
Highlights

• Increasing tree cover makes irrigation essential during a prolonged drought.

• Irrigation helps alleviate water competition between different vegetation

types.

• Soil type strongly affects the water status and competitiveness of vegeta-

tion.
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Abstract

Increasing urban green spaces and canopy cover requires careful planning of

irrigation strategies, especially in arid and semiarid areas. This study inves-

tigates how vegetation cover and irrigation affect the water balance and veg-

etation productivity of a small urban reserve in the Melbourne metropolitan

area, Australia. Using a mechanistic ecohydrological model, a series of numer-

ical experiments were carried out for the period 1999-2018, which included a

prolonged drought. Results indicated that irrigation played an essential role

in helping both trees and grass productivity by increasing soil moisture and

vegetation water access during the drought. With 10% tree cover, grass benefit-

ted more than trees by increasing irrigation, and trees coped well with drought

even without additional water. However, trees strongly relied on irrigation to

maintain productivity when tree cover increased, highlighting the need for a

sustainable balance between increasing urban greening and water conservation.

Differences in soil properties and rooting strategies were also found to strongly

modify the need for irrigation and the competition for water. These results pro-

vide quantitative insights on how increasing tree cover and vegetation diversity
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may impact irrigation requirements, highlighting the key role of mechanistic nu-

merical models to support urban planners in the evaluation and design of urban

green spaces.

Keywords: urban green spaces, remnant vegetation, irrigation, stormwater

harvesting, ecohydrological modeling

1. Introduction

Green spaces are increasingly considered crucial components of the urban

environment, helping cities to become more resilient to the negative impacts of

both urbanization and climate change (Luederitz et al., 2015; Livesley et al.,

2016; Marchionni et al., 2019b; Meili et al., 2020). Urban green spaces are5

recognized to provide natural cooling and support stormwater management

(Spronken-Smith and Oke, 1998; Gill et al., 2007; Broadbent et al., 2018), deliver

essential ecosystem services for community health and well-being (Chiesura,

2004), and offer habitat for urban biodiversity (Elmqvist et al., 2015; Lepczyk

et al., 2017; Tulloch et al., 2016). As a result, government authorities and urban10

planners worldwide are committed to increasing tree canopy cover, while pre-

serving existing urban green spaces to provide healthy and sustainable urban

settings. For example, councils across the Melbourne metropolitan area (Aus-

tralia) are implementing actions to increase the tree canopy cover by 40% by

2040 (Melbourne, 2012). Similar targets were set through the London Environ-15

mental Strategy (i.e., increasing green cover by 50% by 2050) and the Million

Trees initiatives in New York City and Los Angeles (e.g., McPherson et al.,

2008). The importance of these greening policies has been further highlighted

by the enhanced appreciation and demand for green spaces during the recent

COVID-19 pandemic (Kleinschroth and Kowarik, 2020).20

In urban areas, vegetation is generally subjected to biophysical and ecological

conditions that are different from rural and natural environments, with respect

to soil and micro-meteorological conditions in particular (Calfapietra et al.,

2015). Therefore, to provide the expected ecosystem services, urban vegetation
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often needs to be managed to remain healthy and productive in spite of often25

unfavorable growing conditions, such as high temperatures and low soil moisture

(Roberts, 1977; Sieghardt et al., 2005). Irrigation may play a crucial role in

supporting ecosystem health and biodiversity in cities. Especially in seasonally

dry climates, the coexistence of different vegetation types, such as trees, shrubs,

and grass, as well as remaining native vegetation and introduced non-native30

species may create unique biotic communities highly dependent on water, thus

needing irrigation to be sustained (McCarthy and Pataki, 2010; Pataki et al.,

2011a). In addition, hotter temperatures and rainfall reduction increase the

competition among vegetation types, with soil characteristics playing a crucial

role in the water status of vegetation, as shown in Marchionni et al. (2020).35

The need for irrigation is becoming increasingly important under a rapidly

changing climate, as more frequent and severe extremes, such as droughts and

heatwaves, increase the risk of plant mortality and reduce productivity (Soylu

et al., 2011; Allen et al., 2015; Breshears et al., 2005 Mcdowell et al., 2016;

Qiu et al., 2019), as well as exacerbate the pressure on water resources (Flörke40

et al., 2018). In these conditions, normal irrigation amounts may also be insuffi-

cient to maintain plant functioning during hotter droughts leading to vegetation

losses (Quesnel et al., 2019; Miller et al., 2020; Allen et al., 2021). The use of

recycled wastewater and captured stormwater for urban vegetation irrigation is

a valuable option to sustain vegetation while relieving the pressure on potable45

water resources (Nouri et al., 2019; Livesley et al., 2020). Other actions may

include the choice of appropriate irrigation practices, irrigation-scheduling de-

pending on plant water demands, and water sensitive landscape designs (Pataki

et al., 2011b; Volo et al., 2014; Litvak and Pataki, 2016; Breyer et al., 2018).

For instance, McCarthy et al. (2011) suggested the use of the water-use effi-50

ciency (WUE) factor (i.e., the ratio of carbon assimilated by plants and water

lost through transpiration) to select species that maximize productivity while

conserving water.

These issues are particularly relevant in southeast Australia, where over the

past two decades two of the worst droughts in the historical record have oc-55
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curred, i.e., the Millennium Drought (2001-2009) and the recent drought (2017-

2020) (De Kauwe et al., 2020). The Millennium Drought resulted in below

median rainfall when compared to the previous century, contributing to the en-

forcement of severe water restrictions in most major cities, as well as reductions

in vegetation biomass and major bushfire events in 2003 and 2009 (van Dijk60

et al., 2013; Sawada and Koike, 2016). The recent drought occurred against

the background of increasing air temperature (i.e., droughts are getting hotter),

with 2019 the hottest and driest year on record; this led to a significant amount

of tree stress and the 2019/20 Black Summer bushfire disaster (Abram et al.,

2021).65

For Melbourne, more than a decade of severe drought and water restrictions

provided the opportunity to implement a water sensitive urban design (WSUD)

approach for a more integrated and sustainable water management (Low et al.,

2015). This included the development of stormwater harvesting projects to reuse

stormwater runoff, thus providing alternative water sources for irrigating urban70

green spaces (Martire, 2018). The use of this water can help buffering the decline

in vegetation productivity due to the prolonged drought and periods of extreme

heat (Marchionni et al., 2020). An example is the stormwater harvesting system

at Fitzroy Gardens, which is the largest in the City of Melbourne and provides

up to 69000 m3 of water every year for irrigation, thus decreasing the use of75

potable water for irrigating the gardens by 59% (Wallace, 2014).

The aim of this study was to assess the effectiveness of different irrigation

strategies in supporting coexisting types of vegetation at Napier Park, which is

an urban reserve hosting native vegetation in the Melbourne metropolitan area

in southeast Australia. With an extensive irrigation system covering about 85%80

of the reserve, Napier Park is an example of the implementation of a stormwater

harvesting and reuse system to irrigate urban green spaces to sustain ecosystem

dynamics, while retaining water in the urban landscape. A series of numeri-

cal experiments were carried out using the mechanistic ecohydrological model

Tethys-Chloris (T&C) to investigate different irrigation and vegetation cover85

scenarios, as well as the impacts of the Millennium Drought (2001-2009). Ex-
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tensively used since 2012, the T&C model has been already applied to reserves

with similar ecosystems in Marchionni et al. (2020) because of its capability to

represent average reserve-scale processes. The specific questions addressed are

as follows: (1) How do increasing tree cover and irrigation rates affect tree tran-90

spiration and vegetation productivity? (2) How can different vegetation types

(trees-shrubs-grass) coexist and is this coexistence threatened in dry periods?

(3) How do soil properties affect competition among vegetation types? Results

from this study improve the understanding of how urban reserves and relatively

large urban green spaces can be effectively managed ensuring both vegetation95

productivity and water savings.

2. Methods

2.1. Site and data description

A small urban reserve, Napier Park (37.74◦S, 144.91◦E), located in the Mel-

bourne metropolitan area in southeast Australia (Figure 1a), was selected as100

a case study (Marchionni et al., 2019a). The climate of the area is Mediter-

ranean (Cfa in the Köppen classification) with an average annual rainfall of 522

± 113 mm y−1 over the period 2009-2018 (BOM station Melbourne Airport, no.

086282; 37.67◦ S, 144.83◦ E; 113 m AHD; http://www.bom.gov.au/watl/eto/ ).

The reserve, managed by a local council, is a 4 ha remnant plain grassy105

woodland home to a valuable population of Eucalyptus Camaldulensis with a

number of significant Eucalyptus Melliodora. The tree stand density is about

217 trees per hectare, with a mean diameter at breast height (DBH) of 210 mm.

Texture-contrast (duplex) soils cover the entire area of the reserve, with the soil

profile consisting of a sandy silt (up to 0.4-0.6 m), overlaying a heavy clay (up to110

1.8 m) followed by sandy silt again. The water table is estimated to be between

10 and 20 m below the ground surface.

An extensive irrigation system was implemented in 2016, covering about 85%

of the reserve (∼3.4 ha), to alleviate the visible decline in vegetation health.

Specifically, stormwater is harvested from an upstream catchment of about 16.3115
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Figure 1: (a) Location of the study site with respect to the Melbourne Central Business

District (CBD). (b) Locations of the contributing stormwater drainage catchment with

respect to the study site and soil moisture sensors. Images of the locations where the

soil moisture probes were installed: (c) SM1, (d) SM2, (e) SM3. A comparison of the

vegetation cover in (f) 2012, before irrigation was implemented, and (g) 2019, after a

few years of supplementary watering.
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ha, and used for irrigation with the intent to recharge the clay subsoil during

the wetter months, thereby providing a source of water for the remnant trees

in the dryer months (Figure 1b). The stormwater harvesting and irrigation

system was designed to include a vegetated swale, which also provides passive

treatment of stormwater flows while re-establishing an ephemeral waterway that120

naturally occurred before the area was urbanized. The vegetated swale conveys

stormwater from the urbanized catchment into an underground storage tank

(115 m3); the water is pumped from the tank at the end of each stormwater

flow event to supply a reticulated distribution system throughout the reserve.

Recharge bores (30 cm diameter and 45 cm depth) are used as part of the125

irrigation distribution network to promote direct infiltration into the clay layer

at 50 cm depth. The irrigation strategy aims at increasing the volume of water

received by the reserve of an amount equivalent to lengthening the duration of

each rainfall event up to 3 hours.

Since irrigation started in 2016, spontaneous revegetation of low and medium130

height plants has occurred in large areas of the reserve (Figures 1f and 1g).

However, it is difficult to determine whether this is a direct result of irrigation

or the return of rainfall patterns closer to the long-term averages in recent years

(i.e., 2012-2017).

Measurements of soil volumetric water content were collected at three lo-135

cations across the site (Figure 1b) from September 2014 to June 2018 using

fully encapsulated soil water capacitance probes (Drill & Drop by Sentek). The

probes measure soil volumetric water content through sensors spaced at 10 cm

intervals from the surface to a depth of 120 cm. Soil water profiles were recorded

every 15 minutes and accessed through the online software IrriMAX Live. Long-140

term (July 1999 - June 2018) meteorological data, including rainfall, air tem-

perature, relative humidity, wind speed, and solar radiation are available every

30 minutes from the Bureau of Meteorology (BOM) weather stations network

(BOM station Melbourne Airport).
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2.2. Modeling145

2.2.1. Tethys-Chloris model

Model simulations were carried out using the Tethys-Chloris (T&C) model

(e.g., Fatichi et al., 2014, Manoli et al., 2018b Mastrotheodoros et al., 2019),

which simulates essential components of the hydrological and carbon cycles, re-

solving energy, water, and carbon fluxes at the land surface at an hourly time150

step. The model combines equations for the energy and water balance bud-

gets, accounting for plant life-cycle processes, such as photosynthesis, carbon

allocation, and tissues turnover, which modulate the exchange of water and

carbon between land and atmosphere. A detailed description of the mathe-

matical formulation of the model components (i.e., energy and water fluxes,155

unsaturated-saturated zone interactions, subsurface-surface flows, and the pro-

cesses affecting the carbon balance of vegetation) can be found in Fatichi et al.

(2012). Further details about the model are also presented in the Supplemen-

tary Material (Text S1). Meteorological inputs required for forcing T&C in-

clude rainfall, air temperature, relative humidity, wind speed, solar radiation,160

atmospheric pressure, cloud cover or longwave radiation, and atmospheric CO2

concentration. Soil moisture dynamics are described by the one-dimensional

Richards equation (Richards, 1931) for the vertical flow of water in the variably

saturated soil column. T&C further accounts for biophysical and biochemical

vegetation attributes using modules to simulate plant-related processes, such as165

photosynthesis, phenology, carbon pool dynamics, and tissue turnover (Fatichi

et al., 2014, Fatichi and Pappas, 2017, Manoli et al., 2018a). Vegetation species

diversity can be represented by aggregating species into Plant Functional Types

(PFT). In this study, three PFTs were used to account for the coexistence of

trees, grass, and shrubs. The model can consider horizontal composition of veg-170

etation patches; in particular, the land cover composition accounts for the area

occupied by each vegetation type. Non-vegetated surfaces (i.e., bare soil) can

also be taken into account. T&C simulates a number of ecohydrological vari-

ables including transpiration, soil evaporation, evaporation from interception,

9



deep drainage (i.e., recharge), runoff, and profiles of soil moisture. It further175

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 physiolog-

ical thresholds characterizing incipient water stress. A reduction of β from 1

(unstressed conditions) affects plant photosynthesis, carbon allocation, and can180

trigger leaf shedding.

2.2.2. Model setup and parameter estimation

While different species and their spatial distribution can be accounted for,

the urban reserve here was represented as a one-dimensional vertical system, i.e.,

without accounting for micro-topographic conditions and spatial variability of185

the soil properties over the site. This simplification of Napier Park is consistent

with its small and homogeneous area and soil texture (i.e., soil is mostly clayey

below 40 cm across the whole area, therefore significant lateral fluxes of water

are unlikely), and allows an aggregated representation of reserve-scale ecohy-

drological processes as well as their response to different scenarios. The vertical190

soil domain was assumed to be limited to 1.8 m for a total of 20 discretization

layers. The soil vertical layers have thicknesses that increases with depth, start-

ing from 0.01 m at the surface. Free-drainage conditions were assigned at the

bottom of the soil column.

Consistent with observations from the investigation works between March195

and April 2010, the soil profile was modeled as a sandy silt (up to 0.4 m) overlay-

ing a heavy clay (between 0.4 and 1.8 m) (Table 1). The specific soil hydraulic

properties were obtained through the van Genuchten model (Van Genuchten,

1980); the soil hydraulic parameters were manually adjusted during calibration,

as discussed in section 3.1.200

Vegetation parameters (Table 2) were chosen based on literature and pre-

vious model applications (Fatichi and Pappas, 2017; Marchionni et al., 2020).

In particular, two PFTs (i.e., grass and trees) were considered covering 80%

and 10% of the reserve, respectively, with the remaining 10% considered as bare
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soil. An additional PFT (tall shrubs) was included for the scenario analysis, as205

described in section 2.2.3. These vegetation fractions were based on local obser-

vations of the areas in which soil moisture profiles were monitored, as shown in

Figure 1c-e. To describe the root depth distribution, a linear dose-response pro-

file was used (Collins and Bras, 2007). This required specification of the rooting

depths that contain 50% and 95% of fine root biomass (ZR,50 and ZR,95).210

Soil hydraulic parameters and root depth were manually calibrated to re-

produce the average soil water dynamics across the site (Figure 1b) using the

data collected between September 2014 and December 2015 (before the start

of irrigation). The ability of the model to reproduce soil water dynamics at

the site was then confirmed for the 12 month period between January 2016 and215

December 2016, when irrigation was applied. The atmospheric forcing consisted

of hourly observations of meteorological data from the nearby BOM Melbourne

Airport weather station. Soil moisture and vegetation carbon pool initial condi-

tions for the calibration simulations were generated by running a 1 year spin-up

simulation starting from soil moisture conditions coinciding with field capacity220

at the bottom of the clay layer and an equilibrium profile (zero-flux) in the rest

of the soil domain.

Table 1: Main soil parameters used in the simulations.

Depth

(m)

Soil

Type

van Genuchten coefficients

(θs, θr, α, n)a

Saturated hydraulic conductivity

(ks; mm h−1)b

0.0-0.4 Sandy Silt 0.30, 0.09, 0.020 mm−1, 1.7
ks=-15.39 ln(z)+115.43

0.4-1.8 Clay 0.57, 0.20, 0.0006 mm−1, 1.1

0.0-0.4 Sandy Silt 0.30, 0.09, 0.020 mm−1, 1.7
ks=-6.93 ln(z)+95.96

0.4-1.8 Sandy Loam 0.41, 0.06, 0.008 mm−1, 1.1

a Carsel and Parrish (1988)

b ks was assumed to be decreasing with depth (z, mm; 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, i.e., 80 (Sandy Silt) and 0.10 (Clay) mm h−1. For the sandy loam

layer, ks was assumed equal to 44 mm h−1 (Carsel and Parrish, 1988).
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Table 2: Main vegetation parameters used in the simulations.

Parameter Unit Trees Tall Shrubs Grass

ZR,50 m 0.50 0.20 0.15

ZR,95 m 1.60 0.60 0.30

hc m 20.00 10.00 0.10

a1 - 8.00 6.00 7.00

ψS2 MPa -0.10 -0.10 -0.07

ψS50 MPa -1.50 -1.50 -0.15

SL m2/gC 0.009 0.012 0.016

r gC/gN/d 0.042 0.036 0.038

AL,cr d 365 730 180

dmg d 20 15 20

Trr gC/m2/d 1.00 0.40 2.50

Ltr - 0.80 0.50 0.40

εac - 0.60 0.80 0.50

1/Klf d 40 50 40

Vc,max25 - 45 62 54

rJV - 2.00 2.00 2.10

ZR,50: root depth 50 percentile, ZR,95: root depth 95 percentile, hc: canopy height, a1:

empirical parameter connecting stomatal aperture and net assimilation, 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.

2.2.3. Scenarios

A series of numerical experiments were designed to investigate the effects of

increasing tree cover and irrigation rates on hydrological fluxes and vegetation225

productivity. Simulations were carried out using meteorological inputs from 1

July 1999 to 30 June 2018 observed at the BOM Melbourne Airport weather

station.

Different tree cover percentages (i.e., 10%, 20%, and 30%) were investigated.

An additional scenario was considered to account for the coexistence of trees230

(20%), tall shrubs (20%), and grass (50%) in areas of the reserve where spon-

taneous revegetation occurred mainly as low and medium height vegetation.

The coexistence of trees, shrubs, and grass coverage was obtained by decreasing

the percentage of grass cover while the percentage of bare soil (i.e., 10%) was

maintained constant throughout all simulations, as shown in Table 3.235
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Table 3: Numerical experiments used for testing the effects of irrigation scenarios for

different vegetation cover. The annual average of the additional water to the site is

also specified for each irrigation scenario.

Scenario

Code

Vegetation (%) Irrigation (mm y−1)

Trees Shrubs Grass Bare Soil NA +1h +2h +3h

T10 10 0 80 10

0 98 197 295
T20 20 0 70 10

T30 30 0 60 10

S20 20 20 50 10

According to the design of the existing irrigation system at Napier Park,

water was applied at a depth of 50 cm below the ground surface. Three dif-

ferent scenarios with irrigation of 0.5 mm h−1 after each rainfall event with

irrigation lasting 1, 2, and 3 hours were imposed for an annual average of ad-

ditional rainfall to the site of about 98, 197, and 295 mm, respectively. During240

the drought period there were still rainfall events (although rare) that allowed

implementing such irrigation strategy in our scenarios. A further scenario with

no irrigation was also considered, for a total of four scenarios for each vegetation

cover composition (Table 3).

To investigate the effect of soil properties on the vegetation response to245

irrigation, a sandy loam layer was considered instead of clay (Table 1) with

respect to two different vegetation covers (10% trees, 10% bare soil, and 80%

grass; 20% trees, 10% bare soil, 20% shrubs, and 50% grass) for all irrigation

scenarios.

Soil moisture and vegetation carbon pool initial conditions were generated by250

running a spin-up simulation of 19 years, starting from the soil at field capacity

at the bottom of the clay layer and an equilibrium profile in the rest of the soil

column.
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3. Results

3.1. Model calibration and testing255

Figure 2 shows observed and simulated soil water dynamics in the first 1.2

m of the soil domain in the periods selected for calibration (16 month period)

and confirmation (12 month period), after manually adjusting soil hydraulic

properties (Table 1) and root depths (Table 2).

The soil hydraulic parameters were homogeneous in the vertical direction260

within each soil texture class, except for the hydraulic conductivity at saturation

(ks), which was assumed to decrease with depth (z, positive downward) following

a logarithmic profile. A specific equation was derived by fitting a logarithmic

function to the values of ks for the two soil texture classes (Table 1).

Overall, the model captured the behavior of the soil water dynamics averaged265

across the two soil layers. In the top soil layers, i.e., 0-40 cm, soil water dynamics

were generally well captured by the model (R2 = 0.72 and RMSE = 0.022

m3m−3), although soil moisture appeared to be slightly underestimated in some

periods. At depths of 40-120 cm, soil moisture did not present large fluctuations

and the slightly out of phase seasonal cycle of the model caused a lower R2 of270

0.32. However, the magnitude of soil moisture and its fluctuations remained low

(RMSE = 0.018 m3m−3). The RMSE values for all the soil layers were below

0.04 m3m−3 that often represents observation uncertainty, and it is considered

acceptable for soil moisture modeling (Entekhabi et al., 2014).

3.2. Vegetation cover and soil scenarios275

3.2.1. Water balance

The simulated effects of different vegetation cover and irrigation scenarios

on the water balance components are shown in Figure 3, expressed as mean

values of the 19 years analyzed.

The average total evapotranspiration strongly increased with the percentage280

of tree cover, showing an increase of +26% with 30% of tree cover compared to
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Figure 2: Simulated and observed volumetric soil moisture in the calibration and

confirmation (highlighted in yellow) periods averaged over the depths of 0-40 and 40-

120 cm; observed volumetric soil moisture is represented as the mean values ± SD

(grey areas) of the three probes used in the analysis, i.e., SM1, SM2, and SM3.

the scenario with 10% of tree cover irrespective of the irrigation scenario (Fig-

ure 3a). This is mainly linked to an increase in the tree transpiration of about

+170% (Figure 3c). Irrigation was found more beneficial for grass transpiration

than tree transpiration, due to its shallower roots. However, when the 30% tree285

cover scenario was considered, trees were found to benefit from irrigation by

increasing their transpiration by about 6% with a +1h irrigation scenario com-

pared to the no irrigation scenario (Figure 3c, green bars). Both irrigation and

vegetation cover slightly affected evaporation from bare soil and from water in-

tercepted by the canopy (Figure 3d), with an increase in evaporation from bare290

soil by about 15% in the +3h irrigation scenario compared to the no irrigation

scenario, regardless of the vegetation cover.

Both leakage, i.e. the water percolating from the bottom of the soil domain,

and runoff decreased with increasing tree cover, and significantly increased with
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Figure 3: Simulation results averaged over the 19-year period (July 1999-June 2018)

illustrating the sensitivity of water balance components to vegetation cover scenarios

(i.e., 10% (T10; red), 20% (T20; black), and 30% (T30; green) tree cover as well as 20%

trees, 50% grass, and 20% shrubs cover (S20; orange)), and irrigation scenarios (i.e.,

No Irrigation, +1h, +2h, and +3h). (a) Evapotranspiration, (b) Grass transpiration,

(c) Trees (bars) and shrubs (dots) transpiration, (d) Evaporation from interception

(bars) and bare soil (dots), (e) Leakage from the bottom of the soil domain, and (f)

Runoff.

irrigation (Figures 3e and 3f). Specifically, results showed an average reduction295

in leakage of -71% with the 30% of tree cover compared to the scenario with

10% of tree cover without irrigation. Leakage increased considerably as a result
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Figure 4: Simulation results for the 19 year period (July 1999-June 2018) showing

annual values of the water balance components, i.e., rainfall and irrigation (P + Irr),

evaporation (E, i.e., evaporation from interception by canopy and ground evaporation),

transpiration (T, i.e., grass and tree transpiration), leakage from the bottom of the

soil domain (L), and runoff (R). Results correspond to the 10% tree cover scenarios

for no irrigation (left column) and +3h irrigation scenarios (right column) with (a, b)

a clay layer and (c, d) a sandy loam layer at the bottom of the soil (0.4-1.8 m). Grey

regions indicate the period of the Millennium Drought.

of irrigation, especially in the 30% tree cover scenario; this occurred because

a greater amount of water into the clay layer did not enhance tree transpira-

tion. The presence of shrubs led to more complex dynamics associated with the300

competition for soil water resources and consequently more variable soil mois-

ture profiles; this resulted in tree transpiration being always below the shrubs

transpiration despite both having 20% of the areal cover. Grass transpiration

also decreased considerably (-64% regardless of the irrigation scenario) when

compared to the 30% tree cover scenario, even though grass areal covers in the305

two scenario slightly differ, i.e., 50% for the trees-shrubs-grass scenario and 60%
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for the 30% tree cover scenario.

Soil properties and bottom-free drainage conditions strongly affected runoff

formation. In particular, without irrigation, runoff was equal to zero in most

years except during very wet years (e.g., 2011), as shown in Figure 4a for the310

10% tree cover scenario. When a +3h irrigation scenario was considered, sub-

stantial saturation excess runoff (and leakage) losses occurred due to the modest

changes in tree transpiration with increasing irrigation (Figure 4b). Different

soil water-vegetation dynamics were found when a sandy loam layer below 0.4

m was considered instead of clay for both vegetation covers. Specifically, for315

the scenario with 10% of tree cover and without irrigation, even though tree

transpiration did not increase, grass transpiration slightly decreased by about

-6% (Figure 4c). With the +3h irrigation scenario, tree transpiration increased

by +5%, whereas grass transpiration decreased on average by about -11% (Fig-

ure 4d). Overall, due to the favored drainage in the coarser texture soil, runoff320

was also absent during wet years and leakage increased quite significantly in all

scenarios, i.e., +28% for the scenario with no irrigation, +31% for the scenario

with +1h irrigation, +45% for the scenario with +2h irrigation, and +66% for

the scenario with +3h irrigation.

Soil properties considerably modified the effects of both irrigation and veg-325

etation cover on the vertical distribution of soil moisture (Figure 5). The high

water holding capacity of clay soil played a crucial role in maintaining high levels

of soil moisture in all vegetation cover scenarios (Figure 5a). When a sandy loam

soil below 0.4 m was considered, the storage capacity was found inadequate to

supply moisture to the woody plants even in the 10% tree cover scenario; addi-330

tionally, increasing competitiveness when shrubs are included affected the water

content profiles (Figure 5b).

3.2.2. Vegetation productivity

The simulated effects of vegetation cover and irrigation scenarios on vegeta-

tion productivity are shown in Figure 6 with respect to the 10%, 20%, and 30%335

tree cover, as well as for the scenario that accounts for the coexistence of trees
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Figure 5: Changes in vertical profiles of soil moisture. Long-term averaged soil mois-

ture (θ) profile with soil depth for the 10% tree cover scenario (T10) and for the

trees-shrubs-grass scenario (S20) with respect to the no irrigation, +1h irrigation, and

+2h irrigation scenarios. Results correspond to simulations with (a) a clay layer and

(b) a sandy loam layer at the bottom of the soil (0.4-1.8 m).

(20%), shrubs (20%), and grass (50%). Gross primary productivity (GPP), leaf

area index (LAI), and plant water stress factor (β) are used as variables to rep-

resent productivity, plant structure, and the risk of plants to wilt, respectively.

They are expressed as mean values of the 19 years analyzed and in terms of340

unit of vegetated area to compare the results irrespective of the percentages

of tree and grass covers (i.e., to obtain ecosystem GPP, the different fractional

contributions must be weighted).

Results suggest that, overall, changes in vegetation cover and irrigation

regime had more pronounced impacts on grass productivity than on tree pro-345

ductivity. The latter was marginally affected by the increased tree cover, only

19



Figure 6: Simulation results averaged over the 19-year period (July 1999-June 2018)

illustrating the sensitivity of vegetation productivity to vegetation cover scenarios (i.e.,

10% (T10; red), 20% (T20; black), and 30% (T30; green) tree cover as well as 20%

trees, 50% grass, and 20% shrubs cover (S20; orange)), and irrigation scenarios (i.e.,

No Irrigation, +1h, +2h, and +3h). Gross primary productivity (GPP; for unit of

vegetated area) for (a) trees (bars) and shrubs (dots), and (b) grass; leaf area index

(LAI; for unit of vegetated area) for (c) trees (bars) and shrubs (dots), and (d) grass.

showing a small decrease in the 30% tree cover scenario (-5%) and in the trees-

shrubs-grass scenario (-3%) (Figure 6a). Grass showed overall higher GPP with

increased tree cover because of reduced competition for water uptake at shallow

depths (+11% on average with 30% of tree cover compared to the scenario with350

10% tree cover; Figure 6b). When the coexistence of trees (20%), shrubs (20%),

and grass (50%) was taken into account, grass showed an overall reduction in

GPP by about -50% over the entire period of analysis across all irrigation sce-

narios (Figures 6b). Similar patterns were found in terms of LAI for both grass

and trees, with small variations of LAI for trees across all scenarios (Figures 6c355

and 6d).
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Overall, trees coped well with the drought in the 10% tree cover scenario,

but they appeared more stressed in the 30% tree cover scenario, as drought

intensified between 2007 and 2009, reaching the highest plant water stress (i.e.,

β=0.90) in 2007 (Figure 7e). Conversely, grass biomass was more responsive to360

changes in the water availability and showed a strongly variable LAI during the

simulated period in all vegetation cover scenarios, reducing LAI by -37% and

-25% in 2009 compared to the beginning of the Millennium Drought (2001) for

the 10% and 30% tree cover, respectively (Figure 7c). The impacts of irrigation

were quite pronounced in terms of tree productivity during dry years, especially365

for the scenario with the 30% tree cover, i.e., +31% in 2007 and +26% in 2016

when irrigation was considered (Figure 7b).

Shrubs tended to outcompete grass in most conditions, because grass is

highly susceptible to water stress (annual average values of β always below 1

except for very wet years, i.e., 2011) (Figure 8e). Trees were also found to be370

more stressed, showing a decrease in both GPP and LAI between 2007 and

2009 and in 2016 (Figures 8a and 8c). When accounting for irrigation GPP of

trees increased especially with respect to the +3h irrigation scenario compared

to the scenario without irrigation (i.e., +13% in 2007, +12% in 2008, +20%

in 2009, and +13% in 2016; Figure 8a). The presence of a sandy loam layer375

instead of a clay layer exacerbated the competition for water between woody

plants (i.e., trees and shrubs) and grasses, strongly affecting the overall tree

productivity (Figure 8b). In terms of plant water stress, trees were found to be

highly susceptible to water stress when irrigation is absent, reaching a minimum

value (β=0.83) in 2007; on the contrary, shrubs were overall less stressed than380

trees when irrigation is absent, with the exception of some years (i.e., 2001 and

2002) (Figure 8f).

4. Discussion

Results from this study indicate that, if the irrigation system had been

in place during the Millennium Drought, it could have helped both the trees385
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Figure 7: Simulation results for the 19 year period (July 1999-June 2018) correspond-

ing to tree covers of 10% (T10; blue) and 30% (T30; red) (a, c, e) without irrigation

and (b, d, f) for the +3h irrigation scenario. (a, b) Total annual values of gross

primary productivity (GPP; for unit of vegetated area) for trees (GPPT ) and grass

(GPPG). (c, d) Mean annual values of leaf area index (LAI; for unit of vegetated area)

for trees (LAIT ) and grass (LAIG). (e, f) Mean annual values of plant water stress

(β=1, unstressed conditions) for trees (βT ) and grass (βG). Grey regions indicate the

period of the Millennium Drought.

and grass by increasing soil moisture. However, the irrigation after the drought

seems to have benefited mostly the grass across the reserve. With a tree cover of

10%, simulations showed that trees coped quite well with drought even without

irrigation. This is mainly because the trees at Napier Park mostly rely on
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Figure 8: Simulation results for the 19 year period (July 1999-June 2018) without

irrigation corresponding to the scenario that accounts for the coexistence of trees

(20%), shrubs (20%), and grass (50%) for both soil types, i.e., (a, c, e) clay and (b,

d, f) sandy loam. (a, b) Total annual values of gross primary productivity (GPP;

for unit of vegetated area) for trees (GPPT ), grass (GPPG), and shrubs (GPPS). (c,

d) Mean annual values of leaf area index (LAI; for unit of vegetated area) for trees

(LAIT ), grass (LAIG), and shrubs (LAIS). (e, f) Mean annual values of plant water

stress (β=1, unstressed conditions) for trees (βT ), grass (βG), and shrubs (βS). Grey

regions indicate the period of the Millennium Drought.
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the water stored in the clay layer within the duplex soil. However, when tree390

cover was increased, trees were found to be more stressed especially during

the driest years. Therefore, increasing the volume of water available by means

of irrigating after each rainfall event would have helped a larger tree cover to

remain unstressed during the Millennium Drought (Luketich et al., 2019).

Model results also indicate that the coexistence of trees, shrubs, and grass395

strongly modifies the competition for water between woody plants (i.e., trees

and shrubs) and grasses (Eggemeyer et al., 2009). Differences in terms of rooting

depth and tolerance to lower water potentials are critical for plant water access,

canopy transpiration, and carbon assimilation. Shallow-rooted grass species

only access soil moisture in the shallow soil layers, while trees and shrubs have400

access to the water in both shallow and deep soil layers (Kim and Eltahir, 2004;

Rossatto et al., 2012). When shrubs are competing for water resources with

both grass and trees, a decline in grass productivity of about -50% was estimated

while trees showed small variations in GPP. Grasses wilted reducing their leaf

area and became almost inactive during dry periods, whereas trees and shrubs405

maintained their leaf area when stressed, with a reduction of transpiration via

stomata regulation (McDowell et al., 2008). When irrigation was considered,

competition was alleviated and GPP of trees increased, especially during the

drought period; conversely, GPP of grass did not increase much when shrubs

were introduced.410

By varying the amount of annual water input in a realistic range for Napier

Park, the trajectories of GPP with irrigation indicated that a threshold value for

the amount of irrigation needed can be determined, as also found by Volo et al.

(2014). Specifically, simulations showed that a +1h irrigation scenario (i.e., 98

mm y−1) was sufficient to largely reduce water stress. By adding further water,415

losses increased mainly through leakage from the bottom of the soil domain and

runoff; a slight increase in total evapotranspiration was also found mainly due

to an increase in evaporation from bare soil, thus not contributing to additional

plant productivity (Figures 3 and 6). Such results highlight the need for outdoor

water use optimization to avoid over-irrigation, especially in arid and semi-arid420

24



cities, where there is a trade-off between increasing vegetation productivity and

preserving water (Reyes-Paecke et al., 2019).

The high water holding capacity of clay soil played a crucial role in storing

water accessible to the trees. Conversely, when a sandy loam soil was consid-

ered, results indicate that most of the water is lost through leakage from the425

soil bottom, reaching about +66% when a +3h irrigation scenario was con-

sidered with respect to 10% tree cover. When soil is more sandy, the storage

capacity becomes insufficient to supply moisture to the woody plants for the

entire growing season, affecting their competitive performance. This is inten-

sified by the coexistence of trees, shrubs, and grass, with trees more stressed430

especially as drought intensified, suggesting that the water status and compet-

itiveness of vegetation may differ significantly depending on the soil type. The

clay layer can prevent percolation of water that remains stored in the soil and

can support vegetation with deeper root systems through periods of drought,

similarly to shallow groundwater resources in urban areas (Marchionni et al.,435

2019a; Marchionni et al., 2020).

The results of this study focus on hydrological fluxes and vegetation dynam-

ics, which are important drivers of ecosystem services in urban environments,

such as cooling and carbon sequestration; other ecosystem services, such as

recreational aspects, can not be analyzed with the T&C model. In addition, be-440

cause the results of this study are based on a model calibrated to specific sites

with certain climatic conditions, soil properties, and vegetation composition, it

would be difficult to transfer these results to other sites without conducting a

similar analysis. However, the results are indicative of the general impacts of

irrigation with respect to a wider range of vegetation species and compositions;445

this is especially relevant in arid and semi-arid urban areas, where the coex-

istence of native and non-native species may create unique biotic communities

highly dependent on irrigation. Moreover, in the current model application the

exact position of the tree canopies was not considered and the different types

of vegetation were not overlapped vertically (i.e., no grass is present under tree450

canopies). A full treatment of vertically stacked vegetation with an exact tree
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canopy distribution would require a full 3D scene and 3D solution of canopy

radiative transfer, which is beyond the scope of terrestrial biosphere models as

T&C and would require a much more detailed description of the urban reserve,

which is unlikely often available.455

5. Conclusion

By quantifying the impacts of irrigation on hydrological fluxes and vegeta-

tion dynamics, this study highlighted the role of water addition using harvested

stormwater to help buffer the effects of local rainfall decrease on urban reserves

and relatively large urban green spaces. We show that the vegetation cover and460

soil types needs to be considered when planning and designing irrigation rates.

In the analyzed case study, when tree cover is low, irrigation might not be crucial

to keep trees healthy, especially if some water stress in grassland can be toler-

ated. Conversely, an increase in tree cover and the introduction of non-native

species may result in higher water demand, thus making irrigation essential to465

the maintenance of such vegetation. Soil properties play an important role in

supporting vegetation water use by defining the ability to store water for evapo-

transpiration. This highlights the need for a sustainable balance between urban

greening, which provides ecosystem services, and water conservation. In this

context, mechanistic numerical models represent valuable tools to guide urban470

planning and for a sustainable design and management of urban green areas.
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