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Abstract

Background and aim<Green roofs are often installed to reduce urbamstater runoff. To
optimally achieve this, green roof plants need s water when available, but reduce
transpiration when limited to ensure survival. Gudent species commonly planted on green
roofs do not achieve this. Water availability aeen roofs is analogous to natural shallow-
soil habitats including rock outcrops. We aimedétermine whether granite outcrop species
could improve green roof performance by evaluatwager use strategies under contrasting

water availability.

Methods: Physiological and morphological responses of 1&2nige outcrop species with
different life-forms (monocots, herbs and shrubs) a common green roof succulent were

compared in well watered (WW) and water deficit (\Matments.

Key results:Granite outcrop species showed a variety of waserstrategies. Unlike the
green roof succulent all of the granite outcropcsge showed plasticity in water use.
Monocot and herb species showed high water user Wbk but also high water status under
WD. This was achieved by large reductions in fpmasion under WD. Maintenance of

water status was also related to high root mastidra

Conclusions:By developing a conceptual model using physiolalgtcaits we were able to
select species suitable for green roofs. The isieaties for green roofs were high water users

which were also drought tolerant.

Keywor ds. Granite outcrop, shallow soil, geophyte, watertrefes, trait,Sedum
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I ntroduction

Green or vegetated roofs have great potential $tore ecosystem services to cities by
reducing stormwater runoff (Carter and Jackson 20@nWoert et al. 2005), mitigating the
urban heat island effect (Bass and Baskaran 20@8)irecreasing biodiversity (Brenneisen
2006). Although reduced stormwater runoff is oahe of the benefits of green roofs, it is
the driver of green roof implementation, with citieternationally legislating or incentivising
green roofs for stormwater retention runoff reduct{Getter and Rowe 2006). Restoration
of ecosystem services at a city-scale requiresbisttanent of green roofs on existing
buildings, which may not have the structural cafyaiti support heavy loads. Consequently,
substrate (growing media) depths are generalljlastg< 20 cm), making green roofs
extremely difficult environments for plant growthdasurvival as water availability fluctuates
dramatically (Nagase and Dunnett 2010) and is offieriting between rain events
(Oberndorfer et al. 2007). As plant performanck wtimately determine the effectiveness

of green roofs in restoring ecological functionpagpriate plant selection is essential.

The most common plant species used on EuropearNarith American green roofs are
Sedumspecies (Oberndorfer et al. 2007). The genus igdllp selected for its drought
tolerance that is conferred by leaf succulence high water use efficiency due to
physiological adaptations such as CAM photosyngh@3urhman et al. 2007; Sayed 2001).
Although the conservative water useS#dunspecies increases their survival under drought
(Farrell et al. 2012), it means they may not bey\edfective at reducing stormwater runoff
(Nagase and Dunnett 2010; Wolf and Lundholm 200&ffective stormwater runoff
reduction is determined by the water holding caygaufi green roof substrates and their water
content prior to rainfall (Berndtsson 2010). Cansantly, species with low transpiration
rates may not dry out green roof substrates seffity between rain events, reducing rainfall
storage capacity and increasing runoff (Oberndcetesl. 2007). Designing green roofs to
maximise reductions in urban stormwater runoff ¢fieme requires plants that are tolerant of
extremes in water availability and can balance isatvunder drought conditions with

effective water use after rain events.

One way to improve green roof performance is tecgblant species from natural habitats
with similar environmental conditions to green m¢@fundholm 2006). Seasonal and diurnal
extremes of water availability are common on geamttcrops, also known as inselbergs

(Hopper 2000), making them ideal habitats for idgimg potential green roof plants. Plant
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species on granite outcrops, particularly in shalkoil-filled depressions, are exposed to
drought stress due to rapid runoff of rainfall, dngh irradiance and temperatures (Barthlott
and Porembski 2000a; Baskin and Baskin 1988; Ho@80). Soil moisture can be
depleted from field capacity to zero in under a kvemder such conditions (Gaff and
Churchill 1976). Soil depth in depressions vatesween 2-20 cm, with plant longevity
(Porembski et al. 2000), species richness (Co#inal. 1989) and survival (Phillips 1981)
tending to increase with depth. Although granitecmop vegetation has limited structural
diversity there are a broad range of life-formsr{Blatt and Porembski 2000b). Perennial
vegetation on rock outcrops generally consistseobphytes adapted to water scarcity, either
through stomatal control of water loss or xeromarpéatures such as sclerophyllous leaves,
succulence, leaf hairs or thickened cuticles (Klagd Brulfert 2000). Geophytes commonly
die back to persistent underground storage orgauasdaiought avoidance strategy (Biedinger
et al. 2000; Hopper 2000), resprouting when cood#iare favourable (Parsons and Hopper
2003). Monocots with a hemicryptophyte life-forrancalso have underground storage
organs such as rhizomes and are also common oropstHopper 2000). However, unlike

geophytes, these plants do not necessarily die c@oipletely every year (Parsons 2000).

The various life-forms on granite outcrops are ljikéo respond differently to drought.
Several studies from Mediterranean climates hawavstdistinct differences in the ability of
species to cope with seasonal drought (Galmés 20ar; Hernandez et al. 2010; Valladares
and Sanchez-Gomez 2006). Specific mechanisms bghwtiants can survive drought
include short-term physiological changes such asmatal closure, and longer-term
morphological changes in biomass allocation. Thaskide reducing light interception by
reducing leaf biomass and leaf rolling and incregsiccess to water through increased root
biomass (Chaves et al. 2003; Poorter and Nagel;2@00rter et al. 2012). Species which
have a higher capacity to undergo shifts in phggicial and morphological adaptation are
considered to have superior fitness and enhangeacitg to cope with short-and long-term
changes in climate (Nicotra et al. 2010). Howevan, in-depth investigation of the
physiological and morphological responses of défferplant species and life-forms from
granite outcrops to drought is lacking (Kluge andlfrt 2000).

For effective stormwater management, green roohtplaneed high transpiration rates
following rainfall yet need to down-regulate wategge when water is limiting to maintain

water status. We aimed to determine whether gramitcrop plants could achieve both high
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water use and drought tolerance and therefore itabifor green roofs. To achieve this we
compared the physiological and morphological respernof 12 granite outcrop species of
different life-forms (monocot, herb and shrub) andommonly used green roof succulent to
contrasting water availability (well watered andtevadeficit) under glasshouse conditions.
Specifically, we had four objectives: (1) determihe water-use strategies of granite outcrop
species/life-forms and a succulent under well vemteand drought stress conditions; (2)
determine the water status (level of drought sjrefgranite outcrop species/life-forms and a
succulent under well watered and drought stresditions; (3) determine whether plasticity

in physiological and/or morphological traits ispeasible for drought adaptation in granite
outcrop plant species; and (4) assess if physicébgiraits can be used to develop a

conceptual model for plant selection for green gahts.

Materials and methods

Species selection

Twelve species which grow on granite outcrops intls@astern Australia (chosen from
Victorian Ecological Vegetation Class (EVC) chaeaistic species lists) along with a
succulent commonly used on green ro&sdum pachyphyllumvere selected for this study.
The 12 granite outcrop species were from threedifens: 4 grass-like monocots; 4 herbs and
4 small shrubs (Table 1). They were obtainedxasnginth old seedlings from a commercial
nursery; whileS. pachyphyllumvas propagated from cuttings and grown for six thentin
early summer (December), 20 plants of uniform sizeach species were planted into 4 L
black plastic pots (200 mm diameter, 190 mm heigbfitaining 4.4 kg (added by weight) of
a scoria-based green roof substrate (60% aerdéitk [scoria 7 mm minus blockmix; 20% 7
mm red scoria aggregate and 20% coir). The scofiatrate has a water holding capacity of
46% and a bulk density of 1.26 g ¢nfFarrell et al. 2013). Twelve grams of low
phosphorous slow release fertiliser (OsmoRqikis, Scotts Australia Pty Ltd.; 16 nitrogen
(N):1.3 phosphorus (P):9.1 potassium (K)) was addetthe surface of each pot one month
post-planting. Plants were grown in a glasshousthe Burnley Campus, University of
Melbourne. Glasshouse temperatures ranged fram2.6 °C, with an average temperature
of 18.7 °C during the experiment. All plants weratered to pot capacity twice a week prior

to the start of the experiment.

Experimental design
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The experiment ran for 50 days, commencing on fhef7February (Mid-summer) and
finishing on the 28 of March (Mid-autumn), 2011. Five plants of easpecies were
randomly allocated to two treatments: well wate(@dW) and water deficit (WD). An
additional 10 substrate-only pots were used tordete evaporation rates from WW and
WD treatments during the experiment (5 pots peattnent). Pots were arranged in a
complete randomised block design (5 blocks). AHngs were watered twice weekly
(Monday and Thursday). WW plants were watereddbgapacity (2 L per pot) while the
WD treatment was watered with 20% of the water useevell watered plants (determined
gravimetrically) in the 3-4 days preceding eachesiag event. This WD treatment was
designed to stress each species relative to ilswagdred control and was used in preference
to a terminal drought treatment to allow sufficigithe for each species to adjust both

physiological and morphological traits to low watemilability.

Growth and biomass measurements

At the start of the experiment, 5 plants of eackcgs were harvested to determine initial
biomass (root, stem and leaf mass) and leaf aké#he conclusion of the experiment, on the
30 March all WW and WD plants were harvested t@uaeine total plant, leaf, stem and root
masses. Leaf areas on a subsample of leaves gpadles were measured using a LI3100
area meter (Li-Cor, Lincoln, NE, USA). Dry weightgere determined after oven drying
samples at 70 °C for one week (until a constangkteivas reached). Dry weights and leaf
areas were used to determine root mass fractionF(Rjvbot g' total plant), leaf area ratio
(LAR, m? leaf kg' plant) and specific leaf area (SLA kg™ leaf).

Soil water content over time

Soil water content (SWC) was determined from poigivs pre- (WD and WW) and post-

(WW only) watering. SWC was calculated by firstreating pot weight for estimated plant
weight at each weighing; estimated as: initial miash weight + daily biomass gain; where
daily biomass gain = (final fresh weight — initilesh weight) / number of days in

experiment. SWC was then calculated as: (correptedveight — substrate dry weight) /

substrate dry weight. Substrate dry weight wasrd@hed by drying the substrate from the
10 bare pots (5 per treatment) at the end of tlperaxent to a constant weight in a 70°C

oven.

Transpiration
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Transpiration (E) was determined by weighing patéote and after each watering event.
Transpiration was calculated by subtracting evapma(determined from substrate only
pots) from total water lost from each pot at eaaiging event. Cumulative transpiration
was calculated as the sum of transpiration over3f@edays of the experiment. Daily
transpiration per pot and per unit final leaf amgare then calculated from cumulative

transpiration.

Plant water status

Plants received their final watering event mid-miognon day 50. Pre-dawntgp) and
midday mp) leaf water potential were determined the follogviday (Day 51) on five
replicates of each species from WW and WD treatmeriteaf water potentials of fully-
expanded leaves were measured using a Scholamempnessure chamber (Soilmoisture
Equipment Corp., Santa Barbara, CA, USA). Due hortspetiole lengths, some water
potentials were measured on apical branches with I@aves. Some difficulty was
encountered in identifying the balancing pressuelgotoma axillarisand Arthropodium
milleflorum due to production of latex. (axillaris) or mucilage A. milleflorun) from the cut
surface. Applying pressure as per normal confaisedignal between expression of wound-
response fluid and the water column. This wasaee by maintaining the section at a low
pressure (0.1 MPa) in the chamber to promote esfme®f wound-response fluid. Once all
fluids were expressed and wiped from the cut serf@ehich generally took <1 minute),
pressure in the chamber was then increased apeahto reach the balancing point. Leaf
water potential measurementsSfpachyphyllumvere not captured in this experiment due to

high leaf succulence.

Leaf pre-dawn relative water contents (RWC) werso afletermined at the end of the
experiment (Day 51) on five replicates of each ggfrom WW and WD treatments. RWC
was determined as: RWC = (fresh weight — dry weifgdaturated weight- dry weight) x 100.
Fresh weights were weighed immediately after réqomyithe stem/petiole under water before
placing the leaf/small apical branch (as per leatew potential measurements) in 50 ml
centrifuge tubes with deionised water. Saturatedylts were measured after samples had
rehydrated in darkness at room temperature whioge from 21 to 24 °C. Samples were

then oven dried at 70 °C to a constant weight terdene dry weight.

Relating transpiration, biomass allocation, leafnplaology and plant water status
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Species in the WD treatment were stressed relédivheir WW control and therefore each
species received a different amount of water owerexperiment. To standardise the effect
of the WD treatment on rates of water use and wattdus and therefore make species/life-
form comparisons, transpiration of WD plants wapressed as a percentage of WW plants.
Transpiration of WD as a percentage of WW was theated to capacity of plants to
maintain water status (predawn water potentiabesponse to the WD treatment. Shifts in
biomass allocation (RMF and LAR) and leaf morphglogpLA) of WD plants were
expressed as a percentage of WW plants as wall alssiolute terms and related to predawn

water potential.

Statistical analysis

Differences in soil water content between days vesralysed within species using one-way
ANOVA. The day where SWC (before watering) was sighificantly different from the
previous day was identified as the point at whitdresl water in the pot was considered
depleted and plants relied solely on water deldrg the WD treatment (indicated by an
arrow in Fig. 1). Treatment differences within alpetween species and treatments were
analysed using one-way ANOVA. Relationships betwgeedawn water potential and
transpiration, biomass allocation and leaf morpbplevere analysed using simple linear
regression. Data were transformed where necetsanysure univariate normality. All data
presented in figures and tables are non-transfordagd. Significant differences between
species means were determined by Tukey’'s postdsigt < 0.05). All data analyses used
GensStat 12.1 (2009, VSN International Ltd.).

Results

Soil water content and transpiration

Species differed dramatically in rates of water pse pot under WW conditions, with
axillaris andDerwemtia perfoliatgherbs), transpiring 125.7 and 92.7 goHi*, compared to
the species average of 52.1 gCHd" (Table 2). In contrasS. pachyphyllumgommonly
used on green roofs used only 4.3 gOHpot' d’. Two shrubsGrevillea alpinaand
Hibbertia obtusifoliashowed similarly low transpiration rates on a peisis (Table 2).
However, when transpiration was expressed perfinait leaf area, all monocots, all shrubs
(exceptCalytrix tetragona and the hertD. perfoliata showed similar rates of water use

(Table 2). C. tetragonaandl. axillaris showed the highest rate of water use on a peiaafit
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area basis (more than two-fold higher than the nfieaall species). Granite outcrop species

transpired 9.6 - 58.8 times more tianpachyphyllunper unit leaf area.

Species differed in the time taken to deplete smter status to the minimum level
maintained by the WD treatment (Fig. 1) due toat#hces in transpiration rate on a pot basis
(Table 2). I. axillaris andD. perfoliata depleted stored water after 14 days on account of
high transpiration rates per pot. In contr&st,alpinaandH. obtusifoliatook 38 days to
deplete pot water capacity in the WD treatment tdueelatively low transpiration rates on a
per pot basis.S. pachyphyllunshowed the lowest transpiration rates of all sygeoie a per
pot basis under WD conditions and was the onlyisgdo not show a statistically significant

difference in transpiration rate between waternegtments (Table 2).

Shrubs did not show a significant difference imsiration between watering treatments,
when expressed per unit final leaf area (Table @j.the remaining specie8, milleflorum
(monocot),B. multifidaandC. semipapposurtherbs) andS. pachyphyllunfisucculent) also
showed no significant difference in transpirati@r pnit leaf area between treatments (Table
2). The remaining herb®( perfoliataandl. axillaris) and monocotsl§. admixta Lomandra
filiformis and Stypandra glaucashowed statistically lower transpiration per ueif area

under WD conditions compared with WW.

Plant water status

At the end of the experiment (day 51) species wiffan their predawn water potentidl=p)
and leaf relative water content (RWC) in resporsdghe WD treatment (Table 3). All
species showed a lowé¥pp for the WD compared with the WW treatment, witle th
exception ofA. milleflorum (Table 3). Species differed Mpp within the WW treatment,
with H. obtusifolig L. longifolia, I. axillaris, S. glaucaandA. milleflorummaintaining higher
Wep (-0.30 to -0.34 MPa) compared with semipapposumndCorrea reflexa(-0.65 to -0.70
MPa). Aside fromA. milleflorum S. glauca D. admixtaand|. axillaris all showed the
smallest difference ilpp between treatments (82-109%) reduction between &id/ WD
treatments). Under WD conditionS, alpinashowed the lowesPpp (-5.23 MPa) although
not significantly lower thaiC. semipapposurt4.61 MPa) oB. multifida(-3.70 MPa). All

monocotyledonous species dndxillaris maintained¥pp > -1.5 MPa under WD conditions.
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A. milleflorum L. longifolia, S. glaucaandl. axillaris showed no difference yp between
the WW and WD treatments while all other speciesagdd a loweyp for WD (Table 3).

I. axillaris and H. obtusifolia had the highes¥yp under WW conditions (-0.92 MPa),
significantly higher tha. admixta(-1.44 MPa)L. longifolia (-1.58 MPa) and. perfoliata
(-1.86 MPa). I. axillaris showed the highe&typ for the WD treatment (-1.03 MPa) which
was higher than all other herbs and the shrubsdeltJwD conditionsC. semipapposurand
G. alpinashowed the lowe&¥yp (-5.76 and -5.32 MPa).

There was no difference between treatments in aveadeaf relative water content (RWC)
for A. milleflorum L. longifolia, S. glaucaandS. pachyphyllunfTable 3). All other species
showed lower RWC in the WD treatment compared WithV. The largest difference in
RWC between treatments was shownBinmultifida and C. semipapposur(34 and 30%
lower for the WD treatment).l. axillaris had the highest RWC in the WW treatment
(101.7%) which was higher than the other herbs,stirebs except fo€. tetragonaandS.
glauca C. semipapposurandB. multifida had the lowest RWCs in response to the WD
treatment (61.2 and 61.8%) but were not signifiyadifferent fromG. alpina(65.7%) orH.
obtusifolia(72.6%).

Biomass allocation, leaf area ratio and specifiaflarea

Proportion of biomass allocated to roots (root niesstion; RMF) increased by 18-133% for
monocots (except. longifolia), shrubs (excepC. tetragona and S. pachyphyllumn
response to the WD treatment (Table 4. milleflorum (geophytic monocot) showed the
highest RMF under WW and WD conditions; signifidartigher than all species except
admixta Despite RMF increasing by the greatest proporinG. alpinain response to the
WD treatment (133%), it showed the lowest RMF untéiéb conditions (0.28 g Y
compared with species which did not differ betw&éw and WD conditions, includingZ.
semipapposur(0.46 g ) andL. longifolia (0.50 g &).

Leaf area ratio (LAR) was significantly lower und#D conditions for all species excdpt
perfoliata and|. axillaris (Table 3). A. milleflorum showed the highest LAR under WW
conditions, 3.5-fold greater than the lowe6t fetragona C. tetragonaalso showed the
lowest LAR under WD conditions (0.88%nkg™) while D. perfoliata showed the highest
(4.73 nf kg™).
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Specific Leaf Area (SLA) was significantly lower degr WD conditions than in WW plants
for all species excef. perfoliata |. axillaris andG. alpina(Table 3). C. tetragonashowed
the largest difference between WW and WD (52% redak; while L. longifolia showed the
smallest significant difference (15% reductiorh. milleflorumhad a substantially higher
SLA than all other species regardless of treat(iE26% greater than the mean of all other

species).

Relationships between transpiration, biomass alioraand plant water status

In the WD treatment there was a significant but kveagative relationship @R= 0.40; P =
0.028) between transpiration on a per pot basis @@ % of WW) and plant water status
(predawn water potential) across all species daddrms at the end of the experiment (Fig.
2a). There was, however, no significant relatigms&ietween transpiration per unit leaf area

or transpiration per unit final biomass and predawater potential (Fig. 2b and 2c).

There was no significant relationship between thenge in root mass fraction (RMF) and
predawn water potential between WW and WD condstiffig. 3a); however, species with a
high RMF in absolute terms typically showed a higiter status under WD conditions (Fig.
3b; R = 0.36; P = 0.039). There was no relationshipvbeh leaf area ratio (LAR) or
specific leaf area (SLA), on a relative or absolodsis, and predawn water potential at the

end of the experiment in the WD treatment (Fig38c-

Water use strategy and water status

Table 5 categorises the water use strategies atef status of each species into one of three
arbitrary categories to summarise key physiologicaits. Ideal physiological traits for
selecting green roof plants are highlighted andubte (i) high water users under well
watered conditions, (ii) low water users under waficit and (iii) species able to maintain
high water status under water deficit. No one E3eachieved all three ideal physiological
traits; however, in general the monocots arakillaris (herb) achieved both the capacity to
use high rates of water under well watered condlitias well as the capacity to maintain

water status under water deficit.

Discussion
This paper determined the suitability of granitecoop species for use on green roofs. For

green roofs to effectively reduce stormwater runeffigetation must not only use high

10
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amounts of water when available post rainfall tduee runoff, but also persist and survive

extended periods of drought.

Water-use strategies of granite outcrop specieseunaell watered and drought stress
conditions

We observed large differences between granite apitspecies in the rates of water use under
well watered conditions on a per pot basis. Spgectrild be allocated to one of three water
use strategies when water supply was not limitimgh, medium and low water users (Table
5). Most species achieved moderate-high trangpiraates, using substantially more water
than the commonly planted green roof succul8atjum pachyphylluniThese results suggest
that, despite the variety of water use strateglesexved, granite outcrop species are better
able to reduce stormwater runoff than highly covetve exotic succulent species (Wolf and
Lundholm 2008). Monocots and herbs tended to use mwvater than shrubs, which is likely
to be related to their ecological strategies aly emlonisers on shallow soil accumulations
on granite slopes (Beadle 1981). When water useexpressed on a per unit leaf area basis
rather than per pot, rates of water use were girfola8 of the 12 granite outcrop species.
For example, on a pot basis two of the smallestts). alpinaandH. obtusifolia showed
similar transpiration rates t8. pachyphyllumand depleted soil moisture at a slower rate.
However, their rates of water use were much higber a leaf area basis tha®.
pachyphyllum suggesting that smaller size, rather than coasees water use, delayed
depletion of soil moisture. As our plants wereth# same age, this indicates that plant size
(most likely leaf area), rather than inherent ddfeces in rate of water loss per unit leaf, was
the key driver of water use. Size of mature plamtherefore a critical design consideration

for green roofs if high water use is a desired.trai

Granite outcrop species also showed a range obmsspg to the water deficit treatment which
effectively mimicked their water use strategiesamaell watered conditions (Table 5). This
is not surprising as the volume of water deliveiegdlants under water deficit was dependent
on rates of water use of well watered plants; #x®osing each species to the same level of
drought stress relative to its own control. Thaucion in transpiration of plants under water
deficit relative to their well-watered control wdgywever, independent of this experimental
design. Three of the shrub&.(alping H. obtusifolia and C. reflexg and the herlB.
multifida showed the smallest reductions in transpiratiomfwell watered to water deficit

conditions. This response is often observed irrgreen shrubs from dry environments

11
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which typically show conservative rates of watee wgith low plasticity, low hydraulic
efficiency and low vulnerability to xylem embolis(@almés et al. 2007; Hacke et al. 2000;
Mitchell et al. 2008; Sperry and Hacke 2002). d¢mtcast, the shruls. tetragonashowed a
large reduction in transpiration from WW to WD d#fi conditions, indicating high
sensitivity to drought (Chaves et al. 2002; Spe2B00). Inconsistencies in water-use
strategies of similar life-forms are common in camgiive physiological studies and
highlight the need to describe species by physicdddehaviour (Cooke and Suski 2008).
The remaining species (monocots and herbs) showghdsknsitivity to water deficit through
large reductions in transpiration as soil moissiegus declined. High sensitivity to declining
water status is typical of perennial non-woody sgedrom water-limited environments
which must balance the need to maximise carbomdasion when soil moisture is high; yet

retain the capacity to survive short periods aémse water deficit (Chaves et al. 2002).

Water status of granite outcrop species under watered and drought stress conditions

In addition to high water use following rainfallreggn roof plants need to be able to tolerate
periods of drought due to low water storage capaxithe shallow substrate. We considered
species to have a higher relative level of drotiglerance if they were able to maintain water
status ¥pp) above -1.5 MPa when they received 20% of the muded by their well watered
control. Four monocot specieS.(glaucaD. admixta L. longifolia and A. milleflorurm) and
one herb I¢ axillaris), maintained high water status under this regimEhese species
typically occupy the shallowest soil-filled depress on granite outcrops (Bayly 1999;
Hunter and Clarke 1998) where abiotic stressesewere (Parsons and Hopper 2003; Shure
and Ragsdale 1977), therefore it is not surprigimg these species are well-adapted to
drought stress. The mechanisms by which they waehige high water status are less clear.
However, of these 5 species, all excBptadmixtashowed no difference iWyp between
treatments. This result indicates that, relativether species studied hefe,milleflorum L.
longifolia, S. glauca(monocots) and the herb axillaris showed isohydric behaviour by
maintaining similar midday water status under ho#il watered and water deficit conditions

(Tardieu and Simonneau 1998).

Isohydric behaviour is typically facilitated thrdudnigh stomatal sensitivity to increasing
evaporative demand/transpiration rate (Flexas.e2@06; Mott and Parkhurst 1991) or leaf
water status (Davies and Zhang 1991; Tardieu andeBd 993) regardless of soil moisture

status (Tardieu and Simonneau 1998). Although idendt measure stomatal conductance
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during this experiment, it is likely that the isalni species closed stomata and reduced
water-use to a minimum when soil moisture condgidm@came unfavourable. This would

explain relatively high water-use in the droughlgatment and a high water status. High
stomatal sensitivity to drought is a desirable ptiggical trait for plants on green roofs;

however, extended periods without gas exchange thev@otential to cause damaging leaf
temperatures (West et al. 2012), particularly ogegrroofs where surface temperatures can
exceed 60° C (Szarzynski 2000; Wong et al. 20@3nce, it is possible that these species
may suffer heat stress and aboveground parts magunave extended periods of drought

stress. However, a reduction or loss of abovegtargans is part of the ecological strategy
of these species as they are likely to surviveralgd periods of drought due to fleshy and

succulent belowground organs (Pate and Dixon 1981).

Of the species which did not maintain a relativielgh water status under water deficit, all
showed a large reduction Myp from well watered to water deficit conditions whic
typically suggests anisohydric behaviour (Tardiad &imonneau 1998). These results must
be interpreted with caution, as thp values for these species (-2.20 to -5.23 MPaxatdi
these plants were under a high level of drougleisst{Jacobsen et al. 2009). It is therefore
unclear whether these plants are physiologicalbstit and facilitating reductions Mvp
through elastic or osmotic adjustments (Sandersfandt 2012), or whether they have lost
turgor and were effectively dead or dying. It issgible that the behaviour of these species
was affected by the nature of the water deficiatireent and that our classifications of
isohydry and anisohydry may not hold in alternaieay. terminal) drought treatments (Pou
et al. 2012).

Plasticity in physiological and/or morphologicabits

Maintenance of water statu¥dp) in response to the water deficit was relatedhéodegree to
which species reduced whole plant transpiratioatired to their well watered control. The
five granite outcrop species which maintained ahhigater status during water deficit
reduced rates of transpiration to 23-28% of thesll watered control. This indicates an
enhanced capacity to survive periods of low wateiilability and was most likely achieved
through high stomatal sensitivity to declining wagapply (Jarvis and McNaughton 1986).

Whole plant responses to drought stress can al®dvien changes in plant biomass allocation

to avoid dehydration (Cowan 1981; Poorter and N2@€l0). Most species we exposed to
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water deficit increased allocation to roots anduoedl leaf area ratio and SLA. However,
there were no significant relationships betweenngka in morphological traits and
maintenance of water status in response to wafeaitdeFor example, RMF of the shru®.
alpina increased by 133% in response to water deficitthist was insufficient to maintain

water status.

Importantly, plants with inherently high RMF maimed water status when water was
limited. High RMF is common in plants from areaghwlow precipitation (Poorter et al.
2012). In our experiment the species with the &ésgiRMF were the four monocots, where
high RMF was due to underground storage org&ngjlaucaD. admixta L. longifolia had
fleshy rhizomes whileA. milleflorumhas tubers (Parsons 2000; Pate and Dixon 1981¢. T
shrubs and herbs in our study also had relativigly RMF when compared with a range of
drought-adapted species from Mediterranean enviemtsn (Hernandez et al. 2010).
However, with the exception df axillaris, these shrub and herb species were all severely
affected by water limitations and none were ablentintain water status despite relatively
high RMF. High RMF in shrubs from shallow soil hi@t$ is thought to increase plant
available water through increased access to craclsfissures and deeply stored water in
underlying bedrock (Poot and Lambers 2003; Stehi®©6). In our study root foraging

was limited by pot size, negating the benefitsighiRMF for maintaining water status.

The species which maintained water status underddfidlitions all possessed some degree
of succulence, which is likely to have enhanced ttepacity to maintain water status as soil
moisture declined (Eggli and Nyffeler 2009). Indrsucculents, such & pachyphyllum
water stored in stems and leaves is redistributedra the plant to maintain physiological
activity (Eggli and Nyffeler 2009). Similarly, piés which store water in underground
storage organs and use it for growth or floweriefpbe the onset of rain are also considered
succulents (Eggli and Nyffeler 2009)l. axillaris has succulent stems (Nikulinsky and
Hopper 1999) and the monoco& @laucaD. admixta L. longifolia andA. milleflorum) all
have fleshy underground storage organs (Parson@, Ze and Dixon 1981). Kluge and
Brulfert (2000) suggest that underground storaggms of hemicryptophytes may help to
maintain homeostasis in plant water budgets anthiexphe prevalence of this life-form on
granite outcrops. Rhizopoulou et al. (1997) atgmorted that the summer dormant geophyte
Asphodelus aestividsom the east Mediterranean showed high root waaezntial relative to

soil water status, due to below-ground water s@iagubers. In our study, it is likely that
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the high water content capacity Af milleflorum’stubers (up to 88%; Incoll et al. 1989)

facilitated maintenance of leaf water status ungter deficit.

Physiological traits can be used to develop a cphcal model for plant selection for green
roof plants.

Plant selection for green roofs needs to consitede-offs between low water use for
survival and high water use for stormwater mitigat(Maclvor et al. 2011). In order to
evaluate these potential trade-offs, we developedraceptual model where species were
categorised according to (i) water use strategyeuMdW conditions, (ii) rate of water use
under water deficit and (iii) maintenance of wagttus under water deficit (Table 5). Across
the 12 granite outcrop species there were diffe@gno response to water availability.
Preferred species for green roofs are those with Wwater use under well watered conditions
for effective stormwater mitigation and can maintavater status under water deficit
(Category 1 species) (Table 5). It is also geheedsumed that species with slow rates of
water use under water deficit conditions (Catedbsgpecies; Table 5) will be more drought
tolerant. However, we did not find this as shrutere unable to maintain water status
despite slow rates of water use under water defitite monocots anid axillaris (herb) had
high rates of water use when available and maiathiwater status under water deficit.
These species also had high rates of water use wader deficit but were presumably able
to tolerate drought stress and maintain water stittough stomatal closure or access to

stored water in underground tubers and rhizomes.

Life-form differences in water use strategies amdudht tolerance reflect differences in
species distribution across granite outcrop habitatSoil depth and water availability
determine vegetation structure and compositionsscrock outcrops (Shure and Ragsdale
1977). In our study the most drought tolerant gseche four monocots and the hérb
axillaris, all occupy shallow depressions on southern Austmalbutcrops (Michael and
Lindenmayer 2012) (Beadle 1981; Hopper et al. 1300mter and Clarke 1998). Globally,
monocots are relatively abundant and diverse ok oatcrops (Ornduff 1987; Pérez-Garcia
and Meave 2005) making up 32-45% of all speciemyparzed with 26% as the ‘normal
spectrum’ of Raunkiaer (Walters and Wyatt 1982).shallow depressions abiotic conditions
are both extreme and highly variable (Shure ands&ag 1977; Szarzynski 2000) and the
ability to cope with unpredictable or seasonal dtdus an important strategy for survival

(Hopper 2000). Facultative dormancy in monocothwinderground storage enables these
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species to survive severe drought but also makentigt of unpredictable rainfall for growth
or reproduction (Kluge and Brulfert 2000). Stentauence in herbs such &saxillaris
(Nikulinsky and Hopper 1999) would also facilitapersistence in shallow depressions.
Shrubs generally occur in deeper soil depressiangn acracks (Biedinger et al. 2000;
Porembski and Barthlott 2000) and may avoid watess by accessing deeper stored water
in the underlying bedrock (Poot et al. 2012; Schmivig 2010). While this is successful
strategy on outcrops, access to water on greers igoimited by the shallow profile and
therefore the high water potentials and anisohydrgponse of shrubs to water deficit is a
risky strategy. These species also had inherdoily water use under well watered

conditions and would not be very useful for storrrevanitigation.

Potentially rates of water use under water defi@ly be a consequence of our experimental
design. Although all species were exposed to éimeeslevel of drought stress relative to the
control, species which used more water under walieved conditions also received more
water under water deficit. This additional wateaymhave been sufficient to maintain water
status in the high water users under water defidibwever, species behaved similar under a
subsequent experiment under terminal drought (datashown). Further, as previously
mentioned, under terminal drought, species would have had sufficient time for

morphological changes to occur in response to dirbag they did under water deficit.

Conclusions

By using physiological traits as a screening tod identified several potential granite
outcrop species, which were drought tolerant higltewusers. These species optimize green
roof performance by using high amounts of watermwités available and reduce runoff, but
they will also persist and survive periods of dioug Unlike the green roof succuler8. (
pachyphylluny all of the granite outcrop species showed ptagtin water use. However,
the best species for green roof selection in autystvere the monocot#\( milleflorum S.
glaucg D. admixta L. longifolia) and the herBb. axillaris which had the highest rates of
transpiration under well watered conditions andda@lso maintain water status under water
deficit. This was achieved through reduced tramas$ipin and/or high inherent RMF and
demonstrates that high water users can also begliraolerant making them the most
suitable species tested for green roofs. Theseiespall had some degree of root, stem or
leaf succulence and future plant selection for gmeefs should prioritise these traits in non-

Sedumspecies. Our conceptual model provides a frameviarireen roof plant selection
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based on physiological traits and future reseanchilsl validate this approach, particularly in
regard to stormwater runoff from extensive greewfgo Further, although it is tempting to
plant roofs with these optimal species, we beliénat green roofs should still be planted with
a diversity of life-forms and drought avoidanceastgies to ensure both performance and
resilience (Lundholm et al. 2010; Maclvor et al12) Other criteria such as plant form and
aesthetics may also be important considerationgléort selection on highly designed green
roofs. This approach of species selection basedploysiological response to water
availability also has great potential for improviegosystem services provided by green

infrastructure beyond green roofs.
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Figure captions
Fig. 1 Soil water content (SWC) over time for well wate(®dW; open symbols) and water-

deficit (WD; closed symbols) treatments over theirse of the experiment (50 days) for
grass-like monocotyledons (left), herbs (centred ahrubs (right). Values represent mean
SWC before and after re-watering events every aysd Arrows for the WD treatment

indicate the day after which there was no significdifference (one-way ANOVAS) in pre-
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or post-watering SWC between days; thereby diffiméng between the initial drying phase
to the left of the arrow and the steady-state phadbe right. Sedum pachyphyllums not
shown here as it did not reach a steady-state SWdap 50 in the WD treatment. Bars on

values represent mean standard error (n=5)

Fig. 2 Relationship between pre-dawn water potential an fthal day of the experiment
(Wep) and transpiration (E) under water deficit (exgegsas a proportion of the well watered
(WW) control for each species). E is calculatethtmn a per pot basis (A) and per unit leaf
area (LA) at final harvest (B). Different symbatslicate life-form, where white squares =
monocots, black triangles = herbs and grey cirelebrubs. Bars represent standard error of
the mean (n=5)

Fig. 3 Relationship between pre-dawn water potential a@nfthal day of the experiment
(Wpp) and root mass fraction (RMF), leaf area ratio R)Aand specific leaf area (SLA) under
water deficit. RMF, LAR and SLA are expressed treéato the well watered (WW) control
(A, C and E) and in absolute terms (B, D and F)efach species. Different symbols indicate
life-form, where white squares = monocots, bla@kngles = herbs and grey circles = shrubs.

Bars represent standard error of the mean (n=5)
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781  Tablel Life-forms and descriptions of granite outcropaps used in drought screening experiment

Family Species Raunkiaer (1934) Life-form Classification
M onocots

Antheracea Arthropodium milleflorur Geophyt

Phormiacea Dianella admixt; Graminoid Hemicryptophy
Lomandraceae Lomandra longifolia Graminoid Hemicryptophyte
Phormiaceae Stypandra glauca Graminoid Hemicryptophyte
Herbs

Asteraceae Brachyscome multifida Hemicryptophyte
Asteraceae Chrysocephalum semipapposumHemicryptophyte
Scrophulariace Derwentia perfoliat Hemicryptophyt

Lobeliacea Isotoma axillarit Hemicryptophyt

Shrubs

Proteacee Grevillea alpine Chamaephy!

Dilleniacea Hibbertia obtusifoli Chamaephyt

Rutaceae Correa reflexa Chamaephyte

Myrtaceae Calytrix tetragona Chamaephyte

782 Geophyte= persistent buds buried to a depth of 2-3 cm;

783 Hemicryptophyte= persistent buds are in the immediate vicinityhef soil surface only, maximum height of 1 cm;
784 Chamaephyte persistent buds greater than 1 cm and less2®&0 cm above ground surface.

785

786

787

788

789

790

791
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797
798

799

800

Table 2 Average daily transpiration (E) per pot and pewesg metre of final leaf area for
well watered (WW) and water deficit (WD) treatmentgalues in parentheses show mean
P-values indicate significdifferences between treatments within
species. Different letters indicate significanffetiences between species within treatments
(all P-values <0.001). Transpiration of water diéfplants is also expressed as a percentage
of well watered plants (WD% of WW) for species wahsignificant difference between

standard error (n=5).

treatments
E (gH,0 pot™ d™) E (gH,0 m?d™?)
Species WW WD  P-value WD% of WW WD P-value WD% of
WW WW

M onocots

A. milleflorum 49.8°¢ 135 0.002 27 408 489%™  0.326 -
(8.0) (0.01) (72) (44)

D. admixta 71.0°¢  17.5° <0.001 25 608° 315  <0.001 52
(76) (0.2 (32) (29)

L. longifolia 39.9"%* 11.3° <0.001 28 78%  547*  0.003 70
(3.00 (0.2) (42) (36)

S. glauca 85.1% 219" <0.001 26 7186 384*  0.005 54
(7.8)  (0.4) (79) (28)

Herbs

B. multifide 36.2°°  10.e°  0.00: 30 133¢¢ 1378 0.89¢ -
(6.0)  (0.5) (224)  (148)

C. 46.7°°%  11.4° <0.001 24 1116 846  0.159 -

semipapposum (4.9) (0.2) (148) (92)

D. perfoliata 92.7%" 2419 <0.001 26 608 245° 0.003 40
(10.9)  (0.3) (83) (31)

. axillaris 125.7" 285" <0.001 23 18438 1092  0.003 59
(9.4) (0.1) (108)  (144)

Shrubs

G. alpina 14.4*  7.9° 0.018 55 778 920%°*  0.459 -
(22) (0.2) (91) (131)

H. obtusifolic 19.2%°  7.1°  0.001 37 786" 1267  0.05¢ -
(2.4)  (0.4) (51) (65)

C. reflexa 34.0°  10.7° 0.002 31 85% 675%  0.283 -
(5.1) (0.1) (119) (71)

C. tetragona 58.5%" 143"  0.002 24 227% 2276°  0.996 -
(9.6) (0.1) (489)  (518)

Succulents

S. pachyphyllum  4.3% 5.2°  0.807 - 38 90° 0.131 -
(36) (0.2 (30) 8)
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Table 3 Mean leaf water potential at pre-dawke() and midday Wwp) and leaf relative
water content at pre-dawn (RWC) for well wateredf)\and water deficit (WD) treatments

on day of harvest (Day 51). Values in parenthekesv mean standard error (n=5). P-values

indicate significant differences between WW and \tv€atments within species. Different
letters indicate significant differences betweerecsps within treatments (all P-values
<0.001). Water potential was not determined (ifiad)S. pachyphyllundue to high leaf

succulence
Yoo (M Pa) ¥yup (M Pa) RWC (%)
Species WWwW WD P-value WW WD P-value WW WD P-value
M onocots
A. milleflorun -0.3¢%  -0.5C¢ 0.08¢ -1.02%%¢ 120 0.45( 98.E£Pce 96.€¢ 0.117
(0.03) (0.04) (0.10) (0.17) (0.4) (0.8)
D. admixta -0.53%%  .1.05%  0.026 1.44°  2.42°¢"  <0.001 98.83° 95.0%  <0.001
(0.10) (0.17) (0.12) (0.10) (0.5) (0.2)
L. longifolia -0.31°  -1.1€™  0.007 1.5¢*  -1.8:%"  0.38¢ 99.7% 98.C" 0.622
(0.05) (0.24) (0.20) (0.21) (0.4) (2.9)
S. glauca -0.34%  .0.62° <0.001 -1.1f%* -1.36""  0.128 91.8%  90.8°¢  0.473
(0.02) (0.05) (0.09) (0.12) (1.2) (0.4)
Herbs
B. multifida -0.49%°*  .3.70°  <0.001 1.17%% .3.82™ 0.005 93.5" 61.8° <0.001
(0.02) (0.63) (0.07) (0.69) (1.6) (5.1)
C.semipapposu  -0.65%  -4.61*  <0.00] 1.52%  57¢?  <0.00] 87.£° 61.2° <0.001
(0.07) (0.27) (0.09) (0.26) (2.4) (5.7)
D. perfoliata -0.40° 220  <0.001 -1.86  -3.63" <0.001 92.6° 80.6™*  0.002
(0.02) (0.24) (0.15) (0.31) (0.4) (2.4)
. axillaris -0.34%  -0.71¢ 0.00< -0.9z¢ -1.07 0.35( 101.7¢ 95.£¢ 0.04¢
(0.04) (0.08) (0.08) (0.08) 1.2) (2.3)
Shrubs
G. alpinz -0.5(3 .52z  <0.00] 1.04%%¢  .53:z%  <0.00] 90.5° 65.7%  <0.001
(0.08) (0.60) (0.04) (0.26) (3.2) (3.9)
H. obtusifolia -0.307  -2.97™  <0.001 -0.93 -3.83 0.002 91.3* 72.6%  <0.001
(0.03) (0.49) (0.03) (0.67) 1.2) (3.3)
C. reflex: -0.7¢2  -3.071"  <0.001 -1.2¢Pc% .2 g¢™ 0.00¢ 91.z3%  77.1b% 0.01¢
(0.04) (0.36) (0.09) (0.47) (1.3) (4.6)
C. tetragona -0.57%  -2.49%  0.002 -1.06°  -2.80°* <0.001 90.4° 81.3"*  0.011
(0.05) (0.36) (0.09) (0.09) (1.7) (2.1)
Succulents
S. pachyphyllum n.d. n.d. n.d. n.d. 94%*  95.8° 0.337
(0.7) (1.2)
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810 Table 4 Root mass fraction (RMF), leaf area ratio (LAR)Yaspecific leaf area (SLA) for
811  well-watered (WW) and water-deficit (WD) treatmentd/alues in parenthesis represent
812 mean standard error (n=5). P-values indicate fgigmit differences between WW and WD
813 treatments within species and different lettersotieisignificant differences between species
814  within WW or WD treatments (all P values <0.001)

RMF (gg”) LAR (m*kg’plant) SLA (m” kg leaf)

Species WW WD P-value WW WD P-value WW WD  P-value

M onocots

A. milleflorun 0.67 0.81¢ 0.00¢ 7.81¢  2.9¢%  0.00¢ 20.7° 15E"  0.00¢
(0.05)  (0.02) (1.36)  (0.38) (1.1) (0.9

D. admixta 0.54°  0.69¢ 0.004 3.63* 218" 0.007 83" 6.6 0.021
(0.04)  (0.01) (0.32)  (0.23) (0.4)  (0.4)

L. longifolia 0.42% 0,50  0.19¢ 4.5z° 337 0.00¢  7.6*° 6.7 0.03¢
(0.02)  (0.04) (0.22)  (0.17) (0.4)  (0.3)

S. glauca 0.44%  052% 0.016 4.04° 3.02° 0046 11.3° 1019 0174
(0.02)  (0.02) (0.35)  (0.29) (0.7)  (0.5)

Herbs

B. multifida 0.38°¢ 0.42%" 0379 296" 151%® 0005 9.2° 55°¢ (0.016
(0.02)  (0.04) (0.36)  (0.13) (1.0) (0.7)

C. 0.42%  0.4€°%  0.61:  3.283C 21zPC 0,048 9™ G.C°% 0,047

semipapposum  (0.03)  (0.05) (0.41) (0.22) (0.9 0.2)

D. perfoliata 0.34°° 0.39%* 0.219 483" 4.73° 0.828 10.0°° 10.8° 0.247
(0.03)  (0.02) (0.40) (0.17) (0.4)  (0.5)

. axillaris 0.4€%  0.4¢® 0.25¢ 2.07* 2.11°% 0907 9.2%* 8z  0.14c
(0.02)  (0.05) (0.26)  (0.21) (0.3) (0.5)

Shrubs

G. alpinz 0.1z°  0.2¢€° 0.00¢  3.5(™ 2.0 0.02¢ 6.2* 4™  0.12
(0.01)  (0.03) (0.43)  (0.20) (0.7) (0.3

H. obtusifolia 0.33** 056 <0.001 364" 1.13* <0.001 8.7 54" 0.001
(0.02)  (0.01) (0.76)  (0.05) (0.2)  (0.4)

C. reflex: 0.2¢*  0.3z% 0.047  4.4EPC  2.4€%%"  0.02¢ 12.€% 7.5 0.02¢
(0.01)  (0.02) (0.61) (0.14) (1.5)  (0.3)

C. tetragona 0.28"™ 0.38%*  0.082 1.73 0.88° 0.002 5.6 2.7%  <0.001
(0.02)  (0.03) (0.16)  (0.10) (0.26)  (0.4)

Succulents

S. pachyphyllum 0.21* 0.36® 0.013  650° 3.09 <0.001 12.2 7.8% <0.001
(0.01)  (0.04) (0.32) (0.19) (0.7)  (0.4)

815
816
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817 Table 5. Synthesis of key results categorising species according to: (1) water use strategy

818 under well watered (WW) conditions (daily transpiration rate), (2) rate of water use under
819 water deficit (WD), i.e. time taken to effectively deplete soil moisture content and (3) water
820 status (predawn water potential; Wpp) under water deficit at the end of the experiment.

821 Life-form indicated in parentheses with M = monocot, H = herb, S = shrub and Su =

822 succulent. Categories are arbitrarily assigned and shading represents desirable

823 characteristics for green roof plant species. “*’ indicates that although W,y was not

824 measured for Sedum pachyphyllum, leaf relative water content data (see Table 3) suggests it
825 maintained a high water status under water deficit.

Characteristic

Category 1

Category 2

Category 3

Water use
strategy when
well-watered

(Ww)

Water use
strategy under
water deficit
(WD)

Water status

(Wpp) under

water deficit
(WD)

High water users
(>70 g H,0 pot™ d)
D. admixta (M)

S. glauca (M)

D. perfoliata (H)

1. axillaris (H)

High water users
(>20 g H,0 pot'1 d'l)
S. glauca (M)

D. perfoliata (H)

I. axillaris (H)

High water status
(Wpp<-1.5 MPa)
A. milleflorum (M)
D. admixta (M)
L. longifolia (M)
S. glauca (M)
1. axillaris (H)
*S. pachyphyllum (Su)

Moderate water users
(30-50 g H,0 pot™ d™)
A. milleflorum (M)

L. longifolia (M)

B. multifida (H)

C. semipapposum (H)
C. reflexa (S)

C. tetragona (S)

Moderate water users
(10-20 g H,0 pot™ d*?)
A. milleflorum (M)
D. admixta (M)

L. longifolia (M)

B. multifida (H)

C. semipapposum (H)
C. reflexa (S)

C. tetragona (S)

Moderate water status
(Wpp -1.5 to -3.0 MPa)
D. perfoliata (H)

C. tetragona (S)

Low water users
(<20 g H,0 pot™ d?)
G. alpina (S)

H. obtusifolia (S)
S. pachyphyllum (Su)

Low water users
(<10 g H,0 pot'1 d'l)
G. alpina (S)

H. obtusifolia (S)
S. pachyphyllum (Su)

Low water status
(Wpp>-3.0 MPa)
B. multifida (H)
C. semipapposum (H)
G. alpina (S)
H. obtusifolia (S)
C. reflexa (S)
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