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Abstract

Growth is one of the most important phenologicaley in a plant’s life. Higher growth rates
increase the competitive ability, survival and wgionent and can provide a measure of a
plant’s adaptive capacity to climate variabilitydachange. This study identified the growth
relationship of sbEucalyptus species to variations in temperature, soil mogstwvailability,
photoperiod length, and air humidity over 12 monfftse six species represent two naturally
co-occurring groups of three species each repriegenarm-dry and the cool-moist
sclerophyll forests respectively. Warm-dry eucaywere found to be more tolerant of
higher temperatures and lower air humidity thanab@-moist eucalypts. Within groups,
species-specific responses were detectedRvithicrocarpa having the widest phenological
niche of the warm-dry species, exhibiting grea¢sistance to high temperature and lower air
humidity. Temperature dependent photoperiodic nesps were exhibited by all the species
exceptE. tricapra andE. sieberi, which were able to maintain growth as photoperiod
shortened but temperature requirements were &dfiEucal yptus obliqua exhibited a

flexible growth rate and tolerance to moisture tation which enables it to maintain its
growth rate as water availability changes. The widmperature niche exhibited By

sieberi compared td. obliqua andE. radiata may improve its competitive ability over these
species where winters are warm and moisture dadsmwibgrowth. With climate change
expected to result in warmer and drier conditionsduth-east Australia, the findings of this
study suggest all cool-moist species will likelffsunegative effects on growth while the
warm-dry species may still maintain current grovdtes. Our findings highlight that climate
driven shifts in growth phenology will likely occas climate changes and this may facilitate

changes in tree communities by altering inter-dpecompetition.

Keywor ds: Eucalyptus, phenology, climate, soil moisture, photoperiod
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I ntroduction

The impact of recent climate change on plant ptegyhas increasingly been documented
over the last 15 years (Hughes 2000; Root and Hug@e4; Linares et al. 2012). Changes in
phenology can have direct and/or indirect impaatplant diversity (Post and Stenseth 1999;
Post et al1999; McCarty 2001) and plant distribution (Chuaral Beaubien 2001). Due to
the sensitivity of plant phenology to climate vaildy and the influential nature that it can
have on species distributions, understanding thigorese of species phenology to climate
variability and change is important (Hobbie and @ha998; Menzel 2002). Of particular
importance for predicting a species response toaté change, is an understanding how
growth phenology interacts with climate (Linareget2012).

Phenological events of plants are typically comgidby environmental factors (Hopp 1974)
and are influenced by each other (Primack 198AjirBnmental factors that mainly affect
phenological events are temperature, moistureahiitly, soil and light (Scurfield 1961;
Ashton 1975ab; Primack 198%ozlowski and Pallardy 1997; Keatley and Hudson@®00
Badeck et al. 2004). Recruitment and plant growghhéghly dependent on moisture
availability and temperature (Kozlowski and Pallai®97; Cochrane et al. 2011) the latter
playing a significant role in vegetative and reprctive phenology (Valdez-Hernandez et al
2010). Photoperiod length, defined as the duraifatay light or sun hours that plants
receive in a day (Garner and Allard 1920) is afspartant for growth (Vaartaja 1963),
typically following temperature, in the phenolodicgcle (Saxe et al. 2001; Badeck et al.
2004). The effect of photoperiod length (i.e. longeshorter day) on plant phenology in
Eucalyptus species, however, has been found to be a limisltén 1956; Cremer 1960;
Vaartaja 1963). Vaartaja (1963) suggested that mestspecies from warmer climates are
not responsive to changes in photoperiod lengthpeoed to species from cold climate
regions. South-east Australia occurs at the tramnsiietween warm and cold climate species
as defined by Vaartaja (1963). Air humidity is dretfactor that has been found to affect
plant growth (Marsden et al. 1996; Nataraja e1898).

The seedling stage of a plant is the critical pressseedlings exhibit a high sensitivity and
low tolerance to environmental conditions (Rehfeldal. 1999; Green 2005; Chhin and
Wang 2008; Morin et al. 2010). As seedlings aretéohin their access to soil nutrients and

moisture, higher growth rates can facilitate actesbese resources and in turn increasing
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their competitive ability and survival (Wrigkt al. 2004, Vitasse et al. 2009). Growth rate is
therefore regarded as an important characterlsdicrheasures a plant’s capacity to adapt to
climate variability and change (Green 2005), argldatrong impact on survival and long-
term persistence (Vitasse et al. 2009). Measurs asl height, diameter, and biomass
growth along with growth cessation are typicallienconnected with each other and as such
a detailed understanding of a species phenologgsalbonse to environmental heterogeneity
may provide insights into a species’ adaptive ciép&c predicted climate change (Green
2005, 2007; Cochrane et al. 2011). In addition eusinding the phenological responses of
co-occurring and adjacent species may shed ligtth@mmpacts of climate change on the
competitive ability of these species as a mechafosnmstigating changes in community

composition (Menzel and Sparks 2006).

Although the effect of climate change on plant fwimg phenology is well documented in

the northern hemisphere, in Australia, documertiegimpacts of climate change on species
phenology is limited due to the lack of long-teratasets (Chambers 2006; IPCC 2007).
Predicted climate change for south-east Australithb 2080s is for temperatures to increase
by 2714°C and precipitation to decline by130% leading to an increase in moisture deficits
along with an increase in drought events (CSIROthadBureau of Meteorology 2007).
Significant changes in plant communities are e>gubédr Australia; and in particular for the
genusEucalyptus, with many species occurring within a narrow terapge and moisture
range (Hughes et al. 1996; Hughes 2003).

For the eucalypt species of south-east Austrdiexrethave been few studies on growth-
climate relationships with the majority of reseafebussed on flowering phenology (Keatley
et al. 2002). A few studies have identified phegaal observations around growth initiation
and cessation (Ashton 1975a; Cremer 1975), howewerprehensive studies on the
relationship between climate and growth phenolagyren-existent. Ashton (1975a) found
that the active height growth period terregnans is from spring to mid-summer with growth
rate strongly correlated to mean maximum tempegatu€remer (1975) also found that
vegetative shoot growth and development of yongegnans seedlings was directly
controlled by air temperature. A population studyseedlings oE. obliqua by Wilkinson
(2007), however, found difference in growth ratesaieen gully, ridge and mid slope sites
with lower growth exhibited on warmer and driergédsites, which suggests that both

temperature and moisture are influencing growtte liinited studies conducted to date on
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eucalypts in south-east Australia therefore sugpesttemperature and in some cases

moisture are the important drivers of seedling dhoand survival.

Understanding the growth-climate relationship a@ps, particularly at the seedling stage, is
an important component for inferring future spedesributions and community
compositions (Chhin and Wang 2008). A species’ ciyp#o persist in a given location may
be governed by its phenological plasticity as iated intra population variation has been
found to affect the ability of species to cope witttiable and contrasting precipitation
regimes and growing season durations (Linares @04R). This study explores the effect of
environmental variability on seedling growth phexgyl of co-occurring eucalypts from two
distinct climatic regions of south-east Australiie study focuses on examining the growth
traits of plants in response to variation in terapene, photoperiod, soil moisture availability,
and air humidity. The study ultimately seeks taniifg the temperature range/niche in
interaction with soil moisture availability at whi¢he eucalypt species will grow, and to

determine the degree of plasticity for each species
Materials and methods
Species selection

Six Eucalyptus speciesvere selected from both dry and wet sclerophyk$otypes located
in the temperate region of Victoria, south-easttfals. The co-occurring species.
microcarpa (grey box),E. polyanthemos (red box) ancE. tricarpa (red ironbark) represent
the dry open “box-ironbark” sclerophyll forest bktwarm temperate region of Victoria
(Newman 1961, Orscheg et al. 2011). Annual rainfethis region ranges from 400 to 970
mm and the maximum/minimum temperature ranges #8no 33C / -1 to 4C respectively
(Boland et al. 2006 Eucalyptus obliqua (messmate stringybarl, radiata (narrow-leaved
peppermint) and. sieberi (silvertop ash) represent the wet sclerophyll forésese forests
are classified as “ash forests” and occur withanwet and cool temperate regions of
Australia with an annual rainfall of 500 to 2400 rarmd maximum/minimum temperature
ranges from 19 to 2€ / -2 to 8C, respectively (Boland et al. 2006). For the psgof this
study the “ash forest” species will be referre¢@sl-moist species and the “box-ironbark

forest” species will be referred as warm-dry spe¢ippendixl).

Seeds from four provenances (Prov4) of each species were selected to representetitfe

geographic locations and elevations. One provenginoeE. microcarpa, E. tricarpa, andE.
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95 radiatafailed to germinate and were not used in the trigfsecies and provenance details,
96 and the number of seedlings used in the experiarenfurther summarised in Appendix 1

97 and abbreviations, units and calculations are pexvin Table 1.
98  Seedling propagation

99  Seeds were germinated on plastic trays with a méxbfipine bark, mined sand, sieved coir
100 peat, dolomite and Saturaid 1500 g (wetting agent). Trays were placed in a glasshouse

101  under ambient conditions and were watered everydéiyan automatic sprinkler system.

102  Seedlings were transferred to 1 L seedling potl géneral potting mix with pinebark and
103  coarse mined sand and slow release fertilizers ®gheen jacket (N: P: K 16.5:4.1:9.6) 4000
104 g m°, Saturaid 1500 g thand dolomite upon reaching the three-leaf stagdgiuary, 2011).
105  Seedling pots were placed under 50% mesh shadetolpirotect them from direct sun and
106  heat, and watered daily. After 6 months (July 2GEBdlings were transferred to 25 L pots
107  (one seedling per pot) with the same general gpthix and fertilizers and kept outside at
108  ambient conditions with daily irrigation for anothievo months until the commencement of

109  the experiment in September, 2011.
110 Experimental design

111 The experiment conformed to a randomised factdealgn with four climatic conditions that
112  incorporated three climate mediated and one amblenate glasshouses (GG4) with two
113 soil moisture regimes (M). Three to seven repliegter provenance for each species

114  (according to seedling availability) for a total9%8 seedlings were used in the experiment
115  (Appendix 1). The experiment was carried out foe grar (September 1, 2011August 31,
116  2012) at the Burnley campus of the University oflbdeirne, Australia.

117  Glasshouse treatments (G&4): To identify the growth response under différen

118  environmental conditions, climatic conditions imet@ glasshouses were mediated and in one
119  glasshouse unmediated to achieve variability g, TTmin@nd Hnean TO account for the

120 fluctuation in climate conditions that resultednirthe mediation of climate versus the use of
121 a controlled climate treatment (which was not gassjiven the size of the experiment and
122 lack of infrastructure), HOBO weather stations wiestalled in each glasshouse to record
123 hourly temperature, and air humidity from the begig of the experiment (Table 1,

124  Appendix 2). Photoperiod length (daily sunlight &)uvas computed from sunset and
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sunrise time for Melbourne (Table 1). Soil moistaxailability (M) was characterised by
well-watered (WW) and water-stressed (WS) treatsiemtepresent conditions of perennial

moist availability and chronic soil moisture defic{Table 1).
Plant measurements

Height and diameter of the seedlings were meadorediculate above ground relative
growth rate in height (RGRmm day3) and diameter (RGRmm dayd), and height

growth cessation (Table 1) for the first time 1@slafter the beginning of the experiment and
every 20 days thereafter following Green (2005;7)00

Data analysis

The effects of temperature, air humidity, photopeiength, soil moisture availability and
species and provenance (ranging frondalepending on species, see Appendix 1) on height
and diameter growth within the glasshouse treatsnght 1G4) were tested for within and
between the two groups of species using a MixedarniModel (MLM). Strong correlations
were found between mean maximum temperatugg,Tminimum temperature ¢f,) and
Photoperiod (Pheay (r = 0.71 to 0.85P <0.001) and between mean temperaturg{J and
Tmax Tmin @Nd Phean(r = 0.85 to 0.95P <0.001). Due to these high correlations, three
individual models were developed separately @4 TTmin, and Phheanin combination with
species provenance (Prov), species (Sp) and satume regime (M) as factors, with mean
air humidity (Hnean as covariate and measurement time as a randet.eBonferroni
multiple comparison tests were then used to detexpairwise differences between the

provenances within the species.

Height growth cessation functions were analyseldiohg Kaplan and Meier (1958) to find
the proportion of species that exhibit height gtowagssation in respective treatments over
time. Cox’s proportional hazard regression non+petaic test (Cox 1976) was used to see
which climate factor was the most influential oe tirowth cessation for each species. To
identify the most influential factor for growth sagion, similar models were developed as
used in the MLM analysis taking Rin Tmaxand Tnin in combination with M, Prov and

Hmean Each of these analyses were performed with SR$S20 (2011).

A Generalised Additive Model (GAM, Hastie and Tibahi 1990) was used to model both

RGR;and RGR of each species as a function of th@ahunder the two moisture regimes
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(WW, WS; within G11G4). Theanwas used as it had highest correlation withxBind Tyin (r
= 0.85 to 0.95P <0.001). RGR and RGR were used as response variables apd,&s
predicator for the modeling with a quasi-poissatrddution using the GAM mgcv package
(Wood 2006) in R (R Development Core team 2008).

Results
Climatic conditions

The treatment conditions provided suitable amoahenvironmental variability to observe
changes in growth. Generally, variations in climatze significantly different during
summer (Dec—Feb). Specificallynk within G2 was significantly greatelP €0.001) than
G1 during summer. During summekgJwithin G2 was significantly lowem<0.001) than
that in G4. Hheanin G2 was significantly greateP €0.001) than in G3 during spring and
summer. Highest mean,Ix recorded was 34°C with highest maximum temperature of

52.0°C recorded in summer in G2 (Appendix 2).
Height and diameter growth

All species: Moisture generally had a significaasipive effect on height and diameter
growth, exceptions to this pattern were exhibitgdbmicrocarpa (for Phnean, E.
polyanthemos (Tmin), E. obliqua (Tmay) andE. radiata (Tmay (Table 2). Moisture also
typically had a greater effect on diameter and liteggowth for warm-dry species undegil
and Tnax than cool-moist species (Table 2). Increasinge.Ritypically affected diameter
more than height growth and for diameter, a sigaiit positive interaction with M was
found for all species except microcarpa indicating a greater sensitivity to soil moisture
under longer Phean(Table 2). There was a significant decline in heand diameter growth
with increasing Tax for all species excef@. microcarpa andE. polyanthemos and also a
significant decline in diameter growth with incregs T, for all species excejit. sieberi
(Table 2).

Between Species Groups

Cool-moist species exhibited greater height anthdtar growth R < 0.001) than warm-dry
species (Fig. 1). Growth response varied betweemwh groups of species with height

growth of warm-dry species more tolerant to highgt, Tmin and lower Heanconditions
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while, diameter growth was found sensitive to dasieg Pheanand HBneanand increasing
Tmax @and Thin conditions. Increasingni, had more of a negative effect on cool-moist species

than warm-dry species (Table 3).
Within Species Groups

Warm-dry species: Within this group increasing,h Tmax Tmin affected the diameter
growth with significant differences between spedetected. These differences were not
detected for height growth. The effect ofdzhand its interaction with RRaan Tmax Tmin
suggests that diameter growth is positively afféd increasing Heanbut height growth is
not (Table 3).

Between the species: In contrasEtanicrocarpa andE. polyanthemos, height and diameter
growth of E. tricarpa decreased with increasing,ak similar to the response of cool-moist
species (Table 2). Height and diameter growtk.dficarpa increased with increasingshn
under Ta% Similar to the response of cool-moist specieaniter, but not height growth
decreased with increasing,f for all three species. Jdandid not affect the height or diameter
growth of E. microcarpa under the Fax model, and neither the height growth under thg T
model (Table 2). The non-significant or positivepense to the interaction between M and
either Thax Or Tmin SUggesE. microcarpa andE. polyanthemos have the capacity to maintain
growth under moisture limited conditions, whilerdevas a significant decrease in both
height and diameter growth Bf tricarpa for both of these interactions (Table 2). An
increase in Rheanfacilitated height growth . microcarpa andE. polyanthemos and also
diameter growth for all three warm-dry species (&&h). Significant positive interactions
between Heanand Pheanand negative interactions betweegekdand Tin, suggest that
diameter growth is sensitive to lowerRkand higher i, in combination with lower Kean
conditions (Table 2). Moisture availability did raffect the growth oE. microcarpa under
increasing Phean While there was a significant increase in heayid diameter growth of

both E. polyanthemos andE. tricarpa with increasing soil moisture availability.

Cool-moist speciedRelative to warm-dry species, increasingxland Tnin had a negative
effect on height growth indicating that growth oibt-moist species is sensitive to high
temperatures. Significant effects ofdd,and its interactions suggest that the cool-moist

species are reliant on highnknfor height and diameter growth. Height growth eliéd



214
215

216
217
218
219
220
221
222
223
224
225
226
227
228

229
230
231
232
233
234
235
236
237

238
239
240
241
242
243
244

significantly among all cool-moist species, whie tdiameter growth d&. radiata was

significantly different tcE. obliqua andE. sieberi (Table 3).

Height and diameter growth decreased with incrga§iny for all cool-moist species and
also with increasing i for E. obliqua. Height and diameter growth of all cool-moist spsec
increased with Heanunder Thax and the significant negative interaction Gfebhx Tmax
suggest these species require highgsakto maximise growth under highegd. Hmean
effects on growth underJ, were limited to height growth i&. sieberi and diameter growth
of E. obliqua andE. radiata. The significant negative interaction of.&dx Tminfor E.

obliqua andE. radiata suggests diameter growth in these species istisents lower Hnean
under higher Fin conditions. The non significant effect of M undef.x indicatesE. obliqua
andE. radiata have a higher capacity to withstand moisture Atiins thark. sieberi. Both
height and diameter growth Bf obliqua andE. radiata increased with Rfan For all three
species there was a significant increase in diangetevth with Hpeanand M under Rhean
and significant interactions forgdan* Phneanand M x Pheanindicating that higher RRan

Hmeanand M were required to maximise diameter growth.

Provenance effects: Provenance had a significéettedn height and diameter growthf
microcarpa andE. polyanthemos across all three models and rtricarpa under Tnax

(Table 2). The interaction of Prov x M had a sigmaift effect on both height and diameter
growth of all warm-dry species across all three et®dwith the same trend for Prov x4
with the exception oE. tricarpa under Pheanand Tin (Table 2). Provenance had a more
limited effect on the growth of cool-moist specaésl across all three models included a
significant Prov x M effect on growth & obliqua (height),E. radiata (height and diameter)
andE. sieberi (diameter) and a significant Prov x.&.effect on diameter growth &.

sieberi (Table 2).

Clinal variation for growth was found between tpeces provenances with provenances
exhibiting growth changes across their distribusiaianges that correlated with elevation.
Strong clinal trends were found f&r microcarpa andE. obliqua (Appendix 1) with lower
elevation provenances exhibiting greater heightdiacheter growth than higher elevation
provenances. However, f& polyanthemos, E. tricarpa andE. radiata, higher elevation
provenances exhibited greater height and diametevtg than lower elevation provenances.

These latter results suggest that a conservataetrstrategy has been adopted by these

10



245  provenances from warmer and drier climates, whiely be an adaption to help reduce

246  drought induced mortality.
247  Relative Growth Rate

248 A significant relationship was found between RGHRd RGR with Tnean Mean threshold
249  temperatures were also detected for all the sp€€igsl). The cool-moist species had a
250 greater RGR than warm-dry species under the well-watered reglRGR; decreased under
251  the water-stressed regime and the response waspmmreunced for the cool-moist species
252 (Fig. 1).

253  Under the well-watered regime, the RG&ptimal Tneanwas 22C for all species. However,

254 under the water-stressed regime, the RGBtimal Tneanfor E. microcarpa andE.

255  polyanthemos (21°C) was higher than the four other specieSQO0For all species, optimum
256  Tmeanfor RGRywas lower than for RGR Under the well-watered regime, optimaled,for

257 RGRowas 18119°C. However, the RGRoptima decreased under the water-stressed regime
258 for all the species (1617°C). Optimum RGIR for all species corresponded with the.Zh

259  recorded for late spring to midsummer and end ofrear to mid autumn (Appendix 2). A

260 lower optimum for RGR under the water-stressed regime correspondediétfi,ean0f

261 early spring and early winter (Appendix 2).
262  Growth cessation (height)

263 A consistent and significant effects Qfak, Trmin, Phnean@nd Hpean(Under Thaxmodel) across
264  all species clearly indicated that hot and dry dagsilted in height cessation (Table 4).
265 Height cessation was greater in cool-moist thamwary species witle. microcarpa

266  exhibiting the lowest response (60%) followedbyolyanthemos (65%) which indicates
267 that these species have a high degree of phengilgsticity. For the other species, the
268 response rate was greater than 70% with highesates forE. obliqua (83%). Overall,

269 warm-dry species exhibited a greater capacity thstand higher Jeanconditions than cool-
270  moist species (Fig. 1). Significant provenance i@odsture availability differences were
271 limited toE. obliqua (Table 4)

272 Temperature thresholds for the cessation of hgjgiwth were found for both high and low
273  mean temperatureBucal yptus microcarpa was found to display the greatest tolerance to

274 high temperatures with growth cessation occurrirgj7eC, while forE. polyanthemos andE.

11
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tricarpa the height growth cessation temperatures wet€ 4Bd 45C, respectively under
the water-stressed treatment (Fig. 1e). Withincth@-moist species, growth cessation
temperature was 3€ for all for the species under the watered-stetssatment (Fig. 1f).
The water-stressed conditions truly distinguistiedtemperature thresholds that exist
between the two species-groups and highlight tinepetitive advantage the warm-dry

species have in warmer and drier climates.

The growth initiation threshold fdE. microcarpa andE. polyanthemos was 9C while forE.
tricarpa the lower temperature threshold for growth initiatwas 8C (Fig. 1a). For the
cool-moist species. radiata initiated growth from %C and the other two species frofitC7
(Fig. 1b).

Discussion
Growth and Phylogenetic response

Marked differences in growth responses were foletd/éen the two groups of forest species,
which may be explained by their phylogenetic degfease. The warm-dry species are in the
Symphyomyrtus subgenera while the cool-moist species are itMtigocal yptus. The two
subgenera tend to exploit the environment in déifiéways (Davidson and Reid 1980) hence;
variations in growth rate are likely to be found@sponse to environmental variation (Noble
1989).Monocalyptus have higher growth rates on mesic sites wljtephyomyrtus species

are better adapted to dry conditions (DavidsonReid 1980; Florence 1996) and a similar
response was found in our study as cool-moist epd@d greater height and diameter
growth and warm-dry species displayed lower grawthgreater tolerance to high
temperatures and lower air humidity. Trait selettiaay favour one strategy over the other
depending upon the environmental stressors (LAE88, Green 2005) and in our case,

Symphyomyrtus species seemingly favour traits that enhance ditcaterance.
Environmental effects and growth traits — Heighd drameter

Moisture regime was found to be one of the mostémitial factors that controlled height and
diameter growth with greater growth occurring winesisture was not limiting. Our finding

is supported by the studies highlighting the sigaiice of moisture for seedling growth
(Ladiges and Ashton 1974; Cannell et al. 1978; Myard Landsberg 1989; Battaglia and
Reid 1993; Tomlinson and Anderson 1998; Pinto.e2@l1).Eucalyptus microcarpa, E.

12



305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322

323
324
325
326
327
328
329
330
331
332
333
334

335
336

polyanthemos, E. radiata andE. obliqua, however, exhibited phenotypic plasticity to water
limitation that may help these species toleraterdsiimatic/ edaphic conditions. Our findings
are supported by Myers and Neales (1984) who falatE. microcarpa andE.

polyanthemos (Merchant et al. 2006) are adapted to xeric comwliti have a wide temperature
niche and are more drought tolerant tBatricarpa (Boland et al. 2006). The plastic
response exhibited dy. microcarpa to variability in soil moisture availability is Iy due to
the species drought response traits particularly i@ transpiration rates, high sap wood
density, and low water potential of -5.0 MPa fagtr loss (Yunusa et al. 201@ucalyptus
radiata was found to be more drought tolerant tlasieberi, which suggests it will grow
better on drier sites thdh sieberi, which is supported by Ellis (1971) and Florent@96).
Bachelard (1986) showed that compared to dHuealyptus species likée. maculata andE.
pilularis, E. sieberi has reduced capacity to withstand water-stressedittons with water
potentials of -1.5 MPa decreasing the osmotic giatkior this species. In contraé,

obliqua can maintain gas exchange down to water potertia®.48 MPa (Sinclair 1980),
which would infer a greater ability fd&. obliqua to maintain growth as water becomes
limiting compared tde. sieberi (Bachelard 1986)Our findings suggest that the
ecophysiological traits of the studied species lalarge influence on the growth phenology

as water becomes increasingly limited.

In our study, Taxin combination with moisture and air humidity wthe best predictor for
height growth for cool-moist species, which suggéisat height growth is more of a function
of temperature (Korner 2006) and response to tesmyper and moisture is typically reflected
in height growth versus other growth traits (Kozéivand Pallardy 1997). Sensitivity of
cool-moist species to high temperature and lovinamidity may increase transpiration
leading to growth reduction (Leonardi 2000; Morem2000). High temperature and lower
air humidity leading to high vapour pressure d&gi¢VPD) in summer reduces growth which
suggests that growth is sensitive to high VPD (la#dn2000) and for this study, the cool-
moist species seemingly displayed a growth phernydlogt is sensitive to VPD. Growth was
not sensitive to temperature for the drought tolespecies. microcarpa andE.

polyanthemos but the growth oE. tricarpa was temperature sensitive suggesting that its

growth phenology is intermediate between other wdrynand the cool-moist species.

Temperature dependence on growth was displayedosy ofi the species; however, the

response oE. sieberi was limited to Trax suggesting that growth occurs when temperature
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thresholds are met irrelevant of photoperiod lengtleal yptus microcarpa, E. polyanthemos,
E. obligua andE. radiata displayed growth responses that were dependent pipatoperiod
length. The largest photoperiodic responses wesygalied byE. obligua andE. radiata
suggesting that these species require a minimumteasperature in interaction with a
critical day length for growth to occur. The phatopdic response d&. obliqua andE.
radiata indicates that the species displayed highly tempegalependent photoperiodic
response for their growth phenology (Vaartja 195&grestingly E. tricarpa demonstrated
such a response only for diameter growth. Photogiriresponses varied according to
species despite their coexistence. A similar respavas found between coexisting spekies
salmonopholia andE. torquata with the former responding positively to photopdrand the
latter not showing any response (Vaartaja 196B¢ varying expression of temperature
dependence for growth by some of the studied spec#y help them adapt to new

environments (Vaartaja 1963) and can be regardadasitive plastic trait (Green 2005).

The predictors for diameter growthyifand Phea, Were strongly correlated suggesting a
high reliance on photoperiod length and a minimampgerature threshold for diameter
growth to occur. A similar response was foundEoregnans where photoperiod alone did
not limit growth (Ashton 1956, 1975a; Cremer 1961)t the interaction between day length
and temperature did (Ashton 1975a). For eucalyptseasing day length typically results in
increased growth if temperatures are adequatef{Sicut961), which suggests an interaction
between temperature and photoperiod exists for speeies. Vaartaja (1963) found that
most tree species from warm climates within thelssun hemisphere exhibit a temperature
and moisture dependent photoperiodic response laotgeriodic ecotypes occur within
eucalypts, which is consistent with our findingsir@ndings suggest that photoperiod is an
important factor in growth phenology and all of #tadied species exhibited a temperature
dependent photoperiodic response in relation tmeiar growth (Paton 1980) while some

species exhibited this response in relation tohteggowth.
Environmental effects and growth traits - Growthd®a

This study was successful in identifying the sevisjtof growth to multiple factors and
species optimum RGRRGR; as a function of Jean The RGR, of the warm-dry species
were consistently higher than the cool-moist speaieder drought conditions, which likely
reflects the drought tolerance of these specids (B371; Florence 1996; Merchant et al.

2007) and correlates with the wider temperaturaenmondition found for these dry

14



369
370
371
372
373
374
375
376
377
378

379

380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395

396

397
398
399

sclerophyll forest species (Appendix 1). When moistvas not limiting, however, the cool-
moist species exhibited higher RGBnd RGR, which is consistent with the subgeneric
responsef Monocalyptus having higher growth rates than the slower growing
Symphyomyrtus species (Myers and Neales 1984; Noble 1989). Tagpgiecline in RGR

for cool-moist species under increasing temperauggests that warm-dry species have a
higher degree of phenotypic plasticity for R&Rhis allows them to tolerate moisture
limitations and higher temperatures than that owdthin their current climatic envelopes
(Cochrane et al. 2011). Difference in RGR foundrduthe study can also be explained by
the tree size traits of the species in their hgliba exampleE. obliqua can grow to be very
tall (45790 m) whileE. microcarpa grows to 15125 m (Boland et al. 2006).

Future climate and RGR

Present mean annual temperature (MAT) range obddové/ictoria is 15118°C (March
2012 7Feb 2013, www.bom.gov.au) and temperatures aregbeeldto increase by’€ with
decreases in water availability and more drougbhtsexpected to occur by the 2080s
(CSIRO and the Bureau of Meteorology 2007). Amdmgwarm-dry species, the RGRf
E. tricarpa suggests it may benefit in locations where MATréases to ZZ but increases
beyond this may result in reductions in height gloewvhen compared with all studied
species, increase in MAT and decreases in watdahildy may benefitE. polyanthemos.
The RGR, of E. sieberi suggests that this species has the capacity tataraigrowth to a
threshold of temperature increase o€ 2inder drought stress, but further increasesleal
to declines in growth. However, the growth phenglogE. obliqua suggests greater
flexibility in response to changes in MAT and soibisture availability. RGR profiles
suggest that current temperature conditions ateldaifor growth, but if water limitations
increase then RGRwill decline for most of the species. Water limitsghditions may
facilitate increased RGJor E. polyanthemos compared td. tricarpa. For cool-moist
species, water limited conditions may facilitatereased RGRfor E. radiata andE. obliqua

relative toE. sieberi.
Height Growth Cessation

Generally longer days accompaniedhigh Tmaxand low Hheanresulted in height growth
cessation for all the studied species. The lowghhgrowth initiation temperature found for

cool-moist species may be explained by the spehigker frost resistance (Layton and
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Parsons 1972) and growth ability at lower tempeestuThe growth temperature range for
warm-dry specie<s. microcarpa andE. polyanthemos, were greater than for cool-moist
species but their basal temperatures were alstegnehich explains the higher growth rates

for cool-moist species under cooler temperatures.
Phenotypic Plasticity and Clinal Variation

Cochrane et al. (2010) suggested that the temperatierance of species may be wider than
the climatic envelop that they are occupying amy tmay exhibit phenotypic plasticity
enabling them to adapt to climatic warming. Durihig study, species exhibited a range of
phenotypic plastic traits that may help in comlztime impacts of climate variability and
change (Aitken et al. 2008tucalyptus microcarpa, E. polyanthemos, E. obliqua andE.

radiata demonstrated phenotypic plastic behaviour to magestimitation for height/diameter
growth. Additionally,E. microcarpa andE. polyanthemos also demonstrated plasticity to
high temperatures and low air humidiBucalyptus microcarpa exhibited greater plasticity
than other species for higher temperature conditiBhenotypic plasticity and local
adaptation traits have also been found in provessntAbies pinsapo in response to
contrasting temperature and water availability éres et al. 2012). Green (2005) found that
two of three co-occurring species varied in théspcity with Pinus contorta andPicea

glauca exhibiting only temperature dependency whilees lasiocarpa exhibiting strong
photoperiodic responses for growth. In the studbgen (2005), it was concluded that the
temperature dependent species exhibited highetigitpsand would have a competitive
advantage over photoperiodic species under clictziage, as they would be able to take
advantage of warmer temperatures during shortes déiyjle photoperiodic species will
continue to curtail growth in response to the ppetmd. In our study, temperature
dependence but non photoperiodic responses wezeteétforE. tricarpa andE. sieberi.

This may aid in their growth responses to climdtenge, which in turn may give them a
competitive advantage over co-occurring speciesaldf@ detected strong clinal variation in
our study for most of the species for height/disangtowth. Similar trait responses have also
been shown foE. camaldulensis with provenances from tropical origins only suieafor
growing in dry, tropical environments (Sun and Didon 1997). Vaartaja (1963) also found
clinal variation inE. dives in relation to growth responses to photoperiogtienLikewise,
height growth rate declined for six woody specreBliance as altitude of the provenance site

increased showing strong clinal trends that sugggestetic variation may be the underlying
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cause behind varying phenological growth traitseurdifferent environmental conditions
(Vitasse et al. 2009). The clinal variability shotwpnsome species in our study suggests that
not all provenances have the ability to adapt towveat conditionsn situ via phenotypic

plasticity but instead may need to rely on genadiaptation (Rehfeldt et al. 2001).
Future climate and species vulnerability

For the co-occurring dry species, greater tolerarats and plasticity displayed &y
microcarpa suggests its productivity may increase under cknctiangeGrowth ofE.
tricarpa may benefit under a defined range of temperahmease but if drier conditions
arise then the species may be outcompetesl pglyanthemos. The recruitment oE.
tricarpa in Victorian “box ironbark” forests has recentlydmefound to be highly restricted
(Orscheg et al. 2011). Combining this with the sgetmited growth under increasing
temperatures, decreased moisture availability awei air humidity(all predicted to occur
due to climate change), suggests thaticarpais at risk of being out competed by its

current co-occurring species due to their divergeotvth phenologies.

For the co-occurring cool-moist species, the flexiRGR and tolerance to moisture
limitation exhibited byE. obliqua may help it maintain its productivity across a &nidange

of climate conditions compared to the other spetiasclimate change will likely have
negative effects on growth for all cool-moist sgsciNon-photoperiodic, but temperature
dependent growth responsebofseberi suggests that it may gain a growth advantage Bver
radiata andE. obliqua during warmer winter days, which could have impactspecies
competition for resources. High summer temperatwittseduce growth of all the species,
particularlyE. radiata andE. obliqua. Across all species our results show that if smisture
availability is unlimited, then beneficial effeas the height growth may occur even if
temperature increases byG4 Temperature induced declines in growth will lkeequire
‘climate change’ temperatures 6 ttCrhigher than the current mean temperatures. Haweve
the diameter growth will likely be negatively afted by 3 to 4C rise in mean annual
temperature. Height growth is important for competivith neighbours while diameter
growth is necessary to mechanically and physioldbjicupport the development of a crown
(Sumida et al. 1997). For this reason, achieviggr height growth rates at the cost of
reduced diameter growth under increased tempegtaseobserved in our study, suggests
that species’ growth phenology is related to theitg@ning of resources to other organs in

response to change in temperature. The long-teatogical and physiological consequences
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of this phenological driven trade-off between heigihd diameter growth, particularly under

the context of climate change, requires furtheegtigation.
Conclusion

This study was able to identify thresholds for gttofor six species and the trade-off
strategies they may be using to respond to envieotah variation. Temperature, soil
moisture availability, air humidity and photoperilgehgth were all found to be important
variables controlling the growth phenology of thedsed species. Four species were found to
exhibit significant photoperiodic responses to heand diameter growth while only one
species exhibited temperature dependency. Wittenisp variation was detected, which
suggests that phenological ecotypes exist, whiath te different growth responses. Plasticity
and clinal variation were identified, which sugget$tat species may be able to respond to
certain degrees of climate change. Phenologicaltiireesponse models were able to provide
insights into how species may respond to a changjingate and highlighted that co-
occurring species will likely respond differentty ¢limate change. This divergent response in
species phenology suggests that species-spedifictiymwill likely interact with the warming
and drying conditions under climate change, whicturn is likely to result in changes in

forest composition through interspecific competitio
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674  Tablel Variables, associated measurement techniqguesoamaitais used throughout the study.

Variable Description, Measurement technique Formula and/or unit
Reference
Climate
Tmean Mean temperature HOBO micro station data logget-Bi22, + °C
0.2° C, measured hourly. Calculated as the
mean of mean daily temperature over two
consecutive time intervals (= 20 days)
Tmax Mean maximum HOBO micro station data logger H21-002, + °C
temperature 0.2° C, measured hourly. Calculated as the
mean of daily maximum temperature over two
consecutive time intervals (= 20 days)
Tmin Mean minimum HOBO micro station data logger H21-002, + °C
temperature 0.2° C, measured hourly. Calculated as the
mean of daily minimum temperature over two
consecutive time intervals (= 20 days)
Hmean Mean Air Humidity HOBO micro station data logge2 H002, %
measured hourly. Calculated as the mean of
daily mean air humidity over two consecutive
time intervals (= 20 days)
M Soil moisture HOBO micro station data logger HX12, m® m*
measured hourly. In one pot under each
watering regime (WW, WS) per experimental
treatment.
Phnean Mean Photoperiod Mean number of daylight hours mated hours

Experimental treatments

ww

WS

Plant

RGRy

RGRy

Well-watered
Elfeel et al. (2011)

Water-stressed
Elfeel et al. (2011)
Quraishi and
Kramer 1970

Height
Diameter

Relative Growth
Rate in height
Ashton (1975a)

Relative Growth
Rate in diameter
Ashton (1975a)

Height growth
cessation

from sunrise and sunset times for Melbourne
(37.60°S 145.00°E) by Geoscience Australia,
Australian Government. Calculated as the
mean of daily light hours over two consecutive
measurement intervals (= 20 days)

G1.G4 = 0.42 mm*(soil moisture m® m*
availability under saturation). Seedlings
received water to saturation daily

G1.G4 = 0.22 mm*(soil moisture m® m*
availability from SeptembeétFebruary). Plants
received water to saturation on a plant-by-

plant basis following the first signs of wilting.

Height Pole

Electronic digital calipers just aboke first
inter node at the same point in each
measurement

Calculated for each seedling and time intervaRGR; = (H, —H,) / (t —t)
between two consecutive measurements whe@ven § —t; = 20

H; and, H are seedling height at the beginnindRGR, = (H, —H,) / 20
and end of each time intervajand ), cm day*

respectively

Calculated for each seedling and time intervaRGR;, = (D, —Dy) / (t; —t;)
between two consecutive measurements whe@ven t —t; = 20

D; and, D) are seedling diameter at the RGR, = (D, -Dy) / 20
beginning and end of each time interva@ mm day*

t), respectively

Recorded when no difference in height
between two consecutive measurements.

nearest cm
nearest mm (+ 0.01)

H2—H1:O
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Green 2005 Plants with completely dry leaves aittléor
stems without visible growth were recorded as
dead.
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Table 2 Significance of effect of the mixed linear mod&Ptynean Tmax and Tnin in combination with Provenance (Prov), M, angskifor height and

diameter growth. Symbols indicate a significadnt(.05) positive (+) or negative | effect when there is rise in Rin Tmax Tmin, M @and Bhnean

Abbreviations follow Table Ins not significant.

E. microcarpa E. polyanthemos E. tricarpa E. obliqua E. radiata E. sieberi
Variable Phwean Tmax Tmin Phnean Tmax Tmin Phnean Tmax Tmin Phnean Tmax Tmin Ph‘nean Tmax Tmin Ph‘nean Tmax Tmin
Height
Phead Tmad Tmins + ns ns + ns ns ns - ns + - - + - ns ns - ns
Prov - - - + + + ns + ns ns ns - ns + ns ns ns ns
M ns + + + + ns + + + ns ns + ns + ns + +
Hmean + ns ns + + + + + ns + + ns + + ns ns + +
Prov x M + + + + + + + + + + + + + ns ns ns
Prov x Phead Tmad Tmin + + + + + + ns - ns + - ns ns - ns ns ns ns
Prov % Hpean + + + + + - ns + ns ns ns ns ns ns ns ns + ns
M x Phpead Tmax Tmin ns + ns + ns ns + - - ns - - ns - - ns - -
M X Hpean ns + + + ns ns + + + + + + + + + + + +
Hmean)< Phnea%TmaJTmin + ns ns + ns + + - ns + - + + - + + - ns
Prov differenck 1°2°3° 1%2P30 1%2P30 1303040 1%2P304° 172°3U° Vil o S 192°3%4° 1°2°3%4° 1%2°3°4° P4 7B P3P
Diameter
Phnead Tma! Tmin + ns - + ns - + - - + - - + - - ns - ns
Prov - - - + + + ns + ns - - ns ns ns ns ns +
M ns + + + + ns + + + ns ns + ns ns + ns
Hmean + ns + + ns + + + + + + + + + ns
Provx M + + + + + + ns ns ns + + + + + +
Prov x Phead Tmay Tmin + + - + ns ns - ns + - ns ns ns ns ns ns ns
Prov X Hpean + + + + + + + + + + ns ns ns ns + + +
M X Phead Tmad Tmin ns + ns + + ns + - - + - - + ns ns + ns ns
M X Hpean ns + + + ns ns + + + ns + + ns + + ns + +
Hmean>< Phnear{TmaJTmin + ns - + ns - + - - + - - + - - + - ns
Prov difference P 1%b3e 12003° 192°304¢ 120304 13°3°4¢ 2342 2Par 23Pp7 1%203P4° 132°3P4° 1200304¢ 23U 2234 233P

AVhere ‘Phhead Tmad Tmin’ @ppears, the variable is either,Rl, Tmax OF Tmin depending the model tested as indicated by thevaoheader Significance of differences among provenancesratieated by

means followed by different superscripts. See Appehdor provenance details.
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Table 3 Significance of effect of the mixed linear modéPtynean Tmax and Tin in

combination with Species (Sp), M, angdghfor height and diameter growth. Symbols

indicate a significantR <0.05) positive (+) or negative j effect when there is rise in Rfan

Tmax Tmine M and Hnean Individual species belonging to the ‘warm-dry’oool-moist’

groups are indicated in Appendix 1. Abbreviatiooléofv Table 1,ns not significant.

Warm-dry species Cool-moist species
Variable Phwean Tmax Tmin Phnean Tmax Tmin
Height
Phnead Tmay Tmin- ns ns ns ns - -
Sp ns - ns + ns ns
M + + + + + +
Hmean ns ns ns ns + +
Spx M + + + + + +
Sp x Pmlearﬂ—maJTmin ns - ns + - -
SP X Hhean + + + + ns ns
M x Phnear‘(TmaJTmin + + ns + + +
M X Hpean + + ns + + +
Hmean* Phnead Tmax Tmin ns ns ns ns - ns
Sp differenck 1°2°3° 1°2°3° 19°3F 456 45°6° 4°5°6°
Diameter
Phnean(TmaJTmina + - - + - -
Sp + + + + + ns
M + + ns + ns +
Huean + + + + + +
SpxM + + + + + +
Sp x Pmlearﬂ—maJTmin + - ns + - -
Sp X Hnean + + + ns ns ns
M x Phnear(TmaJTmin + + ns + + +
M X Hiean + ns ns ns + +
Hmean>< Phnean(TmaJTmin + - - + - -
Sp differenck 1°2°3° 1%2°3° 1%°3F 456 4567 4°5°6°

AWhere ‘Phyead Tmad Tmin’ @ppears, the variable is either,RE, Tmax0r Tmin depending
the model tested as indicated by the column he&8égnificance of differences among
species within ‘warm-dry’ or ‘cool-moist’ groupseaindicated by means followed by

different superscripts. See Appendix 1 for spedidails.
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Table 4 Cox’s proportional hazard regression analysis aghteessation indicating the
significance of PRean Tmaxand Tnin models. *P <0.05; ** P <0.01; *** P <0.0001;ns not

significant. Abbreviations follow Table 1.

P I’?fnean Tmax Tmin
Phnean PI‘OV M Hnean Tmax PI‘OV M Hmean Tmin PI‘OV M Hmean

E. microcarpa el ns ns ns ¥k ns ns work ok ns ns ns
E. polyanthemos  *** ns ns -k *rk ns ns *kk ok ns ns ns
E. tricarpa e ns ns ns Eons ns il i ns ns ns
E. Obl | qua *kk * ns ns *kk * ns * *kk * * *

E. radiata rokk ns ns ns **kng ns ok ok ns ns ns
E. sieberi Fkk ns ns ns *kns ns ok ok ns ns ns
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Appendix 1 Description of selected eucalypts, seed souregrirdtion and number of seedlings per treatment

Geographica Temperature Rainfall Altitude Provenance (seed lot number)  Altitude Geographical n°
| range range {C) range (mm  range (m) (m asl) position
year')
Warn-dry specie

1. E. microcarpa®™ 248-37.5°¢  1-7/2533  40(-76C 40-80C Em1 24¢ 37°05'S; 14(G10G4)

(Grey Box) (Seeding Vic. 9273) 143°74'E
Em 2 118 37°68'S 14 (G11G4)
(Seeding Vic. 6540) 144°44'E
Em Z 28C 37°06'S; 6 (G1G4)
(CSIRO 16036) 143°32’00"E
Em 4 34C 36°58'S; NA
(CSIRO 17419) 144°03'E

2. E. polyanthemos™® 32.5-38°¢ -1-4/2-3C  45C-97C 12¢-78C Ep1 12C 37°39'S 10 (G1

(Red Box) (CSIRO 17222) 147°50' E
Ep 2 240 36 51'S; 14 (G1.G4)
(CSIRO 15342) 144°24'E
Ep3 420 36°28'S; 14 (G11G4)
(CSIRO 15337) 146°41'E
Ep 4 50¢ 37°14'S; 6 (GI0G3)
(Greening Aus. MIS 950764) 144°27 E

3. E.tricarpa™ 25-38.3°S 2-4/24-28 550-1000 20-360 Et1l 300 36°43'S; NA

(Red Ironbark) (Seeding Vic. 4414) 144°25'E
Et 2 174 36°45’'S; 14 (G11G4)
(Seeding Vic. 2506) 144°21E
Et 3 12C 37°56'S; 14(G10G4)
(CSIRO 20450) 146°43'E
Et4 0 37°28'S; 14 (G11G4)
(CSIRO 20453) 148°33'E

Cool- moist species
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4. E.obliqua®™ 28-43.5°S -4-8/19-29 500-2400 0-750 Eo1l 270 38°51'S; 14 (G11G4)

(Messmate Stringybark) ( CSIRO 15901) 143°30'E
Eoz 61€ 37°26’ S; 14(G10G4)
(CSIRO 15902) 144°12' E
Eo 3 194 37°20'S; 14 (G11G4)
(CSIRO 15914) 145°05' E
Eo 4 560 37°47' S; 14 (G11G4)
(Seeding Vic. 1578) 144°31'S
5. E.radiata™ 28-39°S -4-2/23-30  650-1100 50-1200 Erl 300 37°26'S; NA
(Narrow leaved (CSIRO 17311) 145°27'E
Peppermint)
Er 2 174 37°44'S; 14 (G1-G4)
(Greening Aus. 970312) 145°27'E
Er3 170 38°30'59"S; 14 (G11G4)
(Seeding Vic. 1715) 143°41'40"E
Er4 38C 37°48'13"S; 14 (G1-G4)
(Seeding Vic. 3263) 143°54'33"E
6. E.sieberi®™ 33-42°¢ -2-5/2z127  70C-140C 0-10C Es ] 14C 37°41's; 14(G10G4)
(Silvertop Ash) 148°45'E
Es 2 800 34°20'S; 14 (G11G4)
(CSIRO 20043) 150°12' E

Source?Australian Forest Profiles (2002Bolandet al. (2006);‘www.ersa.edu.au; ‘www.environment.gov.au; ‘www.metrotrees.com.au;
'www.florabank.org.au/;%n = Number of seedlings per treatment (equal nurabseedlings under WW and WS/EWS soil moisturemegj NA = not
germinated and excluded from the analysis,/G% Glasshouse treatment (see Table 1).
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Appendix 2 Mean (standard errors in brackets) climatic condgiwithin each of the
experimental treatments (glasshouses, G4). Significance of differences among treatments

are indicated by means followed by different supapss. * P< 0.05, ** P< 0.001,ns non

significant.
G1 G2 G3 G4 P
Mean Temperatur@C)
Spring 181  (1.8) 19.2 (1.16) 18.8 (0.7) 19.7  (0.9) ns
Summe 215 (0.5) 23.C (079 221 (0.8) 237 (0.5) ns
Autumn 16.0 (1.4) 17.2 (1.66) 16.9 (1.5 175 1.4) ns
Winter 104  (0.5) 11.7 (0.34) 11.7 (0.5) 11.4  (0.4) ns
Annual 171 (1.2) 18.4 (1.19) 18.0 (1.1) 188  (1.2) ns
Maximum Temperatur@C)
Spring 25.0 (2.3) 29.6 (1.14) 26.0 (1.1 28.6 (1.1) ns
Summer 2734 (0.5) 34% (1200 31.& (1.1 338 (0.9) o
Autumn 228 (1.8) 31.6 (2.23) 29.% (2.8) 26.0° (2.0 *
Winter 15.6° (0.6) 258 (1.16) 23.%° (1.6) 17.85 (0.7
Annual 231 (1.3 30.8 (1.13) 28.% (1.2 274 (1.6) w*
Minimum Temperatur&C)
Spring 10.6 (0.4) 12.1 (0.78) 136 (0.2 12.5 0.7) ns
Summer 15% (0.5) 14.6 (0.37) 15.8 (0.6) 168  (0.3) o
Autumn 113 (0.9) 10.6 (1.17) 106 (1.2 124 (1.0 ns
Winter 7.2 (0.4) 6.6 (0.95) 6.5 (0.5 7.4 (0.4) ns
Annual 11.7 (0.8) 11.4 (0.85) 12.0 (0.9 12.8 (0.9) ns
Mean Humidity(%)
Spring 686 (1.2 75.8  (0.69) 768 (2.2 65.2° (2.5) o
Summer 643 (1.8) 73.83 (3.10) 77.8 (1.3 61.2¢ (1.7) w*
Autumn 731 (2.7) 82.8 (1.84) 840 (1.3 783  (4.8) ns
Winter 83.6 (0.9) 88.2 (1.51) 901 (1.1) 86.7 (2.1) ns
Annual 7183 (2.1) 79.8° (1.90) 81.7 (1.5 7.7 (3.0 w*
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Figure 1 GAM model prediction of relative growth rate inidjet (RGR;) and diameter
(RGRy) in relation to mean temperature k). The first vertical line indicates the average
daily mean annual temperature of Victoria (March20Febuary 2013) and the second
vertical line indicates the°€ rise projection for Victoria by the year 2080. Neatered
treatments (a-d) and water-stressed treatmentp &hP <0.0001.
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