabbin Airport (BOM Station No. 086077; 37.98◦ S, 145.24◦ E), and solar
radiation at Melbourne Airport (BOM Station No. 086282; 37.67◦ S, 144.83◦ E) were additionally used to
complete the meteorological forcing. Measurements of soil volumetric water content in the first 120 cm of
the soil profile were taken at both sites (Drill & Drop by Sentek), with four profiles across National Drive
and two at Alex Wilkie. WT depths were recorded from one bore at each site; atmospheric pressure was
also measured in the bores. Sap flux density (SFD, cm3 cm−2 hr−1) was measured at half-hourly intervals in
four trees in each site using commercially available sap flow sensors (SFM1, ICT International, Australia)
between February 2017 and April 2018. SFD measurements were scaled up to estimate the total transpiration
for each reserve (Marchionni et al., 2019).

The climate of the area is Mediterranean (Cfa in the Köppen classification) with an average daily air temper-
ature and annual rainfall of 15± 4.7◦ C and 639± 160 mm year−1, respectively, for the period 1999–2018. The
average reference potential evapotranspiration (ET0) is about 1,286 mm year−1 over the period 2010–2018
(https://www.bom.gov.au/watl/eto/), exceeding always rainfall (average P∕ET0 of 0.53). Long-term WT
depth observations in eight wells were also available within 7 km radius from the study sites from 1 July
1999 to 30 June 2016 (https://www.vvg.org.au).

2.2. T&C Model
Model simulations were carried out using T&C (Fatichi et al., 2012, 2014; Manoli et al., 2018;
Mastrotheodoros et al., 2019, 2020), which simulates essential components of the hydrological and carbon
cycles, resolving energy, water, and carbon fluxes at the land surface. Meteorological inputs used for forcing
T&C include rainfall, air temperature, relative humidity, wind speed, solar radiation, atmospheric pres-
sure, cloud cover or longwave radiation, and atmospheric CO2 concentration. Soil moisture dynamics are
described by the one-dimensional (1-D) Richards equation for the vertical flow. T&C further accounts for
biophysical and biochemical vegetation attributes using modules to simulate plant-related processes, such
as photosynthesis, phenology, carbon pool dynamics, and tissue turnover (Fatichi & Pappas, 2017; Fatichi
et al., 2014; Manoli et al., 2018). Vegetation species diversity can be explicitly represented at the species
level, or more often by aggregating species that share the same life form and structural attributes, described
as plant functional types (PFTs). In this study, two or three PFTs were used to account for the coexistence
of trees, shrubs, and grass. The model can consider both horizontal and vertical composition of vegetation
patches; in particular, the horizontal land cover composition accounts for the area occupied by each vege-
tation type. T&C simulates a number of ecohydrological variables including transpiration, soil evaporation,
evaporation from interception, leakage at the soil bottom (or groundwater recharge), runoff, and profiles
of soil moisture. It further simulates vegetation gross and net primary production, plant water stress, and
leaf area index (LAI). Plant water stress is indicated with a factor, 𝛽, that expresses how the root integrated
water potential departs from plant physiological thresholds characterizing incipient water stress. A reduc-
tion of 𝛽 from 1 (unstressed conditions) affects plant photosynthesis and carbon allocation, and it can trigger
leaf shedding.

2.3. Model Setup and Parameter Estimation
Consistent with the hypothesis of representing average reserve-scale processes, a 1-D soil domain was
assumed with total soil depths limited to 15 and 7.2 m for a total of 41 and 36 vertical discretization layers
at National Drive and Alex Wilkie, respectively. The soil vertical discretization is not uniform, with layer
thickness becoming progressively thicker with depth, starting with the thinnest mesh stratum (0.01 m) at
the surface. No-flow conditions were assigned at the bottom of the domain.

The modeled soil stratigraphy follows the one that was measured during the installation of the groundwater
bores. In particular, at National Drive, the soil was assumed predominantly clay, whereas at Alex Wilkie,
the soil was considered extremely sandy in the first 3.2 m, becoming more clayey with depth (Table 1). The
specific soil hydraulic properties were obtained through pedotransfer functions (Saxton & Rawls, 2006) for
National Drive, while the van Genuchten model (Carsel & Parrish, 1988; Van Genuchten, 1980) was used for
Alex Wilkie, as the hydraulic parameters obtained by Saxton and Rawls (2006) pedotransfer functions led to
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Table 1
Main Soil Parameters Used in the Simulations

Depth (m) Soil discretization Soil Sa/C/OMa Van Genuchten coefficients (𝜃s, 𝜃r , 𝛼, n)b Saturated hydraulic conductivity (ks; mm hr−1)c

National Drive
0.0–0.3 Sandy loam 55/12/3 — ks = −5.1, ln(z) + 46.4
0.3–0.6 Sandy clay loam 30/40/4 —
0.6–1.2 Clay 8/80/1 —
1.2–15 Clay 10/80/0.1 —
Alex Wilkie
0.0–3.2 Loamy sand — 0.39, 0.025, 0.014 mm−1, 1.95 ks = −39.6, ln(z) + 339.3
3.2–4.0 Silty loam — 0.40, 0.070, 0.010 mm−1, 1.60
4.0–7.2 Silty clay — 0.40, 0.120, 0.005 mm−1, 1.10

aSa = sand; C = clay; OM = organic matter. Textural values are used as input to pedotransfer functions by Saxton and Rawls (2006). bCarsel and Parrish (1988).
c ks is assumed to be decreasing with depth (z; positive downward) according to a logarithmic law, which was derived starting from the values of ks obtained in
the calibration for the various soil texture classes, that is, 38 (sandy loam), 10 (sandy clay loam), 0.86 (clay), and 0.67 (clay) mm hr−1 for National Drive and 250
(loamy sand), 4 (silty loam), and 1 (silty clay) mm hr−1 for Alex Wilkie.

unrealistic soil moisture dynamics in such a soil with very high sand content. In both cases, soil hydraulic
parameters were manually adjusted during calibration, as discussed in section 3.1.

Vegetation parameters (Table 2) were chosen based on literature and previous model application (Fatichi
& Pappas, 2017). In particular, two PFTs (i.e., trees and grass) were considered at National Drive covering
40% and 60% of the reserve, respectively; at Alex Wilkie, the coexistence of trees, shrubs, and grass was

Table 2
Main Vegetation Parameters Used in the Simulations

National Drive Alex Wilkie
Parameters Unit Trees Grass Trees Shrubs Grass
ZR,50 m 0.35 0.15 0.60 0.50 0.20
ZR,95 m 1.00 0.20 2.00 1.50 0.40
ZRmax m 3.00 0.30 4.00 3.80 0.50
hc m 20.00 0.20 20.00 10.00 0.20
a1 — 8.00 7.00 8.00 6.00 7.00
𝜓S2 MPa −0.70 −0.60 −0.70 −0.50 −0.60
𝜓S50 MPa −1.50 −2.00 −1.50 −5.00 −2.00
SL m2 gC−1 0.009 0.016 0.009 0.012 0.016
r gC gN−1 day−1 0.042 0.038 0.042 0.036 0.038
AL,cr day 365 180 365 730 180
dmg day 20 20 20 15 20

Trr gC m−2 day−1 1.00 2.50 1.00 0.40 2.50
Ltr — 0.80 0.40 0.80 0.50 0.40
𝜖ac — 0.60 0.50 0.60 0.80 0.50
1/Klf day 40 40 40 50 40

Vc,max25 — 45 54 45 62 54
rJV — 2.00 2.10 2.00 2.00 2.10

Note. ZR,50 = root depth 50th percentile; ZR,95 = root depth 95th percentile; ZR,max = maximum root
depth; hc = canopy height; a1 = empirical parameter connecting stomatal aperture and net assimi-
lation; 𝜓S2 = water potential at 2% stomatal closure; 𝜓S50 = water potential at 50% stomatal closure;
SL = specific leaf area; r = respiration rate at 10◦ C; AL,cr = critical leaf age; dmg = days of maximum
growth; Trr = translocation rate from carbohydrate reserve; Ltr = leaf to root biomass maximum ratio;
𝜖ac = parameter for allocation to carbon reserves; 1/Klf = dead leaf fall turnover; Vc,max25 = maximum
Rubisco capacity at 25◦ C leaf level; rJV = scaling Jmax/Vc,max.
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represented with three PFTs covering 20%, 20%, and 60% of the reserve, respectively. These fractions were
based on local observations. A linear dose–response profile with tap roots (Collins & Bras, 2007) was used to
describe the root depth distribution. This required specification of the rooting depth that contains 50% and
95% of fine root biomass (ZR,50 and ZR,95), as well as the maximum rooting depth (ZR,max).

The model was calibrated at hourly time steps to mainly reproduce soil water dynamics using the data
collected between December 2016 and June 2018. Model performance in reproducing tree transpiration
fluxes was also tested during this 19 month period. The atmospheric forcing consisted of meteorological
data observed locally for National Drive and at the Moorabbin and Melbourne Airport weather stations for
Alex Wilkie (Nos. 086077 and 086282). Soil moisture and vegetation carbon pool initial conditions for the
calibration simulations were generated by running a 1 year spin-up simulation starting from soil moisture
conditions coinciding with field capacity.

To account for local groundwater flow toward or from the sites, a net lateral flow (q) was added to the
soil water budget. The amount of subsurface water entering and exiting the system was calculated using a
simulation with q set to zero and impermeable soil bottom, meaning that the system is 1-D with no lateral
flux of water; in such a case, plants can only use water stored in the root zone coming from rainfall. The term
q was then obtained by matching the volume of water that the system needed in order to maintain the WT
at the observed depth with fluctuations close to the ones measured. This approach allowed the estimation
of the local net contribution of groundwater flow to the reserves. A 2-D or 3-D groundwater model would
introduce many more uncertainties because of the lack of data to characterize the soil properties across the
entire region (as the entire regional aquifer would need to be simulated) as well as a dearth of data on WT
levels across the Melbourne metropolitan area. The values of q obtained during calibration are reported and
discussed in section 3.1.

The values of the parameters obtained in the model calibration for National Drive and Alex Wilkie, including
q, were then used to run long-term (July 1999 to June 2018) simulations to confirm the model performance
in reproducing groundwater dynamics. For both sites, the long-term time series of meteorological data at the
nearby Moorabbin Airport weather station was used. Results in terms of WT depths were then compared
with the long-term observations available from the groundwater bores nearby the sites. Anomalies with
respect to the mean value were evaluated to minimize the influence of topographic differences and spatial
variability in the characteristics of the aquifers.

2.4. Numerical Experiments Under Present and Variable Climate
A series of numerical experiments were designed to investigate the effects of changes in soil water availability
(both in the unsaturated and saturated zones) on hydrological fluxes and vegetation productivity. Simula-
tions were carried out from 1 July 1999 to 30 June 2018 using the long-term time series of meteorological
data available at the Moorabbin Airport weather station.

The sensitivity to groundwater availability was determined by imposing different values of q, leading to
different WT depths: 0, 42, 63, 126, 252, and 378 mm year−1 for National Drive and 0, 50, 100, 200, 300,
and 400 mm year−1 for Alex Wilkie. These scenarios were performed by assigning no-flow conditions at
the bottom of the soil domain. A further scenario with free-drainage conditions and q = 0 mm year−1

(indicated as 0FD) was also considered, for a total of seven scenarios in each site. Moreover, the impacts
of the Millennium Drought on vegetation dynamics were analyzed by running a scenario with a lower q
during the drought, thus taking into account a possible reduction of local groundwater flow toward the sites.
Specifically, values of q equal to 63 and 100 mm year−1 were assumed between 2001 and 2009 (representing
half of the estimated net groundwater flow) for National Drive and Alex Wilkie, respectively, while for the
remaining years, q was set equal to 126 mm year−1 for National Drive and 200 mm year−1 for Alex Wilkie.

The effects of altered environmental drivers due to expected climate change were then investigated by
imposing changes to air temperature, atmospheric CO2 concentrations, and rainfall with respect to the
present climate values. Simulations were run by changing only one environmental driver at a time to ana-
lyze their influence on vegetation response and hydrological fluxes. Specifically, four scenarios of increased
temperature (+1.5◦ C, 2.0◦ C, 3.0◦ C, and 4.0◦ C), two scenarios with increased atmospheric CO2 concen-
trations (+200 and +400 ppm), and two different rainfall conditions (+15% and −15%) were simulated. In
all simulations, soil moisture and vegetation carbon pools were initialized by running a spin-up period of
19 years.
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Figure 2. Net lateral flow (q) necessary to maintain the water table depth at the level of observations for the 19 month
calibration period at National Drive Reserve. Values are shown for December 2016 (blue dots), January to December
2017 (green dots), and January to July 2018 (gray dots). A sinusoidal function (red line) was then fitted to smooth
annual variation of q and its observational uncertainty.

3. Results
3.1. Model Calibration and Confirmation
A satisfactory match between observed and simulated soil water dynamics was achieved for the 19 month
calibration period at both sites, after tuning soil hydraulic properties (Table 1) and root depths (Table 2), as
well as quantifying the net lateral flow (q).

The soil hydraulic parameters were homogeneous in the vertical direction within each soil texture class,
except for the hydraulic conductivity at saturation (ks), which was assumed to decrease with depth (z, pos-
itive downward) according to a logarithmic law. At each site, a specific equation was derived by fitting a
logarithmic function to the values of ks for the various soil texture classes (Table 1).

In terms of net lateral flow, an average q equal to 126 and 200 mm year−1 was estimated to reproduce the
magnitude and timing of the WT fluctuations at National Drive and Alex Wilkie, respectively. Specifically,
at National Drive, the values of q (represented by the dots in Figure 2), which can be either a source or a sink
term, showed a clear seasonal pattern dependent on regional groundwater fluxes that balance the seasonal
cycle of the evapotranspiration fluxes (ET) and maintain the WT at the observed depth. This seasonal cycle
can be described with a sinusoidal function. This is particularly relevant at National Drive, where the WT
level did not experience strong seasonal fluctuations, thus requiring q to have a seasonal cycle to balance
ET. On the contrary, because the WT presents a mild seasonal cycle at Alex Wilkie, seasonal variations of
q did not appear to be prominent at this site, with ET driving the cycle of WT. For this reason, a constant
positive value of q (source) was assumed throughout the year at Alex Wilkie, as its seasonality is hard to
disentangle from WT observation. The smaller value of net lateral flux q found for National Drive is likely
reflecting local conditions and the local dynamics of the aquifer.

At National Drive, simulations exceeded the observed saturated zone during wet months, where the WT
responded with a larger rise to less intense, more frequent rainfall events (Figure 3b). This was mainly due
to the predominant clay soil that responds to small variations in volume of water with larger WT fluctua-
tions. Overall, the model was able to reproduce the observed soil water dynamics in the unsaturated zone,
that is, in the first 1.2 m of soil (Figure 3e). In particular, the match was relatively good for the surface
soil layers (0–30 cm; R2 = 0.41 and RMSE = 0.049 m3 m−3), which were also more sensitive to rainfall.
Conversely, at depths of 30–70 cm (R2 = 0.11 and RMSE = 0.040 m3 m−3) and 70–120 cm (R2 = 0.10,
RMSE = 0.037 m3 m−3), the model was not able to simulate the rapid increase in the water content, probably
due to spatial variability of the soil properties that was not captured in this study, as well as the proximity
to the WT. However, the RMSE values for all the soil layers were within (or slightly higher than) the range

MARCHIONNI ET AL. 7 of 19



Water Resources Research 10.1029/2019WR026192

Figure 3. Daily rainfall recorded for the 19 month period between December 2016 and July 2018 at the (a) weather station located in National Drive Reserve
and (b) Moorabbin Airport weather station for Alex Wilkie Reserve. A comparison between simulated effective saturation (Se) and observed groundwater
depths (red line) in the calibration period for (c) National Drive Reserve and (d) Alex Wilkie Reserve is presented. Simulated and observed (±SD; gray areas)
volumetric soil moisture in the calibration period for (e) National Drive (at depths of 0–30, 30–70, and 70–120 cm) and (f) Alex Wilkie (depth of 0–120 cm) are
also shown, along with simulated and observed transpiration (g) between February 2017 and April 2018 for National Drive and (h) between December 2016 and
April 2018 for Alex Wilkie.

of 0.04 m3 m−3 that often represents observation uncertainty, and it is considered acceptable for soil mois-
ture modeling (Entekhabi et al., 2014). At Alex Wilkie, soil water dynamics in the top soil layers (Figure 3f)
were generally well captured by the model (R2 = 0.70, RMSE = 0.008 m3 m−3), although they appeared to
be disconnected from the saturated zone dynamics (Figure 3d). This was probably due to ks decreasing with
depth and preferential flows that were not accounted for in the model.

Although the model was not calibrated against transpiration rates, it was able to capture the dynamics of
transpiration and its long-term value, with a slight overestimation of large rates and underestimation of low
rates (Figures 3g and 3h). However, the errors in the measurements of sap flow, along with those occurring
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Figure 4. Simulated and observed water table (WT) fluctuations expressed
as hourly anomalies (relative to the mean value) at both the observation
bores within 7 km radius of and within the study sites.

during the upscaling as well as the strong variability in the measurements
collected in the different trees at both sites suggest that the observed daily
transpiration have large uncertainties.

A further confirmation of the model performance was achieved for the
long-term (July 1999 to June 2016) WT fluctuations, expressed as hourly
anomalies relative to the mean value (Figure 4). The model performed
better at Alex Wilkie, whereas the amplitudes of the simulated anoma-
lies were much more pronounced for National Drive, where the presence
of the clay soil generated large changes in WT depths for small changes
of water added or removed from the soil (e.g., a very small specific
yield). In such a soil, it is observationally and numerically challenging to
distinguish between actual WT depth and depth of the capillary fringe.

3.2. Ecohydrological Response to Soil Water Availability
The simulated effects of different groundwater levels on hydrological and
energy fluxes as well as on plant water stress (𝛽) and gross primary pro-
ductivity (GPP) are shown in Figure 5, expressed as mean values of the
19 years analyzed, with GPP weighted and integrated over the entire
vegetated area.

Groundwater availability, regulated by q, noticeably affected evapotranspiration fluxes (ET), which varied
between 641 and 935 mm year−1 at National Drive (Figure 5a) and 640 and 985 mm year−1 at Alex Wilkie
(Figure 5b) across the different simulation scenarios. The groundwater contribution led ET to exceed the
mean annual precipitation, that is, 640 mm year−1. In both reserves, results showed that an annual net lat-
eral flow of 126 mm year−1 for National Drive and 200 mm year−1 for Alex Wilkie was sufficient to largely
eliminate tree water stress. The WT depths obtained with these values of q (i.e., 6.9 m at National Drive
and 3.9 m at Alex Wilkie) were considered the reference conditions for each site. At National Drive, grass
transpiration (TG) followed the same pattern as total ET, while tree transpiration (TT) reached a maximum
for q = 126 mm year−1 and then decreased slightly, as the WT was closer to the top soil layers and favors
grass and ground evaporation. At Alex Wilkie, the presence of shrubs led to more complex dynamics asso-
ciated with the competition for soil water resources, with TG always below the shrubs transpiration (TS)
despite both having 20% of the areal cover. When the WT was 0.6 m below the ground, TG reached its maxi-
mum (374 mm year−1; +62%). TT and TS also increased considerably (+110% and +71%, respectively) when
compared to the scenario 0FD corresponding to a completely unsaturated soil column.

When groundwater was shallower than the reference value, a distinct increase in ground evaporation (EG)
was modeled at National Drive because of the wet soil near the surface. This did not occur at Alex Wilkie as
the sandy soil had little capillary rise, such that the WT had little to no effect on the moisture near the surface,
thus resulting in low EG. Evaporation from interception, including interception in grass (EInG), trees (EInT),
and shrubs (EInS) was a relatively minor component of the water balance at both sites, accounting for about
10% and 15% of the total ET at National Drive and Alex Wilkie, respectively. Overland runoff (R) was also
quite small at both sites with it being mostly affected by low soil hydraulic conductivity of the superficial soil.
The thicker capillary fringe due to the heavy clay soil of National Drive affected R even when the long-term
average WT was below 3 m (going from 0 to 80 mm year−1 when the WT depth changed from 6.9 to 2.7 m),
while at Alex Wilkie, the WT had to be on average only 0.6 m below the ground to generate runoff.

Changes in ET also affected the surface energy budget. Increasing groundwater availability led to higher
latent heat (LE) and lower sensible heat (H) fluxes, resulting in a considerably different partitioning of
energy at the land surface (i.e., lower Bowen ratio, Bo = H∕LE) (Figures 5c and 5d).

In terms of plant water stress, results suggested that trees are more susceptible to water stress when deep
roots do not have access to groundwater or its capillary fringe. In particular, at Alex Wilkie (Figure 5f), 𝛽 for
trees (𝛽T) strongly decreased (from 1 to 0.87) when the WT depth went below the reference value; on the
contrary, at National Drive (Figure 5e), 𝛽T remained overall above 0.97, due to the enhanced water hold-
ing capacity of the clay soil, which buffered the decline of WT. At both sites, grass was stressed in specific
periods in all scenarios. While at National Drive, 𝛽 for grass (𝛽G) increased from 0.90 to 0.94 when ground-
water availability increased; at Alex Wilkie, it reached a maximum value (0.99) when the WT was on average
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Figure 5. Simulation results averaged over the 19 year period (July 1999 to June 2018) illustrating water and energy fluxes as well as vegetation productivity
with respect to different average water table (WT) depth scenarios (corresponding to different values of net lateral flow, q) at National Drive Reserve (left
column) and Alex Wilkie Reserve (right column). (a, b) Water balance components (i.e., ET = evapotranspiration; EG = ground evaporation; EIn = evaporation
from interception; R = runoff; T = transpiration; subscripts T, G, and S are referred to trees, grass, and shrubs, respectively), (c, d) Bowen ration (Bo = H∕LE),
(e, f) plant water stress (𝛽), and (g, h) gross primary productivity (GPP; for unit of total ground area) are expressed as a function of both the average WT depth
and average net lateral flow (q). The WT depth reference value, corresponding to the calibration period (dotted lines), is identified with q equal to
126 mm year−1 for National Drive Reserve and 200 mm year−1 for Alex Wilkie Reserve.
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Figure 6. Simulation results for the 19 year period (July 1999 to June 2018) corresponding to the calibrated net lateral flow (q) of 126 mm year−1 for National
Drive Reserve (left column) and 200 mm year−1 for Alex Wilkie Reserve (right column). (a, b) Annual values of the water balance components, that is,
evaporation (ET), soil evaporation (EG), evaporation from interception summed over all PFTs (EIn), and transpiration from trees (TT), grass (TG), and trees and
shrubs (TT+S) combined. (c, d) Total annual values of gross primary productivity (GPP; for unit of total ground area) for trees (GPPT), grass (GPPS), and trees
and shrubs (GPPT+S) combined. Gray regions indicate the period of the Millennium Drought.

4.9 m below the ground, representing the best compromise in terms of competition with trees and shrubs.
Shrubs at Alex Wilkie were less stressed than trees, with 𝛽 for shrubs (𝛽S) always above 0.94 across the sce-
narios; this reflects a higher drought tolerance as specified in the model parameters, despite shallower roots
than trees.

The impacts of groundwater availability were quite pronounced in terms of vegetation productivity. At both
sites, the trajectories of gross primary productivity (GPP) with groundwater availability followed a similar
trajectory as TG, TT , and TS, with peaks in water use corresponding to peaks in productivity (Figures 5g and
5h). At National Drive, GPP of both grass (GPPG) and trees (GPPT) increased with groundwater availabil-
ity (+41% and +50%, respectively). At Alex Wilkie (Figure 5h), GPPT strongly decreased (−64%) when the
average WT fell below 3.9 m, while GPP of shrubs (GPPS) varied little with groundwater, remaining fairly
constant across scenarios.

To explore the possible effects of the Millennium Drought (2001–2009) on the water fluxes and GPP, the
time series of annual values of the main water fluxes and GPP were presented assuming the flux q to be as in
the calibration period (Figure 6). At both sites, the simulated annual ET exceeded the annual precipitation
(P) in most years. As the drought intensified between 2007 and 2009, grass cover at both sites appeared to
be more stressed, leading to lower rates of transpiration and GPP; trees on the other hand, having access to
groundwater, coped well with the drought, maintaining their unstressed transpiration rates and productivity.
During the driest years of the Millennium Drought, that is, from 2007 to 2009, trees and shrubs reduced
their transpiration at Alex Wilkie (Figure 6b), despite the constant net lateral flow of 200 mm year−1.

When a decrease in local groundwater flow toward the sites was also taken into account during the prolonged
drought (i.e., by reducing q by half), vegetation dynamics differed considerably compared to the scenario
with constant q (Figure 7). In particular, trees appeared more stressed between 2007 and 2009 at Alex Wilkie,
due to the dry conditions in the unsaturated zone and the very thin capillary fringe that could not buffer the
groundwater drawdown. Simulations showed a rapid decrease in LAIT (−26%) and GPPT (−43%) between
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Figure 7. Simulation results for Alex Wilkie related to the 19 year period (July 1999 to June 2018) corresponding to a constant net lateral flow (q) of
200 mm year−1 (black lines) and a variable q (green lines), that is, 100 mm year−1 between 2001 and 2009 (Millennium Drought) and 200 mm year−1 in the
remaining years. (a–c) Mean annual values (±SD) of leaf area index (LAI; for unit of total ground area) for (a) trees, (b) shrubs, and (c) grass. (d–f) Total annual
values of gross primary productivity (GPP; per unit of total ground area) for (d) trees, (e) shrubs, and (f) grass. Gray regions indicate the period of the
Millennium Drought.

2007 and 2009, followed by a slow recovery, returning in 2018 to the value that would have been obtained
considering a constant q (Figures 7a and 7d). In contrast, groundwater drawdown did not have a strong
impact on shrubs and grass dynamics due to the prolonged drought. Shrubs exhibited an increase in LAI
between 2002 and 2008, due to the reduced competition with trees, followed by a steeper decrease com-
pared to the constant q scenario (Figure 7b); in terms of GPP, simulations showed a slight decrease in GPPS
(−10%) in 2009 (Figure 7e). Both grass LAIG and GPPG (Figures 7c and 7f) were only slightly affected by the
groundwater depletion, with an actual softening of water stress because of a minor competition with trees
during the 2009–2011 period.

3.3. Sensitivity to Climate Variations
Simulations using different environmental drivers, that is, air temperature (Ta), atmospheric CO2 concen-
trations, and rainfall (P), illustrate the possible role of groundwater in supporting these urban reserves to
cope with plausible climatic variations. Results are shown with reference to two different groundwater avail-
ability scenarios: shallow groundwater (reference WT values, corresponding to the calibrated q) and without
groundwater (completely unsaturated soil, corresponding to q sets to zero). Comparing these results with the
simulation using observed climate, hereafter defined as control, groundwater availability strongly affects the
water balance and vegetation productivity in both sites, even though soil properties and vegetation composi-
tion mediate the ecosystems response. Figures 8 and 9 show the results of the scenario analysis for National
Drive and Alex Wilkie, respectively.

At National Drive, in shallow groundwater condition (Figure 8a), TG and EG increased with Ta (22% and 43%,
respectively), while TT decreased (−17%). Without groundwater (Figure 8d), trees strongly reduced their
transpiration (−31%) with increasing Ta, while TG increased (31%) as a consequence of less competition;
thus, in the simulation, grass was outcompeting trees in the access to the water in the top soil layers. Overall,
Ta increases had a greater impact on plant water stress when deep roots did not have access to groundwater or
its capillary fringe. While 𝛽T decreased by 4% in the shallow groundwater scenario and by 8% in the scenario
without groundwater (Figures 8b and 8e), 𝛽G was not affected by groundwater presence, thus showing the
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Figure 8. Effects of altered environmental drivers at National Drive for two different groundwater availability scenarios: (a–c) shallow groundwater (i.e., depth
to groundwater at 6.9 m, corresponding to a net lateral flow of 126 mm year−1) and (d–f) without groundwater (i.e., groundwater beneath the soil domain,
corresponding to a net lateral flow of 0 mm year−1 and free drainage to the bottom of the soil domain). Simulation results show (a, d) water balance
components (symbols as in Figure 5), (b, e) plant water stress (𝛽), and (c, f) gross primary productivity (GPP; for unit of total ground area) for the actual climate
and eight climate scenarios: four scenarios of increased air temperature Ta (+1.5◦ C, +2.0◦ C, +3.0◦ C, and +4.0◦ C), two scenarios with increased atmospheric
CO2 concentrations (+200 and +400 ppm), and two different rainfall (P) scenarios (+15% and −15%).

same decrease (3%) in both scenarios. Changes in water availability and air temperature were linked to
changes in vegetation productivity, with GPPT more affected than GPPG. Results showed a steep decrease in
GPPT when Ta increased in both groundwater scenarios, decreasing by 56% with shallow WT (Figure 8c) and
18% with deep WT (Figure 8f). GPPT overcame GPPG when tree roots had access to groundwater, although in
the +4◦ C scenario, the two values were similar; on the contrary, GPPG overcame GPPT across all temperature
scenarios when groundwater was not accessible by tree roots.

In both scenarios, results indicated that with increased atmospheric CO2, both grass and trees were able to
assimilate carbon with a lower stomatal conductance and thus lower transpiration rate, leading to higher
ecosystem water-use efficiency (WUE = GPP∕ET). Specifically, by doubling the actual atmospheric CO2 con-
centrations (+400 ppm), larger increases in GPP were found for the grass in the deep groundwater scenario
(from 632 to 1,208 gC m−2 year−1; +91%) and for the trees when groundwater was shallow (from 680 to over
1,164 gC m−2 year−1; +71%). Overall, the increases in WUE were 59% and 74% in the shallow groundwater
scenario and 71% and 67% in the scenario without groundwater, for grass and trees, respectively.

When they did not have access to groundwater, trees were more sensitive to rainfall variability, that is, a
decrease in rainfall (−15%) led to−27% of TT , while its increase (+15%) led to +26% of TT ; the same variations
occurred in the GPPT . Grass cover appeared to be more sensitive to rainfall variability for shallow WT depths.
In particular, a decrease in rainfall (−15%) led to −20% of TG and GPPG, while its increase (+15%) generated
a 23% increase of TG and GPPG.

Simulations in the shallow groundwater scenario at Alex Wilkie indicated that transpiration from trees and
shrubs decreased when temperatures increased from the actual value (control simulation) to +4◦ C, leading
to −52% for TT and −40% for TS; at the same time, grass transpiration increased (+24%) (Figure 9a). Without
groundwater (Figure 9d), TG remained fairly constant as the temperatures increased, while TT and TS exhib-
ited a behavior consistent with the shallow groundwater scenario (−43% and −15%, respectively). Overall,
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Figure 9. As for Figure 8 but for Alex Wilkie.

simulations indicated that grass and shrubs could cope quite well with Ta increases, in particular when
the WT was within the reach of shrubs roots, with 𝛽G remaining constant and 𝛽S decreasing by 1%. With-
out the groundwater support, trees suffered most from the changes in Ta, with 𝛽T decreasing by up to 13%
(Figure 9b). In terms of vegetation productivity, trees were more susceptible to temperature increases than
shrubs and grass, with GPPT decreasing from 483 to 359 gC m−2 year−1 and from 295 to 137 gC m−2 year−1

for the shallow and no groundwater scenarios, respectively. Conversely, shrubs were affected very little by
the changes in Ta, increasing by 1% when the WT was shallow and decreasing by 8% without groundwater
(Figures 9c and 9f).

Similarly to National Drive, simulations for Alex Wilkie showed that changes in atmospheric CO2 concen-
trations mainly influenced plant transpiration and productivity, increasing plant WUE. Higher increases in
GPP were found for trees, shrubs, and grass in the deep groundwater scenario, that is, +63%, +27%, and
+45%, respectively. Without groundwater, a decrease in rainfall considerably affected an already stressed
ecosystem, leading to a reduction in TT (−29%), TS (−17%), and TG (−15%). In contrast, a rainfall increase of
15% had a positive impact on trees, shrubs, and grass transpiration (+27%, +15%, and +16%, respectively).

4. Discussion
4.1. Dependence on Groundwater
The results of the numerical experiments showed how the presence of the WT or its capillary fringe within
the root zone supported urban ecosystems against interannual rainfall variability. Groundwater availability
was also found to have a pivotal role in helping plants soften the impacts of increased air temperature and
profit from larger atmospheric CO2 concentrations, as well as buffering the effects of local rainfall decrease.
The presence of a shallow WT as well as the seasonal and interannual variations in WT depths arise from the
variable balance between P, ET, and net lateral subsurface flow (q). Simulations showed that both National
Drive and Alex Wilkie needed a considerable groundwater inflow at reserve scale to maintain the observed
WT beneath the root zone, that is, 126 and 200 mm year−1 at National Drive and Alex Wilkie, respectively,
which is roughly 20–30% of annual rainfall. These values of q led to a WT depth (expressed as mean value for
the 19 year period of analysis) of 6.9 and 3.9 m for National Drive and Alex Wilkie, respectively, leading to an
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increase in total ET of 19% and 31%, respectively. These levels of groundwater were sufficient to minimize
the water stress and maximize plant productivity. Such result also highlighted the importance of including
groundwater in ecohydrological analysis, given their essential role in controlling plant water stress in certain
ecosystems (Brolsma & Bierkens, 2007; Brolsma et al., 2010).

Simulations indicated that woody plants overall transpired more (+42% at National Drive, i.e.,
388 mm year−1, and +90% at Alex Wilkie, i.e., 188 mm year−1, Figure 5) in scenarios where the WT depth
was maintained within the reach of the plant roots. This was experimentally confirmed at the two study
sites, where shallow WT depths were found to support transpiration during dry months as well as hot
days and nights (Marchionni et al., 2019). The fact that groundwater represents such a large source of
the water needed for trees is consistent with the results from previous studies on groundwater-dependent
vegetation. Using stable isotope analysis or water balance methods, it has been shown that the contribu-
tion of groundwater to the total transpiration in seasonally dry ecosystems can range from 15% up to 100%
(Orellana et al., 2012). As groundwater approaches the soil surface, the strong capillary rise from the shallow
WT also enhances the amount of water transpired by grasses (Soylu et al., 2011), as reflected in the model
results here.

At National Drive, the high water holding capacity of clay soil played a crucial role in amplifying the capillary
rise even with an average WT 2.7 m below the soil surface, thus increasing grass transpiration by 46%. At
Alex Wilkie, where the soil is predominantly sandy and the capillary fringe is practically absent, the WT
needed to be almost within the grass roots (<1 m) in order to enhance significantly grass transpiration. At
both sites, the trajectories of GPP with groundwater availability followed patterns similar to transpiration
for all the vegetation types. As the WT deepened, declines in GPP were predicted in trees, shrubs, and grass,
with trees experiencing a more consistent increase in water stress and hence a reduction in GPP relative to
grass (Koirala et al., 2017). In particular, tree productivity decreased by about 40% (National Drive) and 64%
(Alex Wilkie) when the WT was assumed to be out of reach (absent) compared to the reference WT scenario.

4.2. Vegetation Competition
Results from this study indicate that the presence of groundwater strongly affects the competition for water
between woody plants (i.e., trees and shrubs) and grasses. Differences in terms of rooting depth and toler-
ance to low water potentials are critical for plant water access, canopy transpiration, and carbon assimilation,
thus allowing for coexistence of woody plants and grasses (Eggemeyer et al., 2009). Shallow-rooted grass
species only access soil moisture in the shallow soil layers, while trees and shrubs have access to the water
in both shallow and deep soil layers (Kim & Eltahir, 2004; Rossatto et al., 2012). When groundwater is avail-
able, these differences in rooting and water uptake depths help buffer the competition for water (Grossiord
et al., 2018). When the WT depth falls below a certain threshold level, capillary rise from the WT becomes
inadequate to supply moisture to the woody plants, affecting their productivity and competitive perfor-
mance. This can be noticed especially at Alex Wilkie, where, in addition to the higher species competition
(i.e., coexistence of trees, shrubs, and grass), the effects of declining groundwater were more severe due to
the sandy soil and low water holding capacity. Therefore, trees were more stressed at Alex Wilkie compared
to National Drive when the WT is beneath their root zone, suggesting that the water status and competitive-
ness of vegetation may differ significantly depending on soil type (Naumburg et al., 2005). Overall, grasses
appeared less affected by groundwater fluctuations than woody plants in all scenarios, because grasses rely
on rainfall rather than groundwater resources. Groundwater drawdown can benefit grasses because of a
reduced competitive capability of the other vegetation types. Furthermore, unlike trees and shrubs, which
try to maintain their leaf area when stressed strongly regulating stomata (McDowell et al., 2008), grasses
wilted reducing their leaf area and became almost inactive during dry periods.

4.3. Millennium Drought
During the Millennium Drought between 2001 and 2009, grass was more tolerant to changes in soil water
availability (Craine et al., 2013). Even in such a prolonged dry period, trees and shrubs reliance on ground-
water was sufficient to largely support ecosystem productivity and transpiration to levels similar to normal
years. When, in addition to the rainfall shortage, a possible reduction in the groundwater flow toward the
sites and thus a decrease in the WT depth were imposed, trees started showing signs of stress, manifested
by a reduction in LAI, especially as drought condition intensified between 2007 and 2009. The extremely
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dry sandy soil at Alex Wilkie did not provide any buffer to the groundwater drawdown, a buffer that was
instead simulated at National Drive. After the Millennium Drought, a higher than average rainfall in 2010
in many parts of southeast Australia helped trees to recover from the water stress (van Dijk et al., 2013).
However, simulations showed a full tree recovery only 5–6 years later, suggesting that long-term impacts on
vegetation due to groundwater depletion combined with drought conditions may be possible.

4.4. Changing Climate
Groundwater availability was also found to have remarkable implications for ecosystems under different cli-
matic conditions. The focus here was to explore the role of groundwater in affecting ecosystem response to
a single forcing, such as higher air temperatures, increased atmospheric CO2 concentrations, and different
rainfall regimes. When subjected to warmer air temperatures, both urban reserves exhibited altered hydro-
logic regimes, especially when groundwater was out of reach. Although an increase in air temperature did
not affect total evapotranspiration, it strongly affected its partitioning, in particular at National Drive, trig-
gering an active competition for water sources between vegetation types. In all simulations, grass appeared
to be able to cope better with increased temperature and maintain its transpiration and productivity levels.
Without groundwater, the root water uptake also changed, thus resulting in higher competition for shallow
soil water, as also shown by Grossiord et al. (2018). In these scenarios, grass was able to cope with modified
conditions better than trees, profiting from the fact that the trees were more stressed. Already stressed by the
lack of groundwater sources, trees quickly worsened their water stress under the warming climate. This was
more evident at Alex Wilkie, where the low soil water holding capacity did not help to buffer the decline in
groundwater. Warmer temperatures also contribute to lower photosynthesis rates (GPP), confirming that a
warming climate combined with limited water availability reduces vegetation productivity (Grossiord et al.,
2017; Raupach et al., 2013). In response to increased atmospheric CO2, plants were able to photosynthesize
with a lower stomatal conductance and thus with lower transpiration rates, leading to increased WUE, as
expected (Frank et al., 2015; Keenan et al., 2013; Mastrotheodoros et al., 2017), regardless of the groundwa-
ter availability. This finding confirms that the high CO2 environment expected for the future may partially
alleviate water stress through increased WUE (Conley et al., 2001; Swann et al., 2016). Changes in rainfall of
±15% were effective in modifying total ET, transpiration, and consequently vegetation productivity at both
sites when the groundwater was deep. At National Drive, even with shallow WT, grasses were profiting of
the augmented water availability.

5. Conclusion
A mechanistic ecohydrological model was used to simulate different scenarios of groundwater availability
in two urban reserves hosting native vegetation within the Melbourne metropolitan area, Australia. Results
from the numerical simulations confirmed that these ecosystems are dependent on groundwater, with the
water transpired by woody plants (trees and shrubs) when the WT level is maintained within the reach of
the plant roots being more than 40% of the average annual transpiration of the scenarios without groundwa-
ter. The fact that groundwater represents such a large source of water for these ecosystems emphasizes their
vulnerability to its depletion, which, under certain scenarios, could result in reductions of plants transpi-
ration (−56%) and productivity (−45%) and, in extreme cases, in drought-induced mortality (Eamus et al.,
2015). Therefore, to be effective, the management of urban ecosystems should also account for groundwa-
ter dynamics. The most significant impacts of declining groundwater occurred in predominantly sandy soils
because of their lower water holding capacity compared to clay soils.

Changes in environmental variables, such as increased air temperature and atmospheric CO2 concentrations
as well as a rainfall reduction, were found to alter ecosystems hydrologic regime and the competition among
vegetation types, especially when groundwater was not available. These findings suggest that groundwater
has a pivotal role in sustaining the analyzed urban reserves and even more so during major droughts or
changes in climate.

Human-induced land use changes combined to a rapidly changing climate might threaten groundwa-
ter availability, with possible profound impacts on the conservation of natural ecosystems embedded in
urban areas. Hence, extensive groundwater monitoring networks and robust quantifications of vegetation
responses to groundwater depletion and climate variability, as computed here by means of ecohydrologic
simulations, are crucial to guide and evaluate appropriate management practices.
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