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diamond = warm-wet). Lines shown indicate significant linear regressions. R2 values are shown with 
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with stomatal conductance (gs) across MB (red) and MR (blue) sites during spring 2016 and autumn 

2017 time periods. Population means are shown with ±1SE. Lines indicate logarithmic lines of best fit 

within sites. 
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Figure 4.5. Mean tip (%, a) and leaf damage score on recovery day 1 (R D1) (c) across 4 temperature-

rainfall climate region saplings growing in cool (26 °C) and warm (32 °C) growth bays exposed to the 
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visible leaf tissue death on a scale of 0 – 4 (0 = no damage, 1 = 1-25 % leaves burnt, 2 = 26 - 50 % 
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growth temperatures on RD1 (a) and RD20 (b) across E and M HW treatments. Each point represents 
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Error bars are ±1SE. 
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1/AI   Standardised aridity index 

ACi curve  Change in photosynthesis with increasing CO2 concentration 

AL (m2)   Whole plant leaf area 

Amax (µmol m-2s-1) Photosynthesis at saturating light and saturating CO2 (1000 μl l−1 CO2) 

Asat (µmol m-2s-1) Photosynthesis at saturating light and ambient CO2 (400 μl l−1 CO2) 

Asat/Amax  Ratio of photosynthesis at ambient CO2 to saturating CO2 

Asat/gs Instantaneous water use efficiency. Ratio of photosynthesis at ambient CO2 

to stomatal conductance 

BOO   Boorara cool-wet region Corymbia calophylla population 

BOO-D   Boorara population trees grown under the D treatment 

BOO-W   Boorara population trees grown under the W treatment 

BRA   Bramley cool-wet region Corymbia calophylla population 

C (g g-1 MPa-1)  Branch capacitance 

CAR   Carey cool-wet region Corymbia calophylla population 

CD   Cool-dry climate region populations 

CHI   Chidlow warm-wet region Corymbia calophylla population 

ci/ca   Ratio of intercellular CO2 inside the mesophyll to atmospheric CO2 

CO2 (μl l−1)  Carbon dioxide gas 

Cool-E Saplings grown in the cool growth environment (26/12 °C day/night) exposed 

to the extreme heatwave treatment (46/26 °C) 

Cool-M Saplings grown in the cool growth environment (26/12 °C day/night) exposed 

to the moderate heatwave treatment (40/22 °C) 

CRI   Cape Riche cool-dry region Corymbia calophylla population 

CW   Cool-wet climate region populations 

D   Water deficit treatment at 50 % of soil field capacity 

E (mmol H20 m2s-1) Transpiration 

E   Environmental variable over which trait variation is measured 

E HW   Extreme 46 °C maximum temperature heatwave 
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Esite   Environmental variation across sites over which trait variation in measured 

G   Genotype/population 

gmin (mmol m-2 s-1) Minimum conductance through leaky cuticles and stomata after stomatal 

closure 

gs (mol H20 m-2s-1) Stomatal conductance 

gs90 (mol H20 m-2s-1) Stomatal closure 

GVM   Global vegetation model 

G×E   Genotype-by-environment interaction 

WD   Hot-dry climate region populations 

HRI   Hill River warm-dry region Corymbia calophylla population 

HRI-D   Hill River population trees grown under the D treatment 

HRI-W   Hill River population trees grown under the W treatment 

HW   Heatwave treatment 

WW   Hot-wet climate region populations 

HW D1   First day of the heatwave 

HW D5   Fifth day of the heatwave 

Jmax (µmol m-2s-1) electron transport rate required to regenerate ribulose-1, 5-bisphosphate 

Jmax: Vcmax Ratio of Jmax to Vcmax 

KCl   Potassium chloride 

KIN   Kingston cool dry-region Corymbia calophylla population 

Kinit (kg s-1 m-1 MPa-1) Initial flow rate 

Kmax (kg s-1 m-1 MPa-1) Maximum flow rate 

LES   The leaf economic spectrum theory (Wright et al. 2004) 

LUP   Lupton warm-dry region Corymbia calophylla population 

MAP (mm)  Mean annual precipitation 

MAT (° C)  Mean annual temperature 

MaxT (° C)  Mean maximum temperature of the warmest month 

MB site   Mount Barker cool-dry climate experimental plantation site 

M HW   Moderate 40 °C maximum temperature heatwave 

MOG   Mogumber warm-dry region Corymbia calophylla population 
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MR site   Margaret River cool-wet climate experimental plantation site 

Narea (gm2)  Foliar nitrogen per unit area 

Nmass (%)  Foliar nitrogen per unit mass 

P50 (MPa) Water potential associated with 50 % loss of conductivity through a plant 

organ 

P50leaf (MPa) P50 measured in a leaf 

P88 (MPa) Water potential associated with 50 % loss of conductivity through a plant 

organ 

Pgs90 (MPa)  Leaf water potential associated with stomatal closure 

PEE   Peel warm-wet region Corymbia calophylla population 

PLA   Plantagenet cool-dry region Corymbia calophylla population 

PreDM (mm)  Precipitation of the driest month 

PreHW   Day prior to heatwave exposure (Chapter 4) 

PLC   Percent loss of conductivity 

PV curve  Pressure volume curve 

Rarea (µmol CO2 m2s-1) Area based leaf dark respiration 

Rdark (µmol CO2 m2s-1) Leaf dark respiration 

RD1   First day of recovery after heatwave exposure 

RD20   20th day of recovery after heatwave exposure 

RWC (g g-1)  Relative water content 

RWC P88 (g g-1)  Relative water content at P88 

SER   Serpentine warm-wet region Corymbia calophylla population 

SLA (m2 kg-1)  Specific leaf area 

SWA   South Western Australia region 

Tair (°C)   Air temperature 

Tleaf (°C)   Leaf temperature 

TLP (MPa)  Turgor loss point 

Topt (°C) Photosynthetic temperature optimum 

TPU   Triosephosphate utilisation 

TTCF   Time to critical failure 
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Vcmax (µmol m-2s-1) Maximum rate of carboxylation 

VPD (kPa)  Atmospheric vapour pressure deficit 

Vw (g)   Total plant stored water 

Vw/AL (g m2)  Ratio of total plant stored water to total plant leaf area 

VWC (%)  Soil volumetric water content 

W   Well-watered treatment at 100 % soil field capacity 

Warm-E Saplings grown in the warm growth environment (32/18 °C day/night) 

exposed to the extreme heatwave treatment (46/26 °C) 

Warm-M Saplings grown in the warm growth environment (32/18 °C day/night) 

exposed to the moderate heatwave treatment (40/22 °C) 

WUE   Water use efficiency 

δ13C (‰)  Leaf isotopic ratio of carbon 12 to carbon 13 

Ψ (MPa)  Plant water potential 

Ψleaf (MPa)  Leaf water potential 

Ψpd (MPa)  Predawn plant water potential 

Ψstem (MPa)  Stem water potential 

θ0 (g g-1)  Relative water content at stomatal closure 

Δ RWC   Difference in RWC between Pgs90 and P88 
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Abstract 

Climate change presents a major threat to forests globally, and is currently impacting forest 

carbon sequestration and contributing to increased tree mortality. Rising temperature, 

greater heatwave intensity and rainfall reductions associated with climate change are 

projected throughout many forested regions. Trees must respond to climate change through 

genetic adaptation, phenotypic plasticity or a combination of these processes, if not risk local 

extinction. Identifying the capacity for trees to respond through adaptive capacity to high 

temperature and water deficit conditions  may help us better understand and predict forest 

resilience and function under climate change. Genetic adaptation is a shift in the genotypic 

composition of a population caused by environmental change typically over multiple 

generations. Phenotypic plasticity is the differential expression of a phenotype in response to 

variable environments by a genotype potentially providing a rapid response from minutes, 

hours, days to years. A genotype-by-environment interaction is the differential expression of 

plant traits by multiple genotypes across contrasting environments. These processes can be 

identified by measuring traits indicative of plant performance and survival for multiple 

genotypes in common garden experiments with contrasting environments and reciprocal 

plantings. 

The main aim of this thesis was to identify genetic adaptation, phenotypic plasticity and 

genotype-by-environment interactions influencing important temperature and drought-

associated traits in the south west Australian foundation tree species, Corymbia calophylla (R. 

Br.) K.D. Hill & L.A.S. Johnson (Eucalyptus sensu lato; family Myrtaceae) under mild 

temperature and water availability conditions, and also stress-inducing heatwave and water 

deficit conditions. This was achieved using three common garden experiments involving 

water or temperature manipulation with multiple populations grown reciprocally across 

contrasting environments. 

The first experimental chapter (Chapter 2) was conducted at two experimental plantation 

sites situated within C. calophylla’s distribution that experience contrasting rainfall, but 

similar temperature conditions. The aim of this experiment was to determine genotypic (G), 

environmental (E) and G×E effects influencing growth and leaf-level physiological trait 

variation across 12 populations. Furthermore, we aimed to identify whether leaf traits shifted 
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to a high investment, high water use efficient strategy under lower water availability, and we 

tested for the occurrence of local adaptation in tree height and seasonal leaf water use 

efficiency (δ13C). Tree growth and leaf physiological traits were measured for 12 populations 

from contrasting temperature and rainfall climate regions at two time points; before and after 

a summer drought period. Most leaf physiology and growth traits varied with G and E (both 

planting site and time period). Population-level trait variation was more commonly associated 

with temperature at population home-site than home-site rainfall. Several leaf traits 

measured at the drier site after the summer period exhibited a high investment and high 

water use efficient strategy in instantaneous water use efficiency (ratio of photosynthesis at 

saturating light (Asat)/stomatal conductance), δ13C, foliar nitrogen and specific leaf area. 

Within sites, local populations did not express fitness advantages over foreign populations in 

tree height or δ13C, but when populations were pooled into cool and warm temperature 

regions, the local cool region expressed a significant advantage in both height and δ13C. 

Corymbia calophylla trees have the capacity to adjust leaf traits associated with growth and 

drought tolerance through adaptation and plasticity in response to water availability resulting 

in greater water use efficiency under a drier environment. This species may be well equipped 

to tolerate mild rainfall declines associated with climate change. 

In the second experimental chapter (Chapter 3), water availability was manipulated in order 

to observe the effects of chronic water deficit on trait expression associated with the later 

stages of tree water stress during drought to critical failure across two C. calophylla 

populations. We aimed to disentangle the G, E and G×E effects influencing hydraulic and 

allometric traits driving time to critical hydraulic failure across two water treatments and two 

populations. Saplings from a warm, dry (HRI) and cool, wet (BOO) population were grown 

under chronic water deficit (D) and well-watered (W) treatments in a factorial design. After 

four months of growth under treatments, hydraulic and allometric traits were measured. A 

subset of saplings were subsequently desiccated to critical failure, P88 (the water potential 

inducing 88 % loss in conductivity through the stem), and the time from stomatal closure 

(Pgs90) to P88 (TTCF) was determined. Time to critical failure was significantly longer in HRI-D 

trees relative to other population × treatment combinations, indicating a significant G×E 

interaction in TTCF. The longer TTCF in HRI-D saplings was influenced by high P88 (higher 

drought tolerance), low minimum leaf conductance, small total leaf area and a large range in 
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total aboveground relative water content between Pgs90 and P88. These findings indicate 

warm, dry C. calophylla populations have a greater capacity to tolerate drought conditions 

through plasticity of important traits leading to longer TTCF, while cool, wet populations have 

minimal capacity. Rainfall declines associated with climate change in south Western Australia 

will differentially impact populations of this species. 

In the third experimental chapter (Chapter 4), a temperature manipulation experiment was 

conducted using eight C. calophylla populations from contrasting temperature and rainfall 

environments grown under a cool and warm growth regime, and exposed to a moderate (M 

HW) or extreme (E HW) 5-day heatwave, under well-watered conditions. The aim of this 

experiment was to identify the capacity for saplings to resist heatwaves by maintaining high 

Asat and their resilience to return Asat to pre-heatwave levels during recovery, and whether 

this varied across climate regions, growth temperatures and heatwave intensities. Following 

heatwave exposure, saplings were returned to their growth environments and recovery was 

monitored for 20 days. Photosynthesis was measured throughout the experiment at 

prevailing growth temperatures. Cool growth saplings exposed to the M HW from the cool-

wet climate region exhibited high Asat on the last day of the heatwave (HWD5) and first day 

of recovery (RD1) compared with other saplings, indicative of high heatwave resistance and 

resilience. Cool growth saplings expressed significantly higher Asat than warm growth saplings 

on the day prior to the heatwave, HWD5 and RD1, but there was no difference across growth 

environments by recovery day 20. The E HW induced more significant downregulation in Asat 

relative to the M HW. Corymbia calophylla saplings grown under the warm growth 

environment were more impacted by the E HW than cool growth saplings. The cool growth 

environment facilitated higher Asat in cool-wet climate region saplings relative to warm 

growth cool-wet populations and other saplings, reflecting local adaptation to growth 

conditions and adaptive variation in photosynthetic temperature acclimation. This study 

contributes important information on intraspecific variation in heatwave tolerance in gas 

exchange processes in a tree, highlighting the importance of growth temperature on 

heatwave resistance and resilience. However, under water deficit conditions these results are 

likely to be different. The capacity for C. calophylla to tolerate heatwaves may reduce in the 

future as mean temperatures rise with the intensification of climate change. 
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In conclusion, this PhD investigated the capacity for Corymbia calophylla populations to adjust 

drought and temperature-associated traits through adaptive and plastic variation in response 

to contrasting temperature and water environments, and to severe water deficit and 

heatwaves. Corymbia calophylla expressed a significant capacity to adjust important drought 

and temperature-associated plant traits to variable water availability, growth temperature 

and heatwaves across populations and environments. Under heatwave conditions cool-wet 

populations grown under the cool growth regime exhibited superior performance while 

under chronic water deficit conditions a warm-dry population had the greatest performance. 

Therefore, some C. calophylla populations will tolerate severe conditions associated with 

climate change, while others will be more vulnerable to climate change. This species may have 

significant capacity to tolerate mild water stress, but may be more vulnerable to rising 

temperature and severe droughts, due to the limited plasticity in some populations. This 

study contributes to the understanding of forest responses to climate change-associated 

shifts in temperature and rainfall, and critically, it provides important information on adaptive 

capacity to climate change provided through genetic adaptation and phenotypic plasticity. 
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Chapter 1.0 

General introduction 

 

Forests make up approximately 30 % of earth’s land surfaces (Bonan 2008) and provide 

innumerable benefits to both ecosystems and humans through transpirational cooling, 

carbon sequestration, provision of aesthetic and economic services, hydrological buffering 

and habitats and food sources for fauna. Under intensifying climate change, rising 

temperatures and increased frequency and intensity of drought, wildfires and heatwave 

events predicted throughout many regions globally, threaten forests (IPCC 2014). Widespread 

tree mortality and dieback events have been increasingly observed throughout forests and 

bushlands globally as a response to periods of soil water deficit and warming in recent 

decades (Allen et al. 2010). These events have been documented on all vegetated continents 

around the world (Allen et al. 2010; Meir and Woodard 2010; Lewis et al. 2011). Widespread 

losses of forests will have significant adverse effects both locally and globally, including losses 

of habitat and altered hydrological patterns (Breshears et al. 2005; Engelbrecht et al. 2007; 

IPCC 2007; Williams et al. 2007). Furthermore, these events can alter carbon budgets 

(Breshears and Allen 2002), contributing to further warming of the atmosphere (Breshears 

and Allen 2002; Luo 2007; IPCC 2014). Increased drought and heatwave events predicted in 

some parts of the world, including Australia, will likely lead to continued mortality and dieback 

throughout forests (Meehl and Tebaldi 2004; Dai 2013; IPCC 2014; Allen et al. 2015). Genetic 

adaptation and phenotypic plasticity of important heat and drought tolerance plant traits may 

facilitate greater resistance and resilience in trees against future heatwave and drought 

events. 

Currently our ability to predict shifts in forest structure under climate change is limited. Global 

vegetation models (GVMs) are used to predict future changes in vegetation carbon balance 

under variable emission scenarios (Mercado et al. 2018). However, GVMs often lack accurate 

data on important physiological processes, intraspecific genetic adaptation and phenotypic 
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plasticity (Smith and Dukes 2013; Rezende et al. 2016; Kumarathunge et al. 2019). 

Information on adaptive and plastic processes driving tree responses at the intraspecific-level 

are needed to improve model accuracy and forest management under climate change. 

Genetic adaptation and phenotypic plasticity 

Climate change is exposing plant populations and species to novel conditions, threatening 

their persistence (Urban 2015). Climate change-associated rising temperatures, changes in 

rainfall and increased frequency and intensity of extreme events present a complex 

environment for plants. Sessile plants must migrate with their shifting climate envelope, or 

respond to their new conditions through genetic or plastic mechanisms. Genetic adaptation 

is a change in the genotypic composition of a population in response to its environment, 

occurring within one or multiple generations as a result of natural selection pressure (Williams 

1966). Large populations with high genetic diversity in tree species can enhance resilience 

against changing climate and facilitate local adaptation (Leimu and Fischer 2008; Jump et al. 

2009). For long-lived tree species, adaptation may not occur at a speed that can keep pace 

with climate change (Davis and Shaw 2001). In contemporary landscapes, migration may be 

limited by habitat fragmentation, urbanisation, lack of favourable habitat, geographic barriers 

to gene flow such as oceans and interspecific competition at the leading edge of a species 

(Case and Taper 2000; Davis and Shaw 2001; Aitken et al. 2008). 

Some species from spatially heterogenous environments exhibit local adaptation with higher 

fitness observed in local populations (Leimu and Fischer 2008). However, climate change is 

disrupting local adaptation as a result of rapid shifts in climate resulting in a mismatch of 

genotypes with the climate they were once adapted to, known as adaptational lag (Aitken 

and Whitlock 2013; Browne et al. 2019). A number of tree species were identified to exhibit 

adaptational lag, including Quercus lobata trees which expressed higher growth in cooler sites 

relative to populations in their home sites (Browne et al. 2019). Populations at risk of climate 

change with minimal physiological tolerance and/or phenotypic plasticity may benefit from 

the introduction of genetic material from preadapted populations, known as assisted gene 

migration (AGM; Aitken and Whitlock 2013). As temperatures rise, populations are moving 

pole-ward and leading-edge populations may benefit from the introduction of genetic 

material from warm-origin trailing edge populations (Davis and Shaw 2001). Risks of AGM 

include outbreeding depression, loss of current lineages and local adaptation disruption 
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(Aitken and Whitlock 2013); therefore, information on species genetic structure, gene flow 

and capacity for adaptive and plastic variation in response to climate change-associated 

conditions are needed prior to implementing these management programs. 

Phenotypic plasticity, the differential expression of a phenotype by a genotype across 

contrasting environments, may provide a rapid (within minutes, hours, days months or years) 

response to climate change in trees (Nicotra et al. 2010). However, natural environments are 

often spatially and temporally heterogenous with populations exposed to multiple 

environmental pressures limiting plasticity, therefore plants may need to adjust to multiple 

environmental pressures such as rising temperature and reduced rainfall (Valladares et al. 

2007; see Figure 1.1a). Some eucalypts possess the capacity to adjust to variable 

environments through phenotypic plasticity (Prober et al. 2016). Plasticity can be passed on 

to future generations (Matesanz et al. 2010; Nicotra et al. 2010). The capacity to adjust 

through plasticity provides important information for determining functional limits such as 

physiological tolerance traits, informing species distribution models and for species 

management under climate change (Nicotra et al. 2010). 

The capacity for multiple genotypes of a species to differentially adjust phenotypes across 

contrasting environments, indicates a genotype-by-environment interaction (G×E). Under 

climate change, G×E responses of important temperature and drought tolerance traits in 

trees may enable some genotypes to persist under increasing severe conditions (see Figure 

1.1b). Studies identifying G×E interactions, particularly those involving physiological traits, are 

limited and therefore the prevalence of G×E in species is largely unknown (Aspinwall et al. 

2015). 

Plant functional traits are morphological or physiological characteristics that are indicative of 

the performance and survival of a plant in its environment (Nicotra et al. 2010). The processes 

influencing trait expression include its genotype, environment, and their interactions (Figure 

1.1). Plant traits, both physiological and morphological, may exhibit variable adjustment time 

in a new environment through plasticity. Growth and other traits associated with survival and 

reproductive success provide insight into fitness of individuals (Primack and Kang 1989). 

Under arid conditions, traits that enhance water use efficiency and decrease the rate of water 

loss are beneficial to plants (e.g. reduced leaf area slowing rate of water loss across leaf 

surfaces) (Nicotra and Davidson 2010). 
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Common garden experiments are used to identify adaptive and plastic processes acting on 

functional traits and species likely responses to conditions such as those predicted to be more 

prevalent under climate change. Common garden experiments, involving genotypes of the 

same species grown together under contrasting environments, enable detection of genotypic 

variation, plasticity and G×E (Leimu and Fischer 2008; Hereford 2009). Local adaptation is 

identifiable when higher fitness is observed in a genotype grown under conditions similar to 

its local climate compared to more dissimilar environments (Williams 1966). Functional traits 

can be measured in genotypes growing across environments and presented in reaction norm 

plots to visualise the genetic, environmental and G×E processes operating on these traits (see 

Figure 1.1b; Nicotra et al. 2010; Aspinwall et al. 2015). 

 

 

Figure 1.1. Conceptual diagram showing direction of climate change toward a warmer, drier climate 

as predicted in SWA (a) and potential directions of plant trait expression shifts in response to warming 

temperatures only (yellow circle), drier conditions only (bright blue circle) and both drying and 

warming (green circle). Panel b shows the differential expression of a drought tolerance plant trait 

indicating the level of water stress tolerance, P88 (-MPa, the water potential at 88 % loss of 

conductivity). Higher (more negative) values indicate greater drought tolerance) across a wet and dry 

environment in two populations indicating environmental variation only (E*), genetic variation across 

contrasting environments only (G*) and a genetic-by-environment interaction (G×E*). High population 

resistance under the wet (blue) and dry (red) water environments are indicated by the circles with 

dashed lines showing which populations have the highest drought tolerance. 
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Plant responses to low water availability 

Water availability is a major determinant of plant species distributions. Water deficit can 

negatively influence plant growth and other important processes, including photosynthesis 

and metabolism (Lawlor and Cornic 2002). Sessile vascular plants have evolved a passive 

water transport system that operates to maximise carbon gain while minimising water loss. 

Water moves from the soil into plant roots, through the stem and to the leaves where it is 

lost. Water transportation vessels are called xylem and the movement of water through 

plants occurs under negative pressure. Cohesive forces bind water molecules together and 

are pulled upwards by a transpiration stream when stomata are open using passive 

transportation (Tyree and Sperry 1989). Water molecules are converted to water vapour in 

leaf intercellular spaces and lost via transpiration from the leaf into the atmosphere through 

stomata (Tyree and Sperry 1989). 

Through the passive process of water transport in plants under negative tension, embolisms 

can form in the xylem vessels when tension increases in the soil-plant-atmosphere continuum 

(Pockman et al. 1995). This occurs under soil water deficit which may be coupled with high 

atmospheric vapour pressure deficit (VPD) and reduces the conductivity of water through the 

plant. Loss of hydraulic conductivity in plants typically increases with increasing severity of 

soil water deficit and is measured as the percentage loss of conductivity (PLC) through a plant 

organ (leaf, stem or root) relative to the maximum conductivity under full hydration 

associated with a leaf or stem water potential (Tyree and Ewers 1991). Under severe 

sustained water deficit, a plant will eventually die from hydraulic failure (Pockman et al. 1995; 

McDowell et al. 2008), which is a widely accepted mechanism of tree mortality (McDowell et 

al. 2008; Adams et al. 2017). Xylem water transport is considered substantially impaired once 

the water potential associated with 50 % loss of hydraulic conductivity (P50) is reached in 

angiosperms (Brodribb and Cochard 2009) and 88 % loss of hydraulic conductivity (P88) is 

considered the point from which recovery is unlikely (Kursar et al. 2009; Urli et al. 2013; Li et 

al. 2015). 

Cavitation traits, including P50 and P88, are associated with xylem structure. The hydraulic 

safety margin (the difference in water potential between P50 and the minimum water 

potential in the field) and P50 are generally good predictors of tree mortality across species 



Chapter 1.0 
 

6 
 

globally (Anderegg et al. 2016). Across 384 angiosperm tree species, P50 was strongly 

associated with mean annual precipitation at species’ site of origin with greater drought 

tolerance (more negative P50) found in trees from more arid environments (Choat et al. 2012). 

Fewer studies investigating plasticity in cavitation traits at the intra-specific level exist relative 

to those measuring variation at the species-level (Wortemann et al. 2011; Lamy et al. 2014; 

López et al. 2016; Blackman et al. 2017). One study found minimal evidence of plasticity across 

513 genotypes of Pinus pinaster (Lamy et al. 2014). Both adaptive and plastic variation were 

observed in P50 measured in leaves (P50leaf) of Corymbia calophylla populations across 

contrasting growth temperatures (Blackman et al. 2017), and adaptive variation drove greater 

drought tolerance in a dry origin Eucalyptus globulus population relative to a wet population 

in P50leaf under a common environment (plasticity was not tested in this trait; Pritzkow et al. 

2019). 

Stomatal regulation is one mechanism plants utilise to slow the onset of cavitation and 

runaway embolism that can lead to catastrophic hydraulic failure induced by water deficit 

(Figure 1.2; Tardieu and Simonneau 1998; Sperry 2004). Stomata close in response to 

atmospheric water deficit (high VPD) and/or low soil water availability to regulate plant water 

potential (Tyree and Sperry 1989). However, there is a trade-off between water conservation 

and carbon gain because photosynthesis declines with decreasing stomatal conductance. 

Following stomatal closure under continuing water deficit, plants lose water through ‘leaky’ 

cuticles and stomata, collectively known as minimum conductance (gmin; Figure 1.2; Kerstiens 

1996). This trait is not commonly measured in drought studies, but has a significant influence 

on the time it takes for plants to reach hydraulic failure (Blackman et al. 2016). Furthermore, 

the inclusion of species and population-specific gmin values rather than regression estimates 

often used in current GVMs may improve their accuracy (Duursma et al. 2019). Total plant 

leaf area is a factor in the rate of water loss via gmin with large leaf area trees losing water 

more rapidly than those with small leaf areas (Blackman et al. 2016). A recent review on gmin 

by Duursma et al. (2019) found the trait was more directly related to growth environment, 

including soil moisture, than genotype. Given relatively few studies, the influence of genotype 

and environment on this trait and its contribution to desiccation time in trees requires further 

observations. 
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Figure 1.2. Percentage loss of conductivity curve indicating the different phases of plant hydraulic 

performance under increasing water stress (decreasing water potential, MPa) from stomatal closure 

(Pgs90), the water potential at 50 % loss of conductivity (P50) and 88 % loss of conductivity (P88) followed 

by plant death by hydraulic failure beyond P88. Prior to Pgs90 plants lose water through stomatal 

conductance (blue region) and after Pgs90 they lose water through minimum conductance (red region). 

A well-watered Corymbia calophylla sapling is shown under low PLC and a recently deceased sapling 

from hydraulic failure is shown under high PLC. 

 

Plant responses to elevated temperature 

Temperature is important for plant growth and function. However, exposure to extremely 

high temperatures above a plant’s thermal optimum can cause reversible and irreversible 

damage. High temperature stress can influence biochemical processes involved in gas 

exchange, cause tissue death (Vacca et al. 2004), produce reactive oxygen species resulting in 

oxidative stress (Takahashi and Asada 1988; Mittler 2002) and reduce overall plant growth 

(Teskey et al. 2015). High temperature stress has the potential to affect plant resistance and 
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resilience to future stress events. Plant death is rarely caused by heat stress alone; however, 

high temperature exposure coupled with soil water deficit increases plant vulnerability to 

mortality (Teskey et al. 2015). A role of warmer temperatures has been identified as 

contributing to widespread tree mortality across forests globally (Allen et al. 2010; Matusick 

et al. 2013; Williams et al. 2013; Allen et al. 2015). 

Photosynthesis is highly temperature sensitive. Plants have a photosynthetic temperature 

optimum (Topt) at which photosynthetic rate is highest, influenced by growth temperature 

(Berry and Björkman 1980). Plants grown under a cool temperature regime will typically 

exhibit a lower Topt while those grown under a warm temperature regime have a higher Topt 

(Berry and Björkman 1980). An increase in temperature up to Topt is associated with an 

increase in the rate of CO2 assimilation in the first step of the photosynthesis reaction 

(carboxylation). Carboxylation is catalysed by the enzyme ribulose-1, 5-bisphosphate 

carboxylase/oxygenase (Rubisco) (Sharkey 1985). The maximum rate of carboxylation (Vcmax) 

and the electron transport rate required to regenerate ribulose-1, 5-bisphosphate (Jmax) are 

two important components of photosynthesis (Farquhar et al. 1980). As temperature 

approaches Topt, Jmax and Vcmax typically increase and subsequently decline at supra-optimal 

temperatures (Berry and Björkman 1980). 

Long-term adaptation to home-site temperature and short-term temperature acclimation are 

two processes that influence photosynthesis and are not mutually exclusive. A recent global 

review indicated that temperature acclimation influenced photosynthesis rates across more 

species than adaptation to home-site temperature (Kumarathunge et al. 2019). In a 

glasshouse experiment, Drake et al. (2017) observed no adaptation in photosynthesis to 

home site temperature across Eucalyptus tereticornis populations. Another study found a 

strong positive relationship between extreme temperature causing damage to 50 % of leaves 

and mean maximum temperature of the hottest month at site of origin (Cunningham and 

Read 2006). 

Photosynthetic acclimation to new temperature environments is common in plants and can 

occur over periods of days to months (Berry and Björkman 1980). This may involve a shift in 

photosynthesis at the new growth temperature, an increase in photosynthetic capacity or a 

shift in Topt (Way and Yamori 2014). Temperature acclimation is influenced by the variation in 

the intercellular CO2 concentration in the leaf, Jmax, Vcmax and the ratio of Jmax: Vcmax (Hikosaka 
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et al. 2006). In a review of 19 studies involving temperature acclimation in trees and crops, 

Jmax and Vcmax responded similarly amongst trees and Jmax: Vcmax was highly correlated across 

studies as temperature increased (Medlyn et al. 2002). While the biochemical processes 

involved in temperature acclimation of photosynthesis are well understood (Berry and 

Björkman 1980; Farquhar et al. 1980), further research investigating photosynthetic 

temperature acclimation among genotypes and in response to heatwaves is required. 

Plants utilise a percentage of the carbon fixed from photosynthesis in respiration for cellular 

maintenance, active transport and growth, releasing CO2 back into the atmosphere. 

Respiration has a higher temperature sensitivity than photosynthesis (Forward 1960; Atkin 

and Tjoelker 2003) and respiratory temperature acclimation can occur rapidly within a few 

days (Billings et al. 1971; Atkin et al. 2000). Respiration increases exponentially with rising 

temperature up to an optima significantly higher than photosynthetic Topt (50 – 60 °C; e.g. 

Hüve et al. 2011). Therefore, warming will lead to an increase in the ratio of respiration to 

photosynthesis in the short term (Berry and Björkman 1980). Respiratory acclimation to 

increased temperature results in down-regulation of respiration reducing the ratio of 

respiration to photosynthesis (Atkin and Tjoelker 2003; Drake et al. 2016). Drake et al. (2016) 

observed acclimation in whole canopy and leaf-level respiration rates of Eucalyptus 

tereticornis when grown under ambient + 3 °C conditions in whole tree chambers. 

Leaf nitrogen (N) content is a good indicator of photosynthetic temperature acclimation 

(Evans 1989). A positive correlation exists between leaf N content and photosynthetic rate 

(Evans 1989) as well as respiration rate (Reich et al. 1998, 2006; Tjoelker et al. 2008). Rubisco 

makes up a large portion of N in leaves (Evans and Seemann 1989) and under conditions of 

warming and constant light, an increase in leaf N content is indicative of temperature 

acclimation (Evans 1989). 
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Table 1.1. Plant traits measured throughout the thesis across different chapters. Traits measured are 

associated with either water availability or temperature. Traits are: photosynthesis at saturating light 

and ambient CO2 (Asat), photosynthesis at saturating CO2 (Amax), the ratio of Asat to Amax (Asat/Amax), leaf 

carbon isotope ratio (δ13C), specific leaf area (SLA), leaf nitrogen per unit mass (Nmass), leaf nitrogen 

per unit area (Narea), tree height (height), stem water potential associated with 88 % loss of 

conductivity (P88), total sapling leaf area (AL), minimum conductance (gmin), stomatal closure (gs90), 

total aboveground stored water (Vw), plant desiccation time from the water potential at gs90 to P88 

(time to critical failure, TTCF), stomatal conductance (gs), maximum carboxylation rate (Vcmax), electron 

transport rate (Jmax), leaf respiration per unit area (Rarea). 

Thesis chapter Water relations traits Temperature associated traits 

Chapter 2 field   

 Asat  

 Amax  

 Asat/Amax  

 δ13C  

 SLA  

 Nmass  

 Narea  

 Height  

Chapter 3 poly-tunnel   

 P88 

 AL 

 gmin 

 gs90 

 Vw 

 Stem volume  

 TTCF 

Chapter 4 glasshouse   

  Asat 

  gs 

  Vcmax 

  Jmax 

  Rarea 

 

Study species 

The study species was Corymbia calophylla (R. Br.) K.D. Hill & L.A.S. Johnson (Eucalyptus sensu 

lato; family Myrtaceae), a large, common foundation tree species endemic to forests 

throughout south Western Australia (SWA), Australia (Figure 1.3). It is found in tall and open 

Eucalyptus marginata and E. diversicolor forests and open woodlands from Eneabba 

(29.8167° S, 115.2667° E) in the north to Cape Riche (34°36′29″S 118°45′00″E) in the south 
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and extends to Narrogin (32.9365° S, 117.1720° E) in the east (Boland et al. 2006). Within its 

range, rainfall declines with decreasing latitude and from coastal to inland regions ranging 

from 1159 mm mean annual precipitation (MAP) in the south west corner to 563 mm at its 

northern margin. Temperature also increases with decreasing latitude and from coastal to 

inland areas with mean maximum temperatures ranging from 26 °C to 32 °C (Bureau of 

Meteorology 2017). Corymbia calophylla grows on variable soil types including lateritic soil 

on the Darling Plateau, sandy soil along coastal regions and sandy loam alluvium (Boland et 

al. 2006). It is an ecologically significant species providing habitats and food sources for 

numerous species including the endangered Carnaby’s cockatoo (IUCN 2016). 

 

Figure 1.3. Corymbia calophylla species with example of newly emerged seedlings (a), saplings (b) and 

a mature flowering tree (c). 

 

The SWA is a biodiversity hotspot (Myers et al. 2000) and experiences a Mediterranean-type 

climate with hot-dry summers and cool-wet winters. The region has experienced a trend of 

decreasing rainfall since the late 1960s (Bates et al. 2008) and 0.6 °C increase in mean annual 

temperature (Liu et al. 2019). The SWA is one of the few regions in Australia where there is 

high certainty of rainfall declines and increased drought events under climate change (Dey et 

al. 2019). Furthermore, heatwaves are predicted to increase in frequency and severity 

throughout this region (Cowan et al. 2014). 
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Canopy dieback and mortality have been observed throughout forests in SWA impacting C. 

calophylla trees in response to heatwave and drought events in the past three decades (Evans 

et al. 2013; Matusick et al. 2013). A record compound heatwave-drought event during the 

summer of 2010/2011 in which several heatwave events including a 9-day heatwave in 

combination with a record low rainfall year resulted in a large-scale tree mortality event 

across forests and bushlands throughout SWA (Matusick et al. 2013). Following this event, a 

significant decline in photosynthetic productivity, revealed by fractional cover analysis, was 

observed in the northern jarrah forest where C. calophylla is a codominant species (Evans et 

al. 2013). 

Corymbia calophylla is threatened by the endemic fungal pathogen, Quambalaria coyrecup 

which results in the formation of a canker wound on the trunk and branches and eventually 

leads to death of the tree (Paap et al. 2016, 2017). Drought may increase the impact of Q. 

coyrecup on C. calophylla, but is dependent on the timing of drought and pathogen 

inoculation (Hossain et al. 2019). 

Research overview 

The overall aim of this PhD project was to identify genetic adaptation, phenotypic plasticity 

and genotype-by-environment processes influencing important plant traits associated with 

tolerance to elevated temperature and water deficit across C. calophylla populations sourced 

from climate-origins with variable rainfall and temperature. This was further tested under 

extreme conditions of water deficit and heatwaves to identify intraspecific variation in 

tolerance to these conditions that are projected to intensify under climate change in SWA. 

Corymbia calophylla trees from multiple populations were exposed to contrasting 

environments in three experiments and plant traits were measured across populations and 

environments. 

In Chapter 2, C. calophylla trees from 12 populations growing at two reciprocal experimental 

plantation sites situated in the cool region of the species’ distribution with similar 

temperature regimes and contrasting rainfall were measured at two time points, at the start 

of a growth period and at the end of the subsequent summer period. Seasonal and site 

environmental factors, population genotype, and their interactions influencing trait 

expression were determined in growth, leaf and gas exchange traits. 
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In Chapter 3, saplings from two populations from contrasting temperature and rainfall home-

sites were grown in a poly-tunnel facility in large plant bags in a water manipulation 

experiment. Trees were grown under either a chronic water deficit or well-watered treatment 

for 5 months. A drought-to-hydraulic failure was then imposed and hydraulic and allometric 

traits associated with plant desiccation time were identified across populations and 

treatments. 

In Chapter 4, saplings from eight populations were grown in a temperature-controlled 

glasshouse facility under two growth temperature regimes representing temperatures at the 

northern warm and southern cool regions of C. calophylla’s distribution in a reciprocal design. 

Saplings were then exposed to a moderate or extreme heatwave event then allowed to 

recover under growing conditions. Gas exchange traits, plant damage and growth were 

monitored prior to, during and after the heatwave event. 

 

Corymbia calophylla is an ideal tree species to assess genetic adaptation and phenotypic 

plasticity of plant traits. In a previous study, when saplings were grown under two contrasting 

growth temperature regimes in a glasshouse facility, P50leaf was found to differ among 

northern and southern regions, and plants were able to adjust to growth temperature 

through plasticity (Blackman et al. 2017). Furthermore, in the same experiment, both 

adaptation and plasticity drove variation in photosynthesis and respiration (Aspinwall et al. 

2017). Several traits, including growth and multiple leaf traits have been identified as 

heritable in C. calophylla at the SWA experimental plantation sites (Ahrens et al. 2019a, b), 

indicating that genetic variation explains a significant portion of the phenotypic variance and 

differential trait expression can be driven by natural selection. Furthermore, it is an 

ecologically important, widespread, common co-dominant canopy species throughout forests 

and bushlands in SWA. Recent widespread mortality observed in this species (Matusick et al. 

2013) indicates that it is vulnerable to combined heat stress and drought events. Predictions 

of increasing severity and frequency of heat and drought events in SWA suggest that further 

mortality in this species is likely without management intervention. This study will contribute 

to determining whether this species will benefit from management interventions including 

AGM. 
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Chapter 2.0 

Phenotypic plasticity and genetic adaptation drive growth and 

physiological trait expression in populations across variable temporal 

and spatial water availability in common garden sites 

 

Abstract 

The resilience of forests worldwide is being tested by climate change. Large scale tree 

mortality and dieback events have been documented across continents in recent decades. 

The adaptive capacity of forests in response to climate change remains largely unknown. 

However, information on adaptive capacity is important for predicting forest resistance and 

resilience to future climates. 

We aimed to determine the contribution of genetic and environmental factors on 

physiological and growth trait variation in a widespread foundation tree species in southwest 

Australia. We quantified intraspecific genetic variation across 12 Corymbia calophylla 

populations spanning temperature and rainfall clines grown in common garden experimental 

sites. Environmental variation was quantified by measuring the same populations established 

in two experimental sites with contrasting rainfall regimes, and two different time periods 

(measured before and after a hot/dry summer). Leaf traits were aligned with the leaf 

economic spectrum (LES) of investment and return. Furthermore, to determine the role of 

local adaptation influencing tree growth and integrated water use efficiency, we tested for 

local fitness advantages in these traits relative to foreign populations within the planting sites. 

Corymbia calophylla plant trait expression was driven by genetic adaptation and phenotypic 

plasticity, improving plant water use efficiency. Trait variation within sites and seasons was 

associated more commonly with temperature at population site-of-origin. Several leaf traits 

in trees at the dry site measured after the summer period reflected a more water conservative 

strategy, in line with the LES hypothesis, with higher water use efficiency (integrated and 
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instantaneous), high foliar nitrogen content and low specific leaf area. Within sites, local 

populations did not express significant growth and leaf water use efficiency advantages within 

corresponding local sites compared to foreign populations. But at the broader regional scale, 

cool-origin populations exhibited a growth and water use efficiency advantage over warm-

origin populations in both cool experimental sites reflecting adaptation. Corymbia 

calophylla’s capacity to respond to low water availability through genetic adaptation and 

phenotypic plasticity may enable it to maintain optimal performance under climate change. 

2.1 Introduction 

Climate change threatens forest resilience with forests worldwide experiencing the impacts 

of increased wildfire, insect damage, long term water deficit and warming temperatures 

(Breshears et al. 2005: Allen et al. 2010; Stevens-Rumann et al. 2018). Throughout many 

regions globally, increased severity of drought is projected (Dai 2013; IPCC 2014), which may 

lead to widespread tree mortality (Matusick et al. 2013). While infrequent severe heatwave 

drought events may lead to tree mortality, rising mean temperatures and long-term water 

deficit will likely test resilience of trees to future climate change (Reyer et al. 2015). A 

heatwave can be defined as three consecutive days of maximum temperatures greater than 

the 90th percentile for the region (Perkins and Alexander 2013). Water deficit reduces 

photosynthetic performance and places the hydraulic system of plants under stress, 

increasing their vulnerability to embolism formation (Flexas et al. 2006; McDowell et al. 2008; 

Choat et al. 2018). There remains uncertainty in the responses of forests to climate change, 

including the adaptive capacity of trees to adjust to frequent water deficit. 

Genetic adaptation to climate change is essential for some plant species to persist in their 

environment. However, for longer-lived plants including trees, genetic adaptation may not 

provide a timely response under rapid climate change (Aitken et al. 2008). Climate change-

associated shifts in temperature and rainfall may provide adequate selection pressure, 

thereby facilitating adaptation of species and populations to these novel environments (Jump 

and Peñuelas 2005). Although the majority of field studies investigating the responses of tree 

populations to variable water availability are conducted on trees growing naturally in their 

environment of origin, fewer studies utilise common gardens with multiple genotypes grown 

across multiple environments (e.g. McLean et al. 2014; da Silva et al. 2020). Common gardens 
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involving plantings of genotypes or species together under the same environment enable the 

determination of genotypic variation. Experiments with multiple reciprocal transplant 

common gardens established within a species’ distribution across contrasting environments 

provide valuable information on both phenotypic plasticity and genotypic variation to variable 

environments (Vitasse et al. 2014). 

Adaptive plasticity may occur if a plastic response contributes to enhanced fitness under the 

novel environment (Nicotra and Davidson 2010). Adaptive plasticity was observed in foliar 

hair density in Convolvulus chilensis with greatest plasticity observed in the population with 

the highest interannual rainfall variation and this trait was associated with plant biomass, a 

fitness proxy (Gianoli and González-Teuber 2005). Moreover, genotypes may increase their 

resilience and tolerance to novel climate conditions through phenotypic plasticity of 

important traits (Aspinwall et al. 2015). Eucalyptus microtheca provenances exhibited greater 

variation in seasonal water use efficiency associated with provenance precipitation of the 

driest quarter when grown under a water deficit treatment relative to a well-watered 

treatment (Li et al. 2000). This would enable these provenances to increase water use 

efficiency rapidly through plasticity under a drying environment (Li et al. 2000). Few studies 

have investigated the intraspecific capacity for phenotypic plasticity to variable water 

availability in physiological plant traits, despite this information being imperative for 

understanding forest responses to climate change (Aspinwall et al. 2015; McLean et al. 2014; 

Worteman et al. 2011). 

Water availability is a strong determinant of physiological performance, including 

photosynthesis (Asat). Instantaneous water use efficiency (ratio of Asat to stomatal 

conductance (gs), Asat/gs) is the ratio of carbon gain to water loss and will vary in response to 

environmental conditions. On a longer time scale, seasonal plant water use efficiency (WUE) 

can be inferred from carbon isotope analysis of plant tissue (Farquhar et al. 1982) through 

seasonal shifts in stomatal conductance. Stomatal conductance influences the variation in leaf 

intercellular CO2 partial pressure (ci) relative to atmospheric CO2 partial pressure (ca) and 

under water deficit conditions gs will decline, resulting in reduced ci/ca. The isotopic ratio of 

13C to 12C in leaves (δ13C), indicative of seasonal WUE, varies primarily in response to ci/ca due 

to discrimination against the heavier 13C molecules by Rubisco (Farquhar et al. 1982; 

Buchmann et al. 1998). Variation in stomatal response strategies to differential water 
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availability and vapour pressure deficit (VPD) likely contribute to species and population 

variability in δ13C (Cernusak et al. 2013). Studies have observed increasing δ13C (increasing 

WUE) with decreasing mean annual precipitation (Stewart et al. 1995; Kohn 2010) and 

genotypic variation in δ13C across contrasting environments in multiple tree species in 

common garden experiments (Broeckx et al. 2014; Bartholomé et al. 2015; Beyer et al. 2018). 

Plant water availability influences leaf functional traits, in addition to physiological traits, 

contributing to greater water use efficiency. Specific leaf area (SLA) and leaf nitrogen (N) 

content are intrinsically related to photosynthetic rate (Reich et al. 1998). Specific leaf area is 

a measure of leaf dry mass per unit leaf area and thick leaf blades and/or smaller leaf areas 

produce low SLA. According to the leaf economic spectrum (LES) of investment and return 

(Wright et al. 2004), plants from more xeric environments typically produce leaves with long 

life spans high N content (area based), low photosynthetic rates and low SLA. Low SLA in 

plants growing in water deficit environments has been variously attributed to a smaller 

surface area for water loss (Poorter et al. 2009), structural support to reduce wilting and 

higher total non-structural carbohydrate concentration (Niinemets et al. 1998). In addition to 

reduced photosynthetic rate as a result of low gs in dry environment plants, it has been 

postulated that a low SLA reduces photosynthetic rate due to tightly packed palisade 

parenchyma cells (Epron et al. 1995; Terashima and Hikosaka 1995). However, an increase in 

leaf N allocated to Rubisco may reduce stomatal limitations on Asat in water-limited 

environments, thereby optimising photosynthetic performance (Farquhar et al. 2002). A 

strong positive relationship between Asat and mass-based leaf N (Nmass) has been widely 

reported across plant species (Evans 1989; Wright et al. 2004). 

Variable plant water availability across common garden experiments has exposed plasticity in 

leaf traits in some tree species, in addition to low water availability exposing genotypic 

variation. Specific leaf area in Eucalyptus species in populations grown in common garden 

studies has been shown to be environmentally determined and not related to climate-of-

origin (Warren et al. 2006; Aspinwall et al. 2017; Drake et al. 2017); however, other studies 

have reported genotypic variation related to climate of origin (Warren et al. 2005; Schulze et 

al. 2006; McLean et al. 2014). Foliar N may be regulated by environmental or genetic 

expression in Eucalyptus (Wright et al. 2005; Warren et al. 2006; McLean et al. 2014). For Asat, 

there is evidence of trait expression associated with climate-of-origin (Warren et al. 2006; 
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Lewis et al. 2011; Aspinwall et al. 2017), but no photosynthetic temperature adaptation to 

climate-of-origin was observed across Eucalyptus tereticornis provenances (Drake et al. 2017) 

and a global meta-analysis detected minimal adaptation in Asat to temperature at the site-of-

origin (Kumarathunge et al. 2019). 

We aimed to disentangle the effects of environment and genotype on trait expression across 

12 populations of Corymbia calophylla trees grown in two common garden experimental sites 

situated within the species’ distribution that experience similar temperatures but contrasting 

rainfall. We measured plant traits at two time points; before and after a summer period (6 

months apart). A previous study conducted at these experimental sites revealed that height 

and diameter were heritable in C. calophylla (Ahrens et al. 2019b), indicating that genetic 

variation explains a significant portion of the phenotypic variance and differential trait 

expression can be driven by natural selection (Geber and Griffen 2003). We hypothesised 

that, 1) there would be adaptive variation associated with temperature and rainfall climate 

variables at population site-of-origin detected for growth (height), functional (SLA, Nmass, N 

per unit area (Narea)) and physiological traits (photosynthesis at saturating light (Asat) and 

saturating light and CO2 (Amax) and δ13C). Specifically, Asat and δ13C would be highest in cool-

wet populations within sites and seasons in alignment with findings of greater acclimation 

capacity in this climate region observed by Aspinwall et al. (2017). 2) We expected differential 

trait expression across environments (sites and seasons) and trees growing at the drier site 

after the summer period (autumn 2017) would adopt a more water conservative strategy 

consistent with the LES (Wright et al. 2004) displaying low SLA and Asat, high δ13C, Nmass and 

Narea in contrast with the high rainfall site, and (3) local adaptation would be observed in 

height and δ13C traits within local populations with greater height and δ13C (higher WUE) 

expressed in local populations within corresponding local experimental sites relative to 

foreign populations. 

2.2 Materials and methods 

Study sites 

This study was conducted at two common garden ‘experimental sites’ in Western Australia 

located within C. calophylla’s distribution (Figure 2.1). These experimental sites experience 
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similar temperatures (26 °C mean maximum temperature of the warmest month (MaxT)), but 

vary in mean annual precipitation (MAP). The Margaret River experimental site (MR) is 

located approximately 270 km south of the city of Perth (33°55'24.63"S 115°12'33.90"E) and 

the Mount Barker experimental site (MB) is located approximately 392 km SSE of Perth 

(34°45'0.90"S 117°57'45.18"E). The long-term MAP at the MR site is 1072 mm and 680 mm at 

the MB site and. These experimental sites are both located adjacent to natural C. calophylla 

populations; the Bramley population (BRA) at the MR site and the Plantagenet population 

(PLA) at the MB site. Ahrens et al. 2019b
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Table 2.1. Corymbia calophylla populations with allocations to northern ‘warm’ and southern ‘cool’ temperature regions, coastal ‘wet’ and inland ‘dry’ rainfall 

regions and associated maximum temperature of the hottest month (MaxT, °C), mean annual temperature (MAT, °C) mean annual precipitation (MAP, mm), 

1/aridity index (1/AI) and precipitation of the driest month (PreDM, mm) from BIOCLIM 1970-2000. 

Experimental site/ population 
 

Latitude Longitude Temperature  

region 

Rainfall  

region 

MAT MaxT MAP 1/AI PreDM 

Margaret River experimental site MR -33.913 115.191 Cool Wet 16.3 26.3 1039 1.09 11 

Mount Barker experimental site MB -34.708 118.028 Cool Dry 15.1 25.9 670 1.74 25 

Boorara BOO -34.639 116.124 Cool Wet 15.0 25.6 1159 0.95 24 

Carey CAR -34.420 115.821 Cool Wet 14.7 25.9 1106 1.02 20 

Bramley BRA -33.916 115.916 Cool Wet 16.3 26.1 1072 1.04 11 

Kingston KIN -34.081 116.330 Cool Dry 14.5 27.7 820 1.49 19 

Plantagenet PLA -34.653 117.499 Cool Dry 15.1 26.5 680 1.59 25 

Cape Riche CRI -34.602 118.743 Cool Dry 15.9 26.2 579 2.08 20 

Serpentine SER -32.353 116.353 Warm Wet 16.2 30.5 1173 1.12 12 

Peel PEE -32.685 115.743 Warm Wet 17.9 30.4 885 1.49 10 

Chidlow CHI -31.868 116.223 Warm Wet 16.8 32.2 900 1.54 12 

Lupton LUP -32.521 116.521 Warm Dry 15.5 31.6 635 2.22 12 

Hill River HRI -30.311 115.202 Warm Dry 18.8 31.7 563 2.56 4 

Mogumber MOG -31.099 116.051 Warm Dry 18.1 33.1 596 2.56 10 
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Figure 2.1. Map of 12 C. calophylla populations (blue circles) and wet Margaret River (MR) and dry 

Mount Barker (MB) experimental sites (red circles) in south Western Australia, Australia. Population 

names are presented in full in Table 2.1. 

 

Seeds were sourced in 1991 and 1992 from 18 naturally occurring populations of C. calophylla 

trees spanning climate gradients throughout its distribution, with additional seed collections 

conducted in 2013 by the Western Australian Department of Biodiversity, Conservation and 

Attractions. Seeds were extracted from capsules, dried and stored at low temperatures prior 

to germination. 

Each experimental site contained 12 populations sourced from a range of temperature and 

rainfall conditions throughout the species natural distribution within the northern warm, 

southern cool, inland dry and coastal wet regions (Table 2.1, Figure 2.1). 

The MR site is situated in a paddock allocated for grazing and was established in October 

2014. The MB site is situated within an Australian Blue Gum Plantation estate and was 

established in August 2014. Corymbia calophylla trees were arrayed in a random block design 

with six blocks per site, approximately 10 families per population and four replicates per 

family. Trees were planted in rows with 2 m spacing within rows and 4 m between rows. Two 
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rows of C. calophylla buffer trees surround the experimental trees (see Ahrens et al. 2019b 

for full details of the plantations). 

Analysis of soil characteristics was carried out on soil sampled randomly from 3-6 locations 

within the experimental sites from a depth of 5-20 cm. A standard chemistry analysis was 

conducted on each sample at CSBP (Bibra Lake, Western Australia) and averaged within sites. 

Concentrations of soil organic carbon, potassium, phosphorus, potassium and nitrates were 

determined. 

Weather 

Daily rainfall and maximum daily temperature were sourced from the Bureau of Meteorology 

(http://www.bom.gov.au/). Climate variables for the MR site were obtained from the 

Margaret River weather station (station number: 009574) located 14.2 km WSW of the site. 

For the MB site, daily rainfall and daily maximum temperature (data not available every day) 

were sourced from the South Porongorups (station number: 109512; 17 km west of MB site) 

and Mount Barker (station number: 9581; 35 km NNW from MB site) weather stations, 

respectively. Daily maximum vapour pressure deficit (VPD) across sites was calculated from 

daily vapour pressure at 3 pm and maximum daily air temperature downloaded from the 

Bureau of Meteorology (http://www.bom.gov.au/). 

Growth and physiological traits 

Two measurement campaigns were conducted between the 22nd and 29th September 2016 

(hereafter referred to as ‘spring 2016’) and the 17th and 24th March 2017 (hereafter referred 

to as ‘autumn 2017’) to measure physiological and morphological traits at both experimental 

sites. The spring 2016 campaign captured the start of a growth period and the autumn 2017 

campaign was designed to capture the end of the summer growth period at the start of an 

autumn period. During the field campaigns, growth and physiology measurements were 

conducted on trees from 12 populations, with 10 replicate families from each of the 12 

populations (total of 120 trees) (Table 2.1). Tree height was measured as a growth indicator 

and fitness proxy using a height stick (Ahrens et al. 2019b). 

For specific leaf area (SLA), one leaf was sampled from the north side of each tree in the mid-

canopy and placed in a sealed plastic bag and stored on ice prior to measurements. Leaf area 
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of fresh leaves was measured using a Canon flatbed scanner (model # LiDE220) at 50 dpi. Leaf 

area was analysed using the ImageJ software. Leaves were initially dried in silica gel and later 

in an oven at 70 °C for at least 48 hours. Leaf dry mass was measured and SLA was calculated 

as leaf area (m2)/leaf dry mass (kg). Dried leaves were then used for analysis of carbon isotope 

ratio and leaf nitrogen content during the autumn 2017 campaign. Leaf samples were ground 

to a fine powder using a Cyclotec mill (Foss Analytics, Mulgrave, VIC, Australia). The isotopic 

ratio of 13C to 12C (δ13C) and percentage leaf nitrogen content (Nmass %) were estimated at the 

Isotope laboratory at the Australian National University using a Micromass Isoprime Mass 

Spectrometer (CF-IRMS, Manchester, England). Leaf N per unit area (Narea; gm2) was 

calculated as Nmass %/100 × leaf mass per unit area (g/m2). 

Gas exchange measurements were carried out between 8:30 and 13:30 AWST on the 24th- 

25th of September at the MB site and on 28th September at the MR site during spring 2016 

and 17th and 19th March at the MB site and 21st and 24th March at the MR site during autumn 

2017. Photosynthesis was measured at saturating light and ambient CO2 (Asat, 400 μmol CO2, 

2000 µmol m-2 s-1 PAR) and at saturating light and CO2 (Amax, 1000 μmol CO2, 2000 µmol m-2 s-

1 PAR) using two Li-Cor 6400 (Li-cor, Bioscience, NE, USA) units fitted with 6 cm2 chambers 

containing red-blue light sources (6400-02B). Flow rate was maintained at 500 µmols-1 and 

block temperature set to the maximum daily forecasted temperature on the measurement 

day. 

Pre-dawn and mid-day leaf water potentials were measured at each site using a Scholander-

type pressure chamber (ICT, Albany, NSW). Mid-day and pre-dawn leaf water potential 

measurements were conducted on all 12 populations with five replicates per population (60 

trees total) (Table 1). 

Statistical analysis 

All analyses were conducted in R v1.1.463 (R Development Core Team, 2018). Figures were 

made using the ggplot2 package. To test for the effect of genotype (G) and site (E) and their 

interactions (G×E) on traits, linear models (lm function) were used. The anova function was 

used to obtain F and P values from the lm models. For further tests of population differences 

within sites for traits, linear models (lm function) were used. Relationships between gas 

exchange (Asat, gs, Asat/ gs) and δ13C traits were tested using linear models to obtain r2 and P 
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values with δ13C as the response variable and Asat, gs, Asat/ gs traits as the explanatory 

variables. Normality and homoskedacity of residuals were tested and data were log 

transformed when necessary. 

Transfer distance between population site-of-origin and the experimental sites was calculated 

using the distm function with fun = distGeo from the geosphere package. Linear models were 

used to test for trends between transfer distance and tree height in populations growing at 

the two experimental sites with log height the response variable and transfer distance 

between population site-of-origin and experimental site the explanatory variable. Pairwise t 

tests (pairwise.t.test function) were used to test for significant differences in height between 

populations. 

Principal component analysis (PCA) plots were produced using the ggbiplot package using leaf 

trait data from the autumn 2017 period only to show site differences in trait relationships 

across climate regions. The prcomp and ggbiplot functions were used to produce plots with 

climate region groups. 

Mean annual temperature (MAT), mean maximum temperature of the warmest month 

(MaxT), mean annual precipitation (MAP), precipitation of the driest month (PreDM), and 

inverse of aridity index (1/AI) for each population-origin were regressed against each trait 

using the lm function. These climate variables were selected to characterise the mean annual 

temperature and rainfall experienced at the sites as well as characterising the environment 

during the most stressful period of the year; the warm dry summer period typical of a 

Mediterranean-type climatic region. Climate variables were extrapolated from WorldClim 

version 2 (www.worldclim.org) as average monthly climate data for 1970-2000 (MAP = Bio12, 

MAT = Bio1, MaxT = Bio5, PreDM = Bio14), and CGIAR-CSI (http://www.cgiar-csi.org/) as 

averaged for 1950-2000 for each population. Daily vapour pressure and maximum 

temperature raster data were obtained from the bureau of meteorology as part of the 

Australian Water Availability Project (http://www.bom.gov.au/climate/how/newproducts/ 

IDCdvpgrids.shtml; Raupach et al. 2009, 2012) and data were extracted for the two 

experimental sites using the raster function in the R raster package. 



Chapter 2.0 
 

33 
 

A map showing population and experimental site locations was developed using the ggmap 

function in the ggmap package. An outline map of SWA was extracted using the 

get_stamenmap function. 

2.3 Results 

Site characteristics 

The long-term 30-year mean annual precipitation (MAP) for the MB and MR sites is 670 and 

1039 mm, respectively. During both 2016 and 2017 rainfall at both sites was above average 

(total rainfall 2016: MB = 857.8 mm, MR = 1179.5 mm; 2017: MB = 759.2 mm, MR = 1067 

mm). Long term 30-year MAT at MB = 15.1 °C, MR = 16.3 °C, MaxT at MB = 25.9 °C, MR = 26.3 

°C, PreDM MB = 25 mm, MR = 11 mm and 1/AI at MB = 1.74 and MR = 1.09. Such that the 

temperature profile was similar for the two sites. 

The total rainfall during the growth period, between 1 September 2016 and 31 March 2017, 

was 349 and 316 mm at the MB and MR sites, respectively. Heavy rain events occurred 

immediately prior to the autumn 2017 measurement campaign at both sites; 19.8 mm over 

three days at MB, 47.8 mm over two days at MR. Rainfall frequency and event size varied 

substantially between sites (Figure 2.2a). The MB site experienced a greater frequency of 

small events 0-5 mm relative to the MR site and during the 2016/2017 summer, the MB site 

received 21 rain days while the MR site received only 10 days. The MR site received 9 large 

rainfall events over 30 mm, while the largest rainfall event experienced at the MB site was 

29.4 mm. The mean maximum daily air temperature during the growth period was 23.1 and 

21.8 °C at the MB and MR sites, respectively. Mean maximum VPD over this period was 1.56 

kPa at both sites. During this period, VPD exceeded 4 kPa on four and two days at the MB and 

MR sites, respectively (Figure 2.2b). 

Soil nutrient content varied between sites. The MB site had higher concentrations of soil 

nitrogen, phosphorus and organic carbon and slightly more acidic soil pH relative to the MR 

site (Table S2.1). 
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Figure 2.2. Rainfall event frequency (a) and maximum daily VPD (b) during June 1st 2016 and March 

31st 2017 at the MB (red) and MR (blue) experimental sites. Vertical broken and solid lines in panel b 

indicate the spring 2016 and autumn 2017 field campaigns, respectively. 
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Growth 

Height was significantly greater in trees growing at the MB site compared to those at the MR 

site (mean ±SE MB = 287.7±4.94 cm, MR = 172.3±3.52 cm, P < 0.000), and significantly greater 

during autumn 2017 than spring 2016 (mean ±SE spring = 195.7± 4.74 cm, autumn = 265.9± 

5.77 cm, P < 0.000; sites pooled). 

Height was significantly correlated with MAT, MaxT, PreDM and 1/AI at population site-of-

origin with a trend of increasing height with decreasing temperature and rainfall (Figure 2.3, 

Table 2.3, Table S2.2). When height was regressed with population home-site PreDM, 

stronger relationships were found at the MR site relative to the MB site during spring and 

autumn (spring 2016: MB r2 = 0.376, P = 0.020, MR r2 = 0.808, P < 0.001; autumn 2017: MB r2 

= 0.367, P = 0.022, MR r2 = 0.649, P = 0.001). Stronger relationships between tree height and 

population home-site MAT were also detected at MR compared to MB across periods (spring 

2016: MB r2 = 0.470, P = 0.008, MR r2 = 0.774, P < 0.001; autumn 2017: MB r2 = 0.420, P = 

0.014, MR r2 = 0.517, P = 0.005). But for home-site MaxT and 1/AI, stronger relationships with 

height were found at the MB site relative to the MR site across time periods (MaxT spring 

2016: MB r2 = 0.491, P = 0.007, MR r2 = 0.404, P = 0.016; autumn 2017: MB r2 = 0.545, P = 

0.003, MR r2 = 0.133, P = 0.132; 1/AI spring 2016: MB r2 = 0.634, P = 0.001, MR r2 = 0.076, P = 

0.197; autumn 2017: MB r2 = 0.398, P = 0.017, MR r2 = -0.014, P = 0.378). 
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Figure 2.3. Mean log height (±1SE, cm) for populations plotted by climate variables at population site-

of-origin during autumn 2017 (circles, solid lines) and spring 2016 (triangles, broken lines) at the 

Mount Barker (MB, red) and Margaret River (MR, blue) experimental sites. Climate variables are mean 

annual temperature (MAT, a), mean maximum temperature of the warmest month (MaxT, b), 

precipitation of the driest month (PreDM, c) and 1/aridity index (1/AI, d). Linear model lines are shown 

for sites and periods with significant relationships. 
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Table 2.2. Mean (± 1SE) trait values for growth, functional and physiological traits across wet Margaret 

River (MR) and dry Mount Barker (MB) experimental sites during the spring 2016 and autumn 2017 

measurement campaigns. 

  Site 

  MR MB 

Trait types Traits Spring 

2016 

Autumn 

2017 

Spring 

2016 

Autumn 

2017 

Growth Height (cm) 140.0±3.11 203.9±4.60 249.4±5.06 324.6±6.84 

Functional Nmass (%) - 1.34±0.02 - 1.56±0.03 

 Narea (gm2) - 2.37±0.04 - 4.07±0.08 

 SLA (m2 kg-1) 5.38±0.047 5.70±0.06 5.32±0.06 3.77±0.06 

Physiological δ13C (‰) - -27.6±0.08 - -

26.02±0.11 

 Asat (µmol CO2 m-

2s-1) 

14.62±0.31 17.7±0.35 14.3±0.64 16.6±0.41 

 gs (mol H20 m-2s-1) 0.44±0.02 0.23±0.01 0.18±0.01 0.22±0.01 

 Asat/gs 47.6±1.00 70.4±0.70 99.3±2.33 88.1±1.00 

 Amax (µmol CO2 m-

2s-1) 

22.6±0.58 29.1±0.59 20.8±0.95 28.8±0.66 

 Asat/Amax 0.63±0.01 0.63±0.01 0.66±0.02 0.59±0.01 

 

Functional traits 

Population was significant for both Narea (P = 0.036) and Nmass (P = 0.036). Population was 

significant for Narea in MR site trees (P = 0.028), but not MB site trees (P = 0.065). Within the 

MB site, Narea was marginally significantly higher in warm temperature region trees compared 

to cool temperature region trees but not the MR site (MB P = 0.0497, MR P = 0.381). No 

significant temperature region variation was evident in Nmass. Neither Nmass nor Narea had 

significant relationships with any climate variables at the population site-of-origin. Both leaf 

Nmass and Narea were significantly higher in C. calophylla trees growing at the MB experimental 

site compared with the MR site (Nmass: MB = 1.56 %, MR = 1.34 %, P < 0.001; Narea: MB 4.07 

gm2, MR 2.37 gm2, P < 0.001; Figure 2.5). There was a significant G×E interaction for Nmass (P 

= 0.029; Table 2.3; Figure 2.5). 

For SLA, population was only significant in MR site trees (spring 2016 P = 0.001, autumn 2017 

P = 0.014; Table 2.3). Specific leaf area had a significant relationship with the PreDM climate 

variable in trees growing at the MR site during spring 2016 (P = 0.034, Figure 2.4). Site was 
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significant during both periods (spring 2016 P = 0.002, autumn 2017 P <0.001; Table 2.3). 

Specific leaf area was significantly lower in trees growing at the MB site during autumn 2017 

than other site × time period combinations (P < 0.001). 

Physiology traits 

Pre-dawn leaf water potentials remained above -1 MPa across sites and time periods. MR site 

trees had higher (less negative) leaf water potentials compared to MB site trees during spring 

2016 and autumn 2017 (MB spring 2016 = -0.63 MPa, MR spring 2016 = -0.31 MPa, MB 

autumn 2017 = -0.50 MPa, MR autumn 2017 = -0.38 MPa). Mean midday leaf water potential 

was -0.86 MPa and did not differ significantly between periods (P > 0.05) or sites (P > 0.05). 

Trees growing at these sites were not significantly water stressed during either time period. 

During autumn 2017, photosynthesis measured at ambient CO2 (Asat), was significantly 

correlated with the MaxT climate-origin. Asat increased with increasing MaxT in trees growing 

at both sites (MB P = 0.022, r2 = 0.36, MR P = 0.030, r2 = 0.32; Figure 2.4a; Table S2.2). 

Asat varied significantly across sites during autumn 2017 and was significantly higher during 

autumn 2017 than spring 2016 (P < 0.000; Table 2.3). Gas exchange rates remained high 

throughout both time periods and sites, providing further support that trees were not 

experiencing water stress during these time periods. Trees growing at the MB site expressed 

lower gs and transpiration (E) relative to MR site trees during both periods (P < 0.01, Tables 

2.2-2.3). The ratio of Asat to stomatal conductance (gs, Asat/gs) was greater at the MB site 

during both spring 2016 (MR = 47.65, MB = 99.27; P < 0.001) and autumn 2017 (MR = 70.34, 

MB = 88.15; P < 0.001, Table 2.3). 

During both spring 2016 and autumn 2017, the ratio of intercellular to atmospheric CO2 (ci/ca) 

when CO2 was ambient was significantly lower in MB site trees than MR site trees (spring 

2016 MB = 0.56, MR = 0.77; P < 0.001; autumn 2017 MB = 0.59, MR = 0.66; P < 0.001). 
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Table 2.3. Linear model F and P values for traits testing for significance of genotype (G; population), environment (E; site) and G×E interactions (population × 

site) separately during spring 2016 and autumn 2017. Significant P values are shown in bold. 

  Spring 2016 Autumn 2017 

  G (pop) E (site) G×E G (pop) E (site) G×E 

Trait type Trait F P F P F P F P F P F P 

Growth Height (cm) 5.636 <0.001 429.2 <0.001 0.934 0.509 3.918 <0.001 241.1 0.001 1.135 0.336 

Functional Nmass (%)       1.945 0.036 38.25 <0.001 2.018 0.029 

 Narea (gm2)       1.949 0.036 412.7 <0.001 1.390 0.180 

 SLA (m2 kg-1) 2.254 0.013 9.843 0.002 0.845 0.596 1.692 0.077 591.0 <0.001 0.696 0.741 

Physiological δ13C (‰)       2.987 0.001 148.2 <0.001 0.518 0.890 

 Asat (µmol 

CO2 m-2s-1) 

13.91 <0.001 0.001 0.987 9.534 <0.001 3.241 <0.001 5.304 0.022 0.685 0.752 

 gs (mol H20 

m-2s-1) 

7.845 <0.001 362.5 <0.001 8.969 <0.001 15.81 <0.001 125.0 <0.001 3.970 <0.001 

 Asat/gs 5.206 <0.001 491.4 <0.001 7.687 <0.001 15.03 <0.001 243.5 <0.001 4.081 <0.001 

 Amax (µmol 

CO2 m-2s-1) 

1.313 0.223 2.934 0.089 1.367 0.194 1.317 0.217 0.256 0.613 1.112 0.353 

 Asat/Amax 1.943 0.039 2.060 0.153 1.021 0.432 8.868 <0.001 70.33 <0.001 4.769 <0.001 
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Figure 2.4. Mean population Asat (µ mol CO2 m-2s-1, a), SLA (m2 kg-1, b) and δ13C (‰, c-d) plotted against 

PreDM, MaxT and MAT in C. calophylla trees growing at the MB (red) and MR (blue) experimental 

sites. Asat and SLA are presented across both spring 2016 (triangles) and autumn 2017 (circles) periods 

and δ13C is presented for autumn 2017 only. Significant linear regression relationships are indicated 

by the lines (MB site March = solid red line, MR site March = broken blue line) and r2 and P values are 

shown. 

 

Amax did vary differ significantly across populations within sites and time periods (Table 2.3). 

Amax was significantly higher during autumn 2017 relative to spring 2016 (mean spring 2016 

Amax = 21.84 µmol CO2 m-2s-1, autumn 2017 Amax = 28.98 µmol CO2 m-2s-1, P < 0.001), but did 

not differ between sites (Table 2.3). 

For the ratio of Asat to Amax (Asat/Amax), population was significant during both periods within 

sites and site was significant during autumn 2017 only (Table 2.3; Figure 2.5). There was a 

significant G×E interaction for Asat/Amax during autumn 2017 (Table 2.3; Figure 2.5). Across 

time periods, Asat/Amax was significantly greater at the MR site (P = 0.023). Across sites 

Asat/Amax was greater during spring 2016 (P = 0.006; Figure 2.5). 
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Figure 2.5. Mean (±1SE) population Asat/Amax (a, b), Nmass (%, c) and Narea (gm2, d) across MB (red) and 

MR (blue) sites. Data is shown during spring 2016 and autumn 2017 for Asat/Amax and only autumn 

2017 for Nmass and Narea. 

Carbon isotope ratio (δ13C) differed significantly between populations (P = 0.001), and was 

significantly correlated with multiple climate variables across populations: MaxT, PreDM and 

MAT (Figure 2.4). Carbon isotope ratio decreased with increasing MaxT and MAT and 

increased with increasing PreDM within sites. A significant relationship between δ13C and two 

site-of-origin temperature climate variables (MaxT and MAT) was found for trees growing at 

both sites. Populations from wet, cool origins had higher δ13C and therefore greater seasonal 

WUE than those from warm, dry regions. The slopes of the δ13C relationships with climate 

variables were similar across sites and there was no significant G×E interaction (Table 2.3, 

Table S2.2, P > 0.05). Carbon isotope ratio was significantly higher (less negative) in trees 

growing at the MB site and therefore these trees had a greater seasonal WUE relative to those 

at the MR site (MB = -26.0 ‰, MR = -27.6 ‰, P < 0.001). 
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Trait relationships 

Significant relationships between traits across populations within sites were only found 

between gas exchange traits and δ13C during autumn 2017 (δ13C was not measured during 

spring 2016). Carbon isotope ratio had a negative relationship with Asat in MB site trees only 

(MB P = 0.003, r2=0.56) and with gs in trees growing in both sites (MB P = 0.046, r2 = 0.28, MR 

P = 0.002, r2 = 0.59; Figure 2.6). Asat/gs expressed a positive relationship with δ13C in both MB 

and MR site trees (MB P = 0.012, r2 = 0.43, MR P = 0.003, r2 = 0.55; Figure 2.6). 

 

 

Figure 2.6. Trait relationships across population means within MB (red) and MR (blue) sites during 

autumn 2017 for Asat and δ13C (a), gs and δ13C and Asat/gs and δ13C (c). Populations from different 

climatic regions are indicated by symbols (triangle = cool-wet, circle = cool-dry, square = warm-dry, 

diamond = warm-wet). Lines shown indicate significant linear regressions. R2 values are shown with 

significance of the regression relationship indicated by asterisks. * < 0.05, ** < 0.01, *** < 0.001. Mean 

±1 SE. 

 



Chapter 2.0 
 

43 
 

Principal component analysis (PCA; only autumn 2017 data included) of leaf traits explained 

66.4 and 69.4 % of variance across the first two principal components in the MR and MB sites 

during autumn 2017, respectively (Figure 2.7). PC1 explained 39.1 and 43.2 % of variance in 

traits at the MR and MB sites, respectively and was mostly explained by Asat/gs, Asat and gs at 

the MR site and by these traits and δ13C at the MB site. At the MR site, Asat, gs and Asat/gs 

exhibited the highest loadings (Asat = 0.51, gs = 0.57, Asat/gs = -0.56), while at the MB site Asat, 

gs, Asat/gs and δ13C had the highest loadings (Asat = -0.52, gs = -0.54, Asat/gs = 0.50, δ13C = 0.35). 

PC2 explained 27.3 and 26.2 % of variance in traits at the MR and MB sites, respectively. 

Climate regions contributed minimally to separation of traits, rather one cluster of all climate 

regions was evident within both sites (Figure 2.7). Climate regions separated Asat, gs and 

Asat/gs traits slightly along PC1 in both sites in addition to δ13C at the MB site (Figure 2.7). At 

the MR site, SLA, Nmass and Narea traits were closely aligned, but at the MB site, SLA was more 

closely aligned with Asat and gs than foliar N traits. 

 

Figure 2.7. Principal components analysis (PCA) of family means for 12 populations with seven leaf 

traits (A.gs = Asat/gs, d13C = δ13C, sla = SLA, Asat, gs, Nmass, Narea) from trees at the MR (a) and MB 

(b) experimental sites during autumn 2017. Families are coloured by climate regions (CD = cool-dry, 

green, CW = cool-wet, blue, WD = warm-dry, orange, WW = warm-dry, red). Ellipses capture 95 % of 

the climate region variation. 
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Local adaptation 

Local populations (PLA population at the MB site and BRA population at the MR site) did not 

exhibit significantly greater height and δ13C compared with foreign populations within 

corresponding sites and time periods (Table S2.3). When populations were pooled into warm 

and cool temperature regions, both tree height and δ13C were significantly greater in local 

cool temperature region trees relative to foreign warm temperature region trees in both sites 

and time periods (height: MB autumn 2017 P < 0.001, spring 2016 P < 0.001, MR autumn 2017 

P = 0.006, spring 2016 P < 0.001; δ13C autumn 2017: MB P = 0.004, MR P = 0.037; Figure 2.8a-

b). There was no height or δ13C advantage in local rainfall region trees relative to foreign 

rainfall region trees within corresponding sites (MR site = wet region, MB site = dry region; 

Figure 2.8c-d), except in height at the MB site during spring 2016 (P = 0.026). 

 

Figure 2.8. Mean δ13C (‰, a, c) and log height (cm, b, d) for warm and cool temperature region trees 

(coloured shapes, a-b, cool region is local at both sites) and wet and dry rainfall region trees (c-d; at 

the MR site the local rainfall region is ‘wet’, at the MB site it is ‘dry’) plotted against differential MaxT 

between the population-origin and the experimental site (origin MaxT – experimental site MaxT) 

across MB (red) and MR (blue) experimental sites. Mean population data are shown (transparent 
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circles and triangles). Data are shown for δ13C during autumn 2017 (circles) only and for height during 

spring 2016 (triangles) and autumn 2017. Asterisks indicate significant difference in height between 

local and foreign temperature region within sites and seasons and ‘ns’ indicates not significant. 

Significance information is presented above the local temperature or rainfall region. Mean ±1SE. *** 

< 0.001, ** < 0.01, * < 0.05. 

2.4 Discussion 

Genetic adaptation influenced trait expression in height, Asat, Asat/Amax, Nmass, Narea, SLA, and 

δ13C but not Amax. Genotypic variation in traits was associated with temperature and rainfall 

variables at site-of-origin in height, Asat, δ13C and SLA, in support of hypothesis 1. However, 

there was no relationship between climate-of-origin and Nmass, Narea or Amax, therefore only 

partially supporting this hypothesis. Therefore, the expression of Nmass, Narea and Amax traits 

was mostly associated with site water availability and/or temperature. Significant G×E 

interactions were found in Nmass, Asat and Asat/Amax within periods. Furthermore, we 

hypothesised that Asat and δ13C would be highest in cool-wet region trees within sites and 

periods and this was observed in δ13C but not Asat. 

Phenotypic plasticity significantly influenced trait expression across both sites with 

contrasting water availabilities and seasons. The exceptions to this were Asat, Amax and 

Asat/Amax between sites in spring 2016 and Amax between sites during autumn 2017. Site 

variation in leaf traits was consistent with the leaf economic spectrum in response to variable 

water availability (LES; Wright et al. 2004), supporting our second hypothesis. The LES 

describes trade-offs of traits between investment and return. Corymbia calophylla trees 

growing at the drier, MB site during autumn 2017 at the end of the summer period invested 

highly in leaves which had high Nmass, Narea, δ13C, Asat/gs and low SLA relative to those growing 

at the wetter, MR site. Typically leaves with low SLA have long life spans (Diemer 1998; Reich 

et al. 1998), and therefore MB site trees invested highly in leaves that have a high nutrient 

content with thick and/or small leaves with high water use efficiency (WUE) to optimise 

functioning under water deficit through phenotypic plasticity. In contrast, trees growing at 

the wet MR site, did not possess a leaf trait strategy that optimised WUE. This was likely 

because MR site trees lacked the selection pressure of low water availability and adopted a 

lower investment and higher return leaf strategy. 
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Local adaptation was not observed in height and δ13C in local populations within 

corresponding experimental sites relative to foreign populations, therefore, our third 

hypothesis was rejected. However, within sites and time periods, cool temperature region 

trees had significantly higher growth and δ13C than warm region trees reflecting adaptation 

at the landscape scale across temperature regions. 

Plastic and adaptive variation in traits 

Tree height was differentially expressed across populations. Height had a significant 

genotypic effect within sites and seasons and regressed significantly with MAT, MaxT, PreDM 

and 1/AI at population site-of-origin, in support of hypothesis 1. There was a consistent 

pattern across sites of increasing height with increasing PreDM and decreasing MaxT and 

MAT, consistent with findings by Ahrens et al. (2019b) at the same experimental sites. Ahrens 

et al. (2019b) found tree height and diameter were heritable, providing evidence for the 

capacity for adaptation to environment in growth traits in C. calophylla. In our study and 

Ahrens et al. (2019b), a faster growth strategy was found in cool-wet origin populations 

relative to warm-dry origin populations. In support of these findings, an additional study 

found C. calophylla trees from wetter climate regions exhibited faster growth strategies in a 

common garden study (O’Brien and Krauss 2010). Adaptive growth strategies in trees from 

populations with contrasting temperature and/or rainfall have been observed in previous 

studies across tree species (eg. Oleksyn et al. 1998; Zhang et al. 2005; Robson et al. 2012; 

Vizcaíno-Palomar et al. 2016). Low rainfall and high temperatures select for a slow growth 

strategy, which we illustrate is adopted by populations from the more xeric environment. 

Slow growth strategies may provide a fitness benefit to those individuals because more 

resources can be allocated to traits that increase tolerance to water deficit, including greater 

xylem vessel wall thickness to increase resistance against embolism formation (Hacke et al. 

2001). In contrast, cool-wet origin populations can benefit from a fast growth strategy to 

successfully compete for light. In a global study, plant height was driven by MAT and not by 

MAP (Moles et al. 2014). Although Li et al. (2000) revealed a positive relationship between 

plant height and PreDM in Eucalyptus microtheca. 

Height was significantly greater in MB site trees relative to MR site trees and greater during 

autumn 2017 in comparison with spring 2016. Higher growth rates at the drier MB site are 

likely influenced by the lower disturbance and higher nutrient concentrations found at this 
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site (carbon, nitrogen and phosphorus) which has a land use history of commercial Eucalyptus 

plantations. While the wetter MR site has a land use history of greater disturbance through 

its allocation for livestock grazing, facilitating soil nutrient depletion and is more disturbed. 

This was unexpected and partially rejects hypothesis 2 for tree height; trees were expected 

to be significantly taller at the wetter MR site relative to the drier MB site because of the site 

rainfall difference. 

Genotypic variation across populations was not consistent in both Asat and Amax traits. For 

photosynthesis measured at saturating CO2 (Amax), there was no genotypic variation and 

therefore when CO2 was not limiting, all populations within sites responded similarly in their 

photosynthetic performance. For Asat, there was significant genetic variation across sites and 

seasons. Asat had a significant relationship with MaxT in trees growing at both sites during 

autumn 2017 with a trend of increasing Asat with increasing MaxT suggesting a role of 

photosynthetic adaptation to temperature at the site-of-origin. Populations from cooler 

climatic regions expressed lower photosynthetic rates relative to warm climatic populations 

within sites, in contrast with our hypothesis that Asat would be greatest in local cool region 

populations. During autumn 2017, cool-wet populations growing at both sites expressed low 

Asat and gs and high Asat/gs and therefore had greater WUE compared to trees from other 

populations. Furthermore, during spring 2016, Asat displayed a significant G×E interaction 

driven by greater variation in Asat across sites in few warm-origin populations and lower site 

variation in cool-origin populations. This indicates that Asat is driven by both acclimation to 

site rainfall and adaptation to home site temperature in 3-year-old trees grown in the field. 

Similarly, Aspinwall et al. (2017) revealed both acclimation and adaptation played a role in 

differential Asat rates in C. calophylla saplings across growth temperatures and populations in 

a glasshouse study. Therefore, this species may be well equipped to tolerate mild 

temperature and water variability under changing climate through shifts in photosynthesis. 

In a water manipulation glasshouse study, populations of a Chilean shrub grown under wet 

conditions did not differ in Asat /gs, but under a water deficit treatment the arid region 

population had higher Asat /gs than the more mesic population (Lázaro-Nogal et al. 2015). In 

contrast with our findings, no evidence was found indicating photosynthetic adaptation to 

climate-of-origin across populations of widely distributed Eucalyptus tereticornis (Drake et al. 

2017). 
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We hypothesised that Asat and Amax rates would vary between sites and seasons in response 

to contrasting water availability. These traits were higher during autumn 2017 relative to 

spring 2016 and site differences were only observed in Asat during autumn 2017. Both sites 

received high rainfall prior to the autumn 2017 measurement campaign and therefore trees 

were not water limited during this period and C. calophylla trees maintained high 

photosynthetic rates. On the other hand, higher Asat and Amax rates observed during autumn 

2017 across both sites was likely a short-term photosynthetic response to higher temperature 

at both sites during autumn 2017 (mean air temperature = 24.3 °C across sites) relative to 

spring 2016 (mean air temperature = 17 °C across sites). 

The ratio of Asat to Amax was low across sites and time periods averaging 0.63, indicating C. 

calophylla trees were carbon limited at both sites. Asat /Amax varied across sites during autumn 

2017 and across populations at both sites but did not regress significantly with any climate 

variables at population home-site. During autumn 2017, a significant G×E interaction was 

detected in Asat /Amax; however, no trend associated with climate-of-origin between sites was 

found. Trees growing at the MB site during autumn 2017 were the most carbon limited, 

exhibiting higher Asat/gs than MR site trees; therefore, prioritising WUE over photosynthetic 

carbon gain resulting in lower carbon fixation. Suggesting that C. calophylla trees growing at 

both sites would benefit from CO2 fertilisation and future increases in atmospheric CO2 

predicted under climate change will likely benefit photosynthetic rates and carbon gain in this 

species. 

Leaf carbon isotope ratio varied significantly among populations within sites with a trend of 

increasing δ13C (increasing WUE) with decreasing temperature and increasing rainfall, 

supporting our first hypothesis. Leaf carbon isotope ratio was significantly associated with 

MAT, MaxT and PreDM providing evidence for adaptive variation in δ13C to temperature and 

rainfall at population site-of-origin. Therefore, δ13C was high in cool-wet populations relative 

to other populations within both sites, but this was not significant, aligning with our first 

hypothesis. Population climate region variation in δ13C within sites was associated with Asat, 

gs and Asat/gs, revealed by trait correlations and multivariate analysis. At both sites, two cool-

wet region populations exhibited high δ13C, low Asat and gs and high Asat/gs relative to other 

climate regions. These findings are suggestive of a greater acclimation capacity of gas 

exchange and δ13C traits in cool-wet region populations to water availability. Low Asat rates in 
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cool-region populations may reflect adaptation to lower growth temperatures at site-of-

origin and greater proportional declines in gs rates contributing to greater δ13C in contrast 

with warm-origin populations. In a common garden glasshouse experiment, the cool-wet C. 

calophylla population, BOO exhibited the greatest acclimation capacity in net photosynthesis 

when grown under two contrasting growth temperatures while other populations showed no 

or minimal acclimation in Asat (Aspinwall et al. 2017). Previous studies have revealed adaptive 

capacity in leaf carbon isotope traits in different tree species (Dillen et al. 2008; Beyer et al. 

2018). In support of our finding of high δ13C in cool-wet populations, Nothofagus genotypes 

from regions with seasonal droughts showed higher leaf carbon isotopic discrimination (Δ, 

low seasonal WUE) than wet tropical region genotypes (Read and Farquhar 1991) and similar 

patterns were observed in Δ in Pinus pinaster provenances (Guehl et al. 1995). . Rumman et 

al. (2017) found temperature-associated climate variables had a greater effect on Δ than 

rainfall variables, while Read and Farquhar (1991) showed precipitation of the driest month 

exerted greatest effects on Δ in Nothofagus trees growing in a common garden. 

There was a significant genotypic effect found in both Narea and Nmass, but no significant 

climate-of-origin relationship, therefore partially rejecting our first hypothesis. There was no 

significant difference in temperature regions observed in these traits. Furthermore, Nmass 

displayed a significant G×E interaction driven by several warm-origin populations expressing 

a greater proportional increase in Nmass at the MB site in contrast with a smaller increase 

expressed by cool-origin populations. In partial agreement with these findings, leaf Narea was 

greater in populations of Fagus crenata from warmer, lower latitude sites grown in a high-

water availability common garden (Osada et al. 2015). Although one study involving 29 

Eucalyptus species grown in two common garden studies found no correlation between leaf 

N and climate at site-of-origin (Warren et al. 2006). 

Specific leaf area expressed a significant genotypic effect during spring 2016 only. Previous 

common garden studies show varied findings in genetic and environmental drivers on SLA 

(Warren et al. 2005, 2006; Schulze et al. 2006; McLean et al. 2014). In a previous study 

conducted at the same experimental site, Ahrens et al. (2020) found SLA was not heritable in 

C. calophylla trees. Furthermore, Aspinwall et al. (2017) did not observe population-level 

variation in leaf mass per unit area (inverse of SLA) in a glasshouse study. In the present study, 

SLA regressed positively with PreDM in trees growing at the MR site during spring only. Dry-
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origin populations had low SLA and were therefore more drought tolerant than wet-origin 

populations. This association in SLA with home-site rainfall at the wet site but not the dry site 

was surprising and may be associated with the expression of other traits that influence SLA. 

Similar to our findings, one study found a significant relationship between SLA and summer 

precipitation across cork oak populations grown in a Mediterranean climate common garden 

(Ramírez-Valiente et al. 2010). Genotypic variation in this trait has been associated with both 

temperature and rainfall at site-of-origin (Warren et al. 2005; Aspinwall et al. 2013; Wright et 

al. 2014; Osada et al. 2015). 

Temperature variables at population site-of-origin explained population variation across most 

traits, in contrast with rainfall climate variables. Population MAT and MaxT was significant for 

δ13C, height and Asat. Precipitation of the driest month was significant for δ13C, height and SLA 

traits, while 1/AI was only significant for tree height. Assessment of underlying genomic 

variation in C. calophylla in relation to climate found temperature provided stronger adaptive 

signals than rainfall (Ahrens et al 2019a). In a previous glasshouse C. calophylla study, drought 

tolerance (leaf hydraulic vulnerability to drought) was associated with temperature at 

population site-of-origin and not rainfall (Blackman et al. 2017). Multiple global studies on 

angiosperms reported temperature at site-of-origin, rather than precipitation, was more 

predictive of plant traits, including wood density, leaf life span, SLA, Nmass, Narea and plant 

height (Swenson and Enquist 2007; van Ommen Kloeke et al. 2012; Moles et al. 2014). In 

Eucalyptus loxophleba populations growing along an aridity gradient, temperature variables 

at population site-of-origin were more informative in explaining traits than precipitation 

variables (Steane et al. 2017). 

For Mediterranean-climate ecosystems that typically experience the combination of drought 

and high temperatures during summer periods, adaptation of plants to climate variables 

associated with this more extreme period would enable tolerance to hot, dry weather 

experienced in their site-of-origin. In the present study, PreDM and MaxT climate variables 

quantify the rainfall and temperature during the summer period experienced by C. calophylla 

trees. These two climate variables explained a high percentage of variance in δ13C, SLA, Asat 

and height across sites and seasons. This suggests C. calophylla is well adapted to drought and 

high temperatures. 
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Trait variation in accordance with the leaf economic spectrum 

Trees growing in the drier site (MB) adjusted to the lower rainfall environment via phenotypic 

plasticity in different plant traits, enabling them to operate a more water conservative 

strategy, supporting our second hypothesis of trait expression consistent with the LES under 

lower water availability. Corymbia calophylla trees are therefore well equipped to adjust 

rapidly to declining water availability through phenotypic plasticity in multiple important 

drought traits. This capacity will enable this species to operate efficiently under intensifying 

rainfall declines and drought events predicted for SWA as climate change progresses. 

During autumn 2017, gs and transpiration (E) were lower in MB site trees compared to MR 

site trees. In addition, trees at the MB site had greater Asat/gs than MR site trees during both 

seasons, and therefore MB site trees had higher carbon fixation under tighter stomatal 

control, minimising water loss through E. Furthermore, stomatal limitations on 

photosynthesis in MB site trees were confirmed by lower ci/ca relative to MR site trees during 

both seasons. In support of this finding, other field studies conducted in Australia have 

revealed greater stomatal limitations on photosynthesis in arid site trees than mesic site trees 

(Nolan et al. 2017; Steane et al. 2017). 

Greater stomatal limitations observed in trees at the dry MB site influenced seasonal WUE. 

Mount Barker site trees exhibited significantly higher, more water use efficient δ13C values 

compared with MR site trees. Total rainfall during the summer of 2016/2017 was higher at 

the dry MB site than the MR site and trees were not water stressed at the end of the summer 

during autumn 2017, therefore plasticity in δ13C and gas exchange traits likely reflects longer 

term multi-year adjustment to lower rainfall in MB site trees. Across both sites, strong 

negative relationships were found between δ13C and gs. Lower gs and higher instantaneous 

WUE (Asat/gs) in MB site trees contributed to higher δ13C at the dry site relative to the wet 

site. Multivariate analysis suggested a stronger interaction between Asat, gs and Asat/gs with 

δ13C at the MB site and a weaker relationship between these traits at the MR site. Similar to 

our study, McLean et al. (2014) found higher δ13C in Eucalyptus tricarpa trees grown in a drier 

common garden field site compared to a wetter site. 

Specific leaf area was significantly lower in trees growing at the drier MB site measured during 

autumn 2017 (SLA = 3.77 m2kg2) compared with all other site × time period combinations (SLA 
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= 5.32-5.70 m2kg2) reflecting higher drought tolerance to seasonal and site water availability, 

aligning with the LES. Interestingly, within the MB site, SLA varied significantly between spring 

2016 and autumn 2017 despite above average rainfall during the 2016/2017 summer. 

Unexpectedly, total summer rainfall was higher at the dry MB site than the wet MR site during 

this summer period, but rainfall frequency varied between sites. Lower SLA measured during 

autumn 2017 at the MB site compared to spring 2016 suggests a capacity for rapid seasonal 

plasticity in this trait in response to rainfall event size and frequency. Furthermore, 

multivariate analysis showed closer alignment between SLA with Asat and gs in the MB site 

than at the MR site during autumn 2017, suggesting that the expression of SLA in dry site 

trees may be associated with optimising gas exchange. Low SLA in C. calophylla trees at the 

dry site during a typical summer drought period increases drought tolerance through reduced 

susceptibility to wilting (Niinemets et al. 1998; Poorter et al. 2009). Lower SLA in low rainfall 

site species relative to mesic species has been observed across different species in Australia 

(Wright et al. 2001) and increased density and LMA in arid site species globally (Niinemets 

2001; Wright et al. 2005). 

Site variation in foliar N was likely associated with greater allocation to photosynthetic 

enzymes in trees at the dry site (Yin et al. 2018), increasing photosynthetic capacity while 

minimising water loss. Both Nmass and Narea were significantly higher in MB site trees than MR 

trees during autumn 2017. Leaf Narea was 1.7 times greater in MB site trees than MR site trees, 

predominantly driven by low SLA. Trees growing at the drier, MB site exhibited lower Asat 

rates than MR site trees during autumn 2017. Increased foliar N allocated to Rubisco can 

compensate for the stomatal limitations imposed on Asat under water limited conditions, 

which may upregulate photosynthesis and minimise transpirational water loss. Neither leaf 

Nmass nor Narea were significantly correlated with Asat across populations in our study. Similar 

to our findings, Nolan et al. (2017) found higher leaf N in Australian arid site species 

contributed to higher photosynthetic performance relative to low gs. Across species, higher 

leaf Nmass and Narea have been reported in dry sites in a common garden (Wright et al. 2001) 

and a field study (Cunningham et al. 1999) in Australia. Moreover, the higher leaf N 

concentration in C. calophylla trees at the MB site may be partially attributed to the higher 

soil N at this site compared with the MR site (Cunningham et al. 1999). 
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Local adaptation 

We hypothesised populations would be locally adapted and would exhibit significantly greater 

height and δ13C than foreign transplanted populations within corresponding experimental 

sites. Corymbia calophylla growth metrics and δ13C have been identified as heritable in trees 

growing in the experimental sites and therefore, they may be subject to natural selection 

(Ahrens et al. 2019b; Ahrens et al. 2020). In this Chapter, local populations (PLA at the MB site 

and BRA at the MR site) did not display significant height or δ13C advantages over foreign 

populations within their corresponding local experimental sites during either period, 

therefore rejecting hypothesis 3. When populations were pooled into warm and cool 

temperature regions, cool-region trees exhibited significantly greater height and δ13C than 

warm-region trees at both cool region experimental sites. In contrast, trees from local wet or 

dry rainfall region populations within their corresponding experimental sites did not show an 

advantage in either height or δ13C. This is consistent with previous findings that home site 

temperature is a better predictor of trait variation in C. calophylla than home site rainfall 

(Blackman et al. 2017; Ahrens et al. 2019a). Corymbia calophylla has high levels of gene flow 

and low population differentiation (Sampson et al. 2018; Ahrens et al. 2019a). As a result, 

differential height expression across C. calophylla populations observed in this study likely 

reflect regional patterns of adaptation to temperature. To confirm that local adaptation in 

height and δ13C is operating at the regional temperature scale in C. calophylla, these traits 

need to be measured in C. calophylla populations growing together in a common garden site 

situated in the warm region of its distribution to compare to the cool region experimental 

sites. As climate change intensifies, plant populations are likely to become mismatched with 

their local climates (Jump and Peñuelas 2005). A meta-analysis of local adaptation in plants 

growing in common gardens using the pair-wise comparison test comparing local and foreign 

populations revealed only 45.3 % of studies reported higher performance in local plants; 

however, comparisons at larger regional scales were not conducted (Leimu and Fischer 2008). 

Through the combination of genetic adaptation and phenotypic plasticity of important plant 

traits in response to climatic shifts, Corymbia calophylla may be well equipped to persist 

under intensifying climate change. 
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Conclusion 

The capacity for forest trees to adjust plant traits associated with water variability through 

genetic adaptation and phenotypic plasticity may enhance tolerance to drying environments 

under climate change. Our study shows that Corymbia calophylla trees can adjust traits 

through both genetic adaptation and phenotypic plasticity, adopting a water conservative 

strategy when grown under drier site conditions as predicted by the leaf economic spectrum 

(Wright et al. 2004). Trees growing at the drier MB site, following a summer period, exhibited 

the highest δ13C (high seasonal water use efficiency), Asat/gs (high instantaneous water use 

efficiency), Nmass, Narea and lowest SLA. All traits measured, except Amax, expressed variation 

across sites. Height, Asat, δ13C, SLA, Nmass and Narea had a strong genetic signature. Height, Asat 

and δ13C had significant relationships with climate variables at the population site-of-origin, 

indicating adaptive variation in these traits. Climate variables associated with temperature 

and rainfall during the summer drought period (MaxT, PreDM) had high explanatory power 

in several traits. Corymbia calophylla trees have a high capacity to adjust important traits 

through plasticity and adaptation and this will result in greater water and carbon use 

efficiency under drying conditions. Interestingly, cool-wet climate populations showed the 

most water conservative gas exchange strategy through a combination of acclimation to 

water availability and temperature and adaptation to temperature at site-of-origin and may 

be the best equipped C. calophylla populations in the face of continued rainfall declines under 

climate change. Local adaptation in height, a fitness proxy, was not observed at the 

population level within experimental sites, but cool climate origin populations expressed a 

growth advantage across both cool experimental sites in comparison with warm-origin 

populations. Corymbia calophylla’s capacity to respond to low water availability through 

genetic adaptation and phenotypic plasticity may enable it to perform well under climate 

change. This study highlights the importance of phenotypic plasticity and genetic adaptation 

under low water availability in tree populations, and more studies investigating this across 

different species globally are needed to understand forest responses to climate change. 
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2.5 Supplementary materials 

 

Figure S2.1. Maximum daily temperature (°C) and monthly precipitation (mm) at MB (a) and MR (b) 

sites (data from BOM weather stations). Vertical lines indicate measurement periods in September 

2016 (dotted line) and March 2017 (solid line) 
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Table S2.1. Mean nutrient content of soil samples from MR and MB experimental sites 

 MR MB 

Nitrate Nitrogen 

(mg/Kg) 

27.0±10.8 38.7±18.1 

Phosphorus Colwell 

(mg/Kg) 

15.6±2.4 33.3±6.1 

Organic Carbon (%) 2.0±0.1 4.2±0.5 

Conductivity (dS/m) 0.08±0.02 0.06±0.02 

pH 5.53 5.35 

DTPA Iron (mg/Kg) 55.0±10.4 408.5±35.7 
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Figure S2.2. Relationships between photosynthesis at ambient CO2 (Asat) and saturating CO2 (Amax) with stomatal conductance (gs) across MB (red) and MR 

(blue) sites during spring 2016 and autumn 2017 time periods. Population means are shown with ±1SE. Lines indicate logarithmic lines of best fit within sites. 
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Table S2.2. Linear model output table for significant traits plotted against climate variables 

Trait Climate 

variable 

Period Site Intercept Slope r2 P G×E P 

δ13C MaxT Autumn-17 MR -25.716 -0.064 0.200 0.081 0.274 

   MB -22.529 -0.121 0.450 0.010  

 PreDM Autumn-17 MR -28.125 0.038 0.422 0.013 0.539 

   MB -26.782 0.051 0.398 0.017  

 MAT Autumn-17 MR -24.908 -0.164 0.374 0.020 0.507 

   MB -22.255 -0.232 0.390 0.018  

SLA PreDM Spring-16 MR 5.198 0.021 0.314 0.034 0.025 

   MB 5.290 0.000 -0.100 0.997  

Asat MaxT Autumn-17 MR 7.6892 0.3627 0.328 0.030 0.908 

   MB 5.0238 0.404 0.364 0.022  

Height MAP Spring-16 MR   -0.08 0.669 0.068 

   MB   0.410 0.015  

  Autumn-17 MR   -0.098 0.883 0.163 

   MB   0.190 0.088   
PreDM Spring-16 MR 4.661 0.018 0.808 <0.001 0.180 

   MB 5.346 0.011 0.376 0.020  

  Autumn-17 MR 5.105 0.014 0.649 0.001 0.592 

   MB 5.606 0.012 0.367 0.022  

 MAT Spring-16 MR 6.257 -0.082 0.774 <0.001 0.543 

   MB 6.435 -0.057 0.470 0.008  

  Autumn-17 MR 6.244 -0.058 0.517 0.005 0.400 

   MB 6.683 -0.056 0.420 0.014  

 MaxT Spring-16 MR 5.800 -0.030 0.404 0.016 0.884 

   MB 6.328 -0.028 0.491 0.007  

  Autumn-17 MR 5.800 -0.017 0.133 0.132 0.075 

   MB 6.648 -0.030 0.565 0.003  

 1/AI Spring-16 MR 5.078 -0.091 0.076 0.197 0.044 

   MB 5.768 -0.156 0.634 0.001  

  Autumn-17 MR 5.397 -0.053 -0.014 0.378 0.110 

   MB 5.989 -0.129 0.398 0.017  
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Table S2.3. Population height and δ13C pairwise t test P values (Pairwise P values) for comparison 

between local population at plantation sites (PLA at MB site and BRA at MR site) with all populations 

during autumn 2017 (height and δ13C) and spring 2016 (height only) and transfer distance between 

plantation sites and population site-of-origin (Transfer distance, km). Significant P values are shown 

in bold. 

Site Period Local 

population 

Population Climate 

region 

Transfer 

distance 

(km) 

Height: 

Pairwise 

P value 

δ13C: 

Pairwise 

P value 

MB autumn-17 PLA PLA Cool-dry 48.86   

   CRI Cool-dry 66.59 0.066 0.555 

   KIN Cool-dry 170.9 0.331 0.440 

   BOO Cool-wet 174.7 0.871 0.013 

   BRA Cool-wet 213.3 0.744 0.805 

   CAR Cool-wet 205.0 0.820 0.066 

   PEE Warm-wet 308.6 0.203 0.895 

   SER Warm-wet 304.0 0.087 0.819 

   CHI Warm-wet 357.0 0.007 0.363 

   LUP Warm-dry 280.0 0.155 0.799 

   HRI Warm-dry 555.2 0.001 0.545 

   MOG Warm-dry 440.9 0.071 0.982 

MR autumn-17 BRA BRA Cool-wet 67.05   

   CAR Cool-wet 80.85 0.112 0.042 

   BOO Cool-wet 117.8 0.128 0.031 

   KIN Cool-dry 106.9 0.019 0.361 

   PLA Cool-dry 227.8 0.003 0.381 

   CRI Cool-dry 335.9 0.684 0.042 

   PEE Warm-wet 145.6 0.812 0.663 

   SER Warm-wet 204.2 0.785 0.166 

   CHI Warm-wet 246.5 0.611 0.714 

   LUP Warm -dry 198.0 0.355 0.168 

   MOG Warm -dry 322.4 0.375 0.434 

   HRI Warm -dry 399.4 0.521 0.483 

MB spring-16 PLA PLA Cool-dry 48.86   

   CRI Cool-dry 66.59 0.002  

   KIN Cool-dry 170.9 0.441  

   BOO Cool-wet 174.7 0.946  

   BRA Cool-wet 213.3 0.974  

   CAR Cool-wet 205.0 0.964  

   PEE Hot-wet 308.6 0.028  

   SER Hot-wet 304.0 0.226  

   CHI Hot-wet 357.0 0.036  

   LUP Warm -dry 280.0 0.015  

   HRI Warm -dry 555.2 0.002  

   MOG Warm -dry 440.9 0.011  

MR spring-16 BRA BRA Cool-wet 67.05   

   BOO Cool-wet 117.8 0.189  

   CAR Cool-wet 80.85 0.155  

   CRI Cool-dry 335.9 0.720  
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   KIN Cool-dry 106.9 0.080  

   PLA Cool-dry 227.8 0.007  

   PEE Warm-wet 145.6 0.422  

   SER Warm-wet 204.2 0.577  

   CHI Warm-wet 246.5 0.626  

   LUP Warm -dry 198.0 0.502  

   HRI Warm -dry 399.4 0.055  

   MOG Warm -dry 322.4 0.628  
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Summary 

• The viability of forest trees, in response to climate change, will partially depend on 

their capacity to survive drought through genetic adaptation and phenotypic plasticity 

in drought tolerance traits. Genotypes with enhanced plasticity for drought tolerance 

(adaptive plasticity) will have a greater ability to persist and extend the time before 

reaching critical desiccation under drought. 

• Corymbia calophylla populations from two contrasting climate-origins (warm-dry and 

cool-wet) were grown under well-watered and chronic soil water deficit treatments in 

large containers in a poly-tunnel. Hydraulic and allometric traits were measured and 

tree desiccation time from stomatal closure to critical failure under drought. 

• Significant plasticity in key traits was detected in the warm-dry population with 

greater drought tolerance in traits and longer time to critical failure under water 

deficit conditions. Plasticity was limited in the cool-wet population, indicating a 

significant genotype-by-environment interaction in time to critical failure. 
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• Corymbia calophylla may benefit from assisted gene migration by introducing 

adaptive warm-dry populations into vulnerable cool-wet population regions. Our 

findings contribute important information on intraspecific variation in time to critical 

desiccation in trees and suggests climate change impacts may be overestimated for 

some species. 

Key words: 

Adaptive capacity, Eucalyptus, drought tolerance, genetic adaptation, hydraulic traits, 

intraspecific variation, phenotypic plasticity 

3.1 Introduction 

Rainfall deficits accompanied by warming temperatures are known as “global change-type 

droughts” and have been observed to cause large-scale tree mortality events around the 

world (Allen et al. 2010; Dai 2013). Global change-type droughts are predicted to increase as 

climate change intensifies (IPCC 2018), and may drive more tree mortality events in the 

future. These mortality events impact ecosystem functioning in numerous ways including 

alterations to hydrology, and shifts in community structure and composition (Carnicer et al. 

2011; Cavin et al. 2013; Vose et al. 2016). Many trees rely on soil water reserves during 

periods when rainfall is low or absent, but as droughts increase in frequency and severity 

these soil water reserves will not be replenished (Barbeta et al. 2015). Reductions in soil water 

content under drought conditions are exacerbated under warm conditions due to an 

associated increase in vapour pressure deficit (VPD) (Will et al. 2013). Taken together, these 

changing conditions increase the risk of mortality in trees and may hasten the onset of tree 

death during drought. 

Plants initially respond to increasing soil water deficit by regulating stomatal conductance (gs) 

to maintain high plant water potentials and slow water loss (Tyree and Sperry 1988; Anderegg 

et al. 2018). Following stomatal closure (Pgs90), plants continue to lose water through ‘leaky’ 

stomata and leaf cuticles (minimum conductance; gmin; Kerstiens 1996). Under increasing 

water stress, the water conducting xylem is placed under increased tension, which can lead 

to cavitation and the formation of embolisms (air bubbles) that reduce the conductivity of 

water from roots to leaves (McDowell et al. 2008). If sustained, increasing water deficit may 
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eventually result in total failure of the hydraulic system (Tyree and Sperry 1989; McDowell et 

al. 2008). Hydraulic failure is widely recognised as a mechanism of mortality in trees under 

drought conditions (McDowell et al. 2008; Adams et al. 2017; Choat et al. 2018), with critical 

levels of hydraulic failure in angiosperms being associated with an 88 % loss of stem hydraulic 

conductivity (expressed as P88) (Kursar et al. 2009; Urli et al. 2013). 

With projected increases in drought-induced tree mortality under climate change, the survival 

of long-lived plants will depend on their adaptive capacity through genetic adaptation and 

phenotypic plasticity in drought tolerance traits that delay the onset of mortality (Nicotra et 

al. 2010; Choat et al. 2018). Studies investigating the intraspecific variation in timing of 

drought-induced tree mortality are urgently needed (Anderegg et al. 2019). Phenotypic 

plasticity refers to a change in the expression of a trait measured within or across populations 

in response to environmental change. While a genotype-by-environment interaction refers to 

the differential expression of traits by populations to environmental change. Plasticity in 

cavitation resistance traits at the species level is commonly studied (Holste et al. 2006; Stiller 

2009; Plavcová and Hacke 2012), but less is known about intraspecific variation in plasticity in 

cavitation traits. Manipulation and common garden studies have provided evidence for 

intraspecific plasticity in leaf, stem and root cavitation resistance and partitioning of adaptive 

and plastic variation (Corcuera et al. 2011; Wortemann et al. 2011; Lopez et al. 2013; Claverie 

et al. 2016; Blackman et al. 2017). One study revealed variable drought tolerance in stem 

cavitation resistance traits in Pinus canariensis populations grown under contrasting water 

availability in common garden sites with greater drought tolerance observed under drier site 

conditions (Lopez et al. 2013). Furthermore, a recent review found that plant water 

availability and variable growth temperatures influence minimum leaf conductance after Pgs90 

(gmin) (Duursma et al. 2019), and evidence suggests that trees alter their allometry in response 

to drought, especially with reduced leaf area and increased allocation to roots (Poorter et al. 

2012). Critically, to our knowledge, the level of intraspecific variation in trait plasticity that 

contributes to short vs long plant desiccation times remains untested. 

In this study, we grew saplings of two populations of the south Western Australian tree 

species, Corymbia calophylla (R. Br.) K.D. Hill & L.A.S. Johnson (Eucalyptus sensu lato; family 

Myrtaceae) originating from warm-dry and cool-wet climate-origins under contrasting soil 

water availability to determine the adaptive capacity to critical hydraulic failure under 
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drought. By examining populations from different climate-origins grown under contrasting 

soil water availability, we tested for genotype (G), environment (E), and genotype-by-

environment (G×E) effects on traits that determine the time it takes for plants to desiccate to 

critical levels of hydraulic failure. Specifically, we aimed to measure variability in key hydraulic 

and allometric traits, including cavitation resistance (P88), minimum rates of water loss (gmin), 

total evaporative leaf surface area, and total plant water storage capacity. Saplings were 

dried-down to estimate the time to critical failure (TTCF) from Pgs90 to P88 during severe 

drought. Blackman et al. (2017) found greater drought tolerance in a leaf cavitation trait 

(P50leaf) in warm climate populations relative to cool climate populations of C. calophylla and 

higher P50leaf in warm grown saplings in comparison to cool grown saplings. We therefore 

hypothesised that 1) TTCF is dependent on a G×E interaction, where increases in TTCF in 

response to the water deficit treatment is higher in warm, dry climate populations. 2) TTCF is 

genetically determined (G), with longer TTCF predicted in populations from warmer, drier 

environments, and 3) TTCF is environmentally determined (E), with longer TTCF predicted in 

trees that show physiological and/or phenotypic adjustment in response to growth under 

long-term water deficit. 

3.2 Materials and methods 

Plant material 

The south-west Australian foundation tree species, C. calophylla was selected because it is an 

ecologically important component of forests and woodlands, which have experienced tree 

mortality and dieback in response to periods of drought and heatwaves (Matusick et al. 2013). 

Previous studies of this species have shown significant patterns of adaptation to climate 

(Aspinwall et al. 2017; Blackman et al. 2017; Ahrens et al. 2019a). 

Two genetically differentiated C. calophylla populations (Ahrens et al 2019b) with contrasting 

home-site temperature and rainfall regimes were selected for this study: a high rainfall and 

cool temperature southern population, Boorara (BOO), and a dry, warm northern population, 

Hill River (HRI) (Table 3.1). Seeds were collected from the two populations during 1992 and 

2016 by the Western Australian Department of Biodiversity, Conservation and Attractions 

(previously Western Australian Department of Conservation and Land Management). Seed 
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capsules were sampled from 8 trees located at least 100 m apart and were dried to enable 

seed extraction. Seeds were stored in a cool room at ca. 4 °C. Seeds were germinated (> 80 % 

viability) and initially grown in forestry tubes in a poly-tunnel at Western Sydney University, 

Richmond, NSW, Australia. 

Table 3.1. Corymbia calophylla populations used in this study originating in ‘warm-dry’ and ‘cool-wet’ 

climate regions with associated mean annual temperature (MAT, °C), mean maximum temperature of 

the hottest month (MaxT, °C), mean annual precipitation (MAP, mm), mean precipitation of the driest 

month (PreDM, mm), and 1/aridity index (1/AI). 

Population Acronym Climate 

region 

Lat Long MAT MaxT MAP PreDM 1/AI 

Boorara BOO Cool-wet -34.639 116.124 15.0 25.6 1159 24 0.95 

Hill River HRI Warm-dry -30.311 115.202 18.8 31.7 563 4 2.56 

 

Experiment set up and design 

Corymbia calophylla saplings underwent four phases during the experiment. The initial phase 

was the establishment phase in which saplings were grown under well-watered conditions for 

2.5 months. The second phase was the treatment phase in which saplings were grown under 

either a well-watered (W) or a water deficit (D) treatment for 4 months. The third phase was 

the drought hardening phase which was necessary to avoid rapid mortality in well-watered 

saplings in the drought to critical failure phase. This involved rewatering all D saplings and 

subsequently drought hardening all W and D saplings until trees reached turgor loss point 

(TLP). Trees were subsequently rewatered to field capacity. The final phase was the drought 

to critical failure phase in which water was withheld from saplings until they reached the 

water potential inducing 88 % loss of conductivity (P88). Saplings were then harvested. 

Saplings were grown in a poly-tunnel facility situated on Hawkesbury campus, Western 

Sydney University (Richmond, NSW, Australia). The poly-tunnel facility contained 91 pallets 

and population × treatment combinations were randomly distributed to minimise 

microclimate affects. Two rows of buffer saplings surrounded the experimental saplings to 

minimise edge effects. 

Establishment phase 

On 30th August 2017, 64 similar sized saplings from each C. calophylla population (64 BOO, 64 

HRI, 128 total) were transplanted into 45 L woven plant bags (one sapling per bag) containing 
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40 L of locally sourced sandy loam Menangle soil (see Drake et al. 2015 for details on soil 

characteristics) with a field capacity of approximately 17 % volumetric water content (VWC). 

The soil was placed on a 5 L base layer of 20 mm blue metal (quarried crushed, aggregate 

rock) to promote drainage. 

The experiment had a factorial design with two populations and two water treatments (BOO-

W, BOO-D, HRI-W and HRI-D). Thirty-two saplings from each population were allocated to 

each water treatment. The two water treatments were well-watered (W), representing 100 

% VWC of field capacity, and chronic water deficit (D), representing 50 % VWC of field capacity 

(maintained within 43-57 % of saturated VWC field capacity). 

An automated soil moisture sensor-triggered drip irrigation system was used to maintain soil 

moisture at the treatment set conditions. The irrigation system contained 91 two-wire TDT 

soil moisture sensors (Acclima Inc, ID, US) wired to two CS3500 2-wire controllers (Acclima 

Inc, ID, US). TDT sensors were inserted into target plant bags with up to five additional saplings 

from the same population and water treatment plumbed to these target saplings, thereby 

forming an irrigation zone of five saplings. The four saplings in the irrigation zone that did not 

contain sensors were assumed to have a VWC level similar to the sapling with the sensor. All 

saplings in an irrigation zone were irrigated according to soil moisture levels detected by the 

TDT moisture sensor in the target plant bag based on hourly readings. Soil water content in 

plants not containing sensors was compared to target plants periodically by measuring VWC 

using a handheld TDR probe. 

Saplings were grown under well-watered conditions in this phase for 2.5-months (30th August 

2017- 17th November 2017, 80 days total). Liquid fertiliser (all-purpose water-soluble 

fertiliser, Debco, VIC, Australia) was added monthly during this phase. 

Treatment phase 

Water treatments were commenced on 18th November 2017. After 4 months of growth under 

water treatments (122 days total), a subset of five replicate saplings per population × 

treatment combination, were used to estimate specific leaf area (SLA), minimum stomatal 

conductance (gmin), branch capacitance (C) and pressure-volume curves (PV curves; see below 

for measurement details). An additional 11-18 replicate saplings per population × treatment 

combination were watered to field capacity and used to measure percent loss of conductivity 
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(PLC) curves (see below). Slow release fertiliser (15 g Scotts Osmocote® Plus Trace Elements: 

Native Gardens) was added monthly during this phase. 

Drought hardening phase 

The remaining eight replicate saplings from each population × treatment combination 

containing TDT soil moisture sensors were allocated to measurements of time to critical 

failure (TTCF) after almost 6 months under treatments (174 days total). All TTCF saplings, 

including W treated saplings were drought hardened. This was done by withholding water 

until individual saplings reached TLP (determined from PV curves). Pre-dawn leaf water 

potentials (Ψpd) were measured using a Scholander-type pressure chamber (PMS 

Instruments, Corvallis, OR, USA) to confirm that every sapling achieved TLP. Saplings were 

subsequently watered to field capacity and allowed to recover for three days with Ψpd 

measured in a subset of saplings from each population × treatment combination to confirm 

rehydration. 

Drought to critical failure phase 

Water was then withheld from all TTCF saplings starting June 4th 2018. Leaf Ψ was measured 

regularly during the final dry-down phase to determine when saplings reached the water 

potential associated with 90 % stomatal closure (Pgs90) and P88. For smaller saplings, leaves for 

Ψ measurements were alternately taken from similar sized saplings from the same population 

× treatment to minimise impacts of leaf removal on desiccation time. 

Once individual saplings attained or exceeded P88 the whole sapling was cut at the soil surface, 

and leaves and stems were separated and weighed immediately using a balance. Leaves and 

stems were dried for at least 48 hours at 70 °C prior to dry mass determination. 

Air temperature, relative humidity (Rotronic HygroClip2, HC2-S3, Rotronic Intruments Corp, 

NY, USA) and photosynthetically active radiation (Apogee SQ-420 PPFD sensor, Apogee 

Instruments Inc., UT, USA) were monitored during the experiment at 30 minute intervals at 

two locations within the poly-tunnel using a Campbell logger (CR1000, Campbell Scientific, 

QLD, Australia). Conditions inside the poly-tunnel were monitored throughout the 

experiment, and side curtains were opened or closed to modify air circulation. 
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Air temperature and VPD inside the poly-tunnel varied substantially across seasons during the 

11-month duration of the experiment (Figure S3.1), with an average temperature of 21 °C and 

VPD of 1.16 kPa. During the final dry-down phase, mean air temperature and VPD were 12.2 

°C and 0.6 kPa, respectively. During the treatment phase, W saplings had an average of 16.9 

% VWC, while D saplings had 7.3 % VWC (Figure 3.1). 

 

Figure 3.1. Mean daily soil volumetric water content (%) available to trees in cool-wet BOO (solid line) 

and warm-dry HRI (broken line) populations under well-watered (W, blue) and water deficit (D, red) 

treatments. The broken vertical line indicates the date the water treatments commenced. The solid 

vertical line indicates rewatering of all trees and the commencement of the drought to critical failure. 

Growth, leaf area and total water storage 

Growth was measured in all saplings monthly from 7th September 2017 until 12th March 2018. 

Stem basal area was calculated from two perpendicular diameter measurements using 

callipers 2 cm above the soil surface. Sapling height (h, cm) was measured and stem volume 

calculated as:    

Stem volume = 𝜋 ab
ℎ

3
         Equation 1 

where ‘a’ and ‘b’ are perpendicular radii of the stem.  

Leaf area was estimated (referred to as ‘estimated leaf area’) for TTCF saplings monthly from 

13th November 2017 until March 2018. Five leaves per sapling were selected and leaf area 

was measured independently for each of the five leaves using a 1 cm2 grid. All leaves on the 
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sapling were counted and total sapling leaf area was estimated from the leaf number 

multiplied by the average leaf area for the five representative leaves. 

Total projected leaf area (AL) was calculated in TTCF saplings when saplings reached P88 and 

were harvested. Values of AL were calculated for each individual by multiplying the mean 

population × treatment specific leaf area (SLA, see supplementary materials SLA 

measurement details) by total leaf dry mass. 

The maximum amount of water in the aboveground biomass (total stored water, Vw (g)) was 

calculated for each individual TTCF sapling at the end of the time to critical failure phase by 

multiplying shoot (leaves and stems) dry mass by the mean saturated water content of shoots 

calculated for each population × treatment. 

Pressure-volume analysis 

A few days prior to the end of the treatment phase, one recently-matured leaf per sapling 

was sampled at pre-dawn from five replicates per population × treatment. Leaves were 

transported to the laboratory, in a sealed plastic bag inside an insulated box, where they were 

then transferred to a beaker containing water to immerse the petioles and rehydrated in a 

dark refrigerator for approximately 2 hours. Pressure-volume curves were conducted 

according to Maréchaux et al. (2015). Briefly, leaf Ψ and leaf fresh mass were immediately 

measured using a pressure chamber and a balance (0.001 g), respectively, and were then 

measured periodically as leaves desiccated slowly in the laboratory. Leaves were dried in an 

oven at 70 °C for at least 48 hours and weighed to obtain dry mass. Pressure volume traits 

were estimated according to Lenz, Wright, and Westoby (2006). Relative leaf water content 

and 1/Ψleaf were plotted and TLP was determined as the point where the line became non-

linear. 

Stomatal closure 

The leaf Ψ associated with stomatal closure (Pgs90) was determined as 90 % loss of stomatal 

conductance (gs) in response to decreasing soil moisture based on stomatal closure curves 

measured for each population × treatment combination during the treatment phase. These 

measurements were conducted on a separate subset of 6-9 replicate saplings. Saplings were 

fully hydrated and leaf Ψpd measurements were taken on a recently mature leaf using a 
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pressure chamber. Maximum gs was measured in the same individuals on an adjacent leaf 

between 8:30 AM and 12:30 PM using a Licor-6400XT (Licor Inc., Lincoln, NE, USA) at 

saturating light (1500 µmolm-2s-1), ambient CO2 (400 μl l−1), relative humidity 50– 80%, and 

block temperature set to the maximum temperature forecasted on the measurement day. 

Water was then withheld from these saplings and periodically paired measurements of leaf 

Ψpd and gs were measured until they reached Pgs90. When plants had apparently reached Pgs90, 

gs and Ψpd were measured on two consecutive days to confirm that stomata had closed in 

response to soil water deficit, saplings were subsequently rewatered to ensure full recovery. 

Shoot hydraulic capacitance 

Five replicates from each population × treatment were allocated to shoot capacitance (C) 

measurements. From 19th March 2018, following 4 months of growth under water 

treatments, whole sapling aboveground biomass shoots were cut at the base of the stem 

under water at predawn. Shoots were transported to the laboratory and allowed to desiccate, 

during which time paired measurements of total shoot mass and Ψleaf were taken (see 

supporting materials for more details). 

Relative water content (RWC) of the shoot was plotted against Ψstem for each population × 

treatment and an exponential curve was fitted to the portion of the curve following Pgs90 (see 

Figure S3.3). Relative water content at stomatal closure (θ0) and P88 were calculated from the 

equation of these curves for each population × treatment by substituting Pgs90 and P88 as x 

into the equation to get the RWC at Pgs90 and P88 (y). The difference in RWC content between 

these two points (here after referred to as “Δ RWC”) was calculated as: 

Δ RWC = θ0 −  RWC at 𝑃88         Equation 2 

Branch capacitance was calculated from the linear portion of the post-turgor loss relationship 

between RWC and Ψ (g g-1 MPa-1). 

Stem vulnerability curves 

Percent loss of conductivity curves (PLC) were estimated from 11-18 replicate saplings per 

population × treatment combination. The number of saplings required to create a PLC curve 

was dependent on the size of the saplings. Sampling for PLC measurements was conducted 

over March-July 2018 by slowly desiccating subsets of saplings in situ in their pots (Tyree et 
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al. 1992). Saplings were dried to a target Ψstem to populate the PLC curves and then either a 

branch or the whole sapling (maximum vessel length varied from 14 – 74.5 cm) was excised 

to measure stem PLC. 

Percent loss of conductivity was measured using a flow meter (Liqui-Flow L10, Bronkhorst 

High-Tech BV, Ruurlo, Gelderland, The Netherlands) and analysed using the FlowDDE and 

FlowPlot software (Version 4.76 and 3.34, respectively, Bronkhorst, FlowWare). The initial 

flow rate is Kinit. The stem segment was then flushed with 2 mmol KCl solution with a pressure 

of 1 bar for at least 30 minutes and then maximum flow rate (Kmax) was measured. PLC was 

calculated as: 

PLC = (1 −
𝐾𝑖𝑛𝑖𝑡

𝐾𝑚𝑎𝑥
 ) × 100        Equation 3 

See supporting materials for further details of methods 

Minimum leaf conductance 

Minimum leaf conductance (gmin) was measured according to the mass loss of detached leaves 

method (Duursma et al. 2019). Two recent fully expanded leaves were sampled at predawn 

from five replicate saplings per population × treatment. Leaves were scanned for leaf area 

and weighed immediately using a balance (0.0001 g) and measurement time was recorded. 

Leaves were then suspended in a growth chamber and allowed to slowly desiccate under 

stable conditions with temperature set at 20 °C, relative humidity at 75 %, light to 600-2000 

µmol m-2 s-1 and fan speed to 200 m2s-1. Leaf mass and measurement time were recorded 

hourly on the first day and two measurements were taken on the second day, three hours 

apart. Leaves were then dried at 70 °C for at least 48 hours and weighed to obtain leaf dry 

mass. 

Changes in leaf mass with time had an initial exponential decay relationship with high water 

loss prior to Pgs90. Minimum leaf conductance (gmin) was calculated from the slope of the 

latter linear region of the relationship between decreasing leaf mass (g) and increasing time 

(mins). This was converted from g-1 min-1 to mmol m-2 s-1 by dividing by projected leaf area 

(m-2) and the mean chamber VPD, (approx. 0.5 kPa), and converting the mass loss from g to 

mmol H2O. 
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Time to critical failure 

Time to critical failure (TTCF, kPa hr) was calculated as the sum of hourly VPD between the 

hour corresponding to leaf Ψpd on the day of Pgs90 and the hour corresponding to P88. Time to 

critical failure was standardised based on the relative cumulative VPD hours (mean daily VPD 

× 24 hours + previous day’s VPD hours with time zero at Pgs90) across all saplings in each 

population x treatment over the course of the final dry-down phase. 

Statistical analysis 

Percentage loss of conductivity curves and Pgs90 curves were analysed by fitting sigmoidal or 

Weibull curves for each population × treatment group using the fitplc function in the fitplc R 

package (Duursma and Choat 2017). Pgs90 was calculated as 90 % loss of gs from the maximum 

values. Pgs90 did not differ significantly between treatments within populations, therefore 

treatments were pooled within populations and curves. P88 and Pgs90 were obtained from the 

curves using the getPx function. Significant differences for P88 between population × 

treatment combinations and populations for Pgs90 were determined from non-overlapping 95 

% confidence intervals. 

Significant differences amongst G×E interactions were tested using a generalised linear model 

using the glm function with a Gaussian family with treatment and genotypes as interacting 

variables. Post-hoc Tukey tests (glht function) were performed to identify differences among 

treatment × population combinations at an 𝛼 level of 0.05. To test for G×E interactions for 

RWC traits and TTCF, linear models were used followed by the post-hoc Tukey test (glht 

function). For the TTCF linear model, cumulative VPD and associated Ψstem during the sapling 

final dry down phase from Pgs90 to P88 for all trees was used with cumulative VPD as the 

response variable, Ψstem as the explanatory variable and treatment × population as the 

covariate. For RWC traits (θ0 and RWC P88), whole tree RWC and associated Ψstem from C 

curves were used with whole tree RWC as the response variable, Ψstem as the explanatory 

variable and treatment × population as the covariate. Normality and homogeneity of variance 

were tested and data were log transformed when necessary. 

Mean annual temperature (MAT) and precipitation (MAP), mean maximum temperature of 

the warmest month (MaxT) and precipitation of the driest month (PreDM) were extrapolated 

from WorldClim data sets (www.worldclim.org) and selected to characterise the population 
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home climates. Aridity index (AI; mean annual precipitation/mean annual 

evapotranspiration) was obtained from the raster downloaded from CGIAR-CSI 

(http://www.cgiar-csi.org/) and 1/AI was used. 

All analyses were conducted in R v1.2.1335 (R Development Core Team, 2018). 

3.3 Results 

Plant growth under the watering treatments 

Prior to the commencement of the watering treatments, populations did not differ 

significantly in stem volume or estimated leaf area (leaf area P = 0.487, stem volume P = 

0.705). Stem volume differed significantly among water treatments after 23 days of treatment 

(P < 0.0001), and estimated leaf area showed significant differences after 59 days (P < 0.0001). 

At the end of the treatment phase (174 days of treatment), plant size was significantly 

different (stem volume P < 0.0001, estimated leaf area P < 0.0001). Stem volume of W saplings 

was 2.6 times larger than D saplings, and estimated leaf area 2.2 times greater in W saplings 

than D saplings when populations were pooled (Figure 3.2). Mean stem volume and estimated 

leaf area did not differ between populations grown under the W treatment, but significant 

differences in stem volume (P = 0.001) and estimated leaf area (P = 0.002) were observed 

between populations grown under water deficit (D), with the smallest leaf area and lowest 

stem volume in the HRI population. At the end of the treatment phase, estimated leaf area 

and stem volume had a significant G×E interaction between treatment and population (stem 

volume G×E P = 0.01, estimated leaf area G×E P = 0.013). 
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Table 3.2. Mean in hydraulic and allocation traits and time to critical failure (TTCF, VPD (kPa) hours). Values are first averaged for HRI and BOO populations 

(Pop, G), then for D and W treatments (Treat, E) and then given for each genotype × environment interaction (G×E). Plant traits are Pgs90 (leaf water potential 

at stomatal closure, -MPa), P50 (water potential at 50 % loss of conductivity, -MPa), P88 (water potential at 88 % loss of conductivity, -MPa), gmin (minimum 

leaf conductance, mmol m-2s-1), AL (projected total leaf area, m2), θ0 (relative water content at stomatal closure, g g-1), RWC P88 (relative water content at P88, 

g g-1), Vw (total amount of stored water, g). Significant differences for Pgs90, P50 and P88 are determined from non-overlapping 95% confidence intervals which 

are presented in subscript. For other parameters, ±1SE are shown. Significant differences are indicated by letters. 

Factor 

 

 

Pop Treat Pgs90 

(-MPa) 

P50  

(-MPa) 

P88  

(-MPa) 

gmin (mmol m-

2 s-1) 

AL (m2) Vw (g) θ0 (g g-1) RWC P88 

(g g-1) 

TTCF (kPa 

hr-1) 

G HRI  1.61.751.9a   4.82±1.14a 1.04±0.13a 377.2±45.0a    

 BOO  1.51.581.7a   7.11±0.59b 1.09±0.13a 389.4±43.9a    

E  D    5.46±0.61a 0.67±0.07a 233.1±18.7a    

  W    6.66±0.53a 1.45±0.08b 532.7±20.8b    

G×E HRI D  5.7 6.16 6.7a 7.78.369.0a 4.12±0.42a 0.57±0.06a 212.6±17.9a 0.94 0.19 381.69a 

  W  5.4 5.63 5.9ab 6.06.276.6b 5.69±0.75ac 1.50±0.08b 541.8±24.6b 0.85 0.27 189.39b 

 BOO D  4.9 5.19 5.5b 6.06.467.0b 6.79±1.01bc 0.79±0.11a 256.4±33.8a 0.93 0.30 216.19b 

  W  4.2 4.84 5.4b 5.86.246.8b 7.43±0.70bc 1.40±0.16b 522.3±36.3b 0.89 0.30 157.55b 
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Figure 3.2. Estimated whole plant leaf area (m2, a) and stem volume (cm3, b) over time in C. calophylla 

trees from the cool-wet population BOO (circles, solid lines) and warm-dry population HRI (triangles, 

dashed lines) trees grown under soil water deficit (red, D) and well watered (blue, W) treatments. 

Vertical broken line indicates commencement of water treatments. 

 

Hydraulic and allometric traits 

Traits showing a G×E interaction included P88, Δ RWC and the ratio of total stored shoot water 

and leaf area (Vw/AL). The effect of the water deficit treatment on P88 was significantly larger 

in the warm-dry population HRI than in the cool-wet population BOO (Table 3.2; Figure 3.3c). 

Critical stem water potential was significantly greater (more negative) for HRI-D saplings (8.35 

-MPa) than for other treatment × populations, which were less negative and therefore less 

drought tolerant (ranged from 6.24 to 6.46 -MPa; Table 3.2; Figure 3.3; Figure S3.5). While P50 
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was highest in HRI-D trees but was not significantly different across treatments in HRI but was 

significantly greater in HRI-D trees than BOO-D and BOO-W saplings (Table 3.2). 

 

Figure 3.3. Reaction norm plots indicating degree of plasticity in traits across well-watered (W) and 50 

% of field capacity (D) treatments for HRI (dashed lines) and BOO (solid lines) populations. Traits 

presented: (a) gmin (minimum leaf conductance, mmol m-2 s-1), (b) AL (whole plant projected leaf area, 

m2), (c) P88 (water potential at 88 % loss of conductivity, -MPa), (d) Vw (total plant stored water, g), (e) 

ΔRWC (change is relative water content between stomatal closure and P88), and f) Vw/AL (ratio of total 

stored water and total plant leaf area, g m2). Significant genotype (G), environment (E) and G×E 

interactions are indicated by letters and asterisks. Error bars show ± 1 SE. 

For Δ RWC, the D treatment had a greater impact on HRI saplings than BOO saplings and there 

was a significant G×E interaction (Figure 3.3e). For Vw and AL traits there was no significant 

G×E interaction, but when these traits were combined as Vw/AL there was a significant G×E 

interaction with lower values recorded in HRI-D saplings (P = 0.023; slopes P = 0.018, 

intercepts P = 0.018; Figure 3.3b, d). Total leaf area (AL) and Vw traits did not differ significantly 

between populations (AL P = 0.775, Vw P = 0.848; Figure 3.3). However, there was a significant 

E effect detected in these traits. Saplings grown under the D treatment had a significantly 

smaller AL and lower Vw than W treated saplings (AL P < 0.0001, Vw P < 0.0001; Figure 3.3b, d). 
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These traits were significantly correlated (r2 values D saplings 0.94; W saplings 0.90; P < 

0.0001; Figure S3.4). For both AL and Vw there were shared slopes and intercepts across 

treatments and populations. 

One trait, gmin, showed a significant G effect but no E effect. There was a trend of lower gmin 

in D treated trees relative to W trees, but this was not significant. Hill River saplings exhibited 

significantly lower gmin than BOO saplings (P = 0.004; Figure 3.3a), but there was no significant 

effect of E on gmin. Minimum leaf conductance was lowest in HRI-D saplings and greatest in 

BOO-W saplings with no G×E interaction for this trait. Water potential at stomatal closure was 

higher in HRI saplings (1.75 -MPa) relative to BOO saplings (1.58 -MPa), but was not significant 

(treatments pooled). Similarly, the range of θ0 was small (0.85 – 0.94 g g-1). Hill River D saplings 

had the lowest RWC at P88 at 0.19 g g-1, while other treatment × populations had higher values 

ranging from 0.27 - 0.30 g g-1 (Table 3.2). 

There were no significant differences detected for TLP or SLA (mean SLA = 6.3 m2 kg-1 and 

mean TLP -2.82 MPa; P > 0.05). Mean capacitance (C) was 0.237 g g-1 MPa-1 and no significant 

differences were found for this trait (P > 0.05; Figure S3.3). 

Time to critical failure 

A G×E interaction was detected in TTCF saplings as HRI-D saplings had significantly higher 

values than other treatment × population combinations (P < 0.05). The D treatment 

substantially increased TTCF in HRI but not in BOO saplings and HRI-D saplings had a 

substantially longer TTCF than all other saplings (381.69 VPD hrs; Table 3.2; Figure 3.4). Hill 

River-W, BOO-D and BOO-W saplings exhibited similar TTCF values (189.39, 216.19 and 

157.55 VPD hrs, respectively). Time to critical failure for HRI-D saplings was 202 % greater 

than HRI-W saplings, and BOO-D was 137 % higher than BOO-W. 
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Figure 3.4. Time to critical failure (VPD hours) in Boorara (BOO, circles, solid line) and Hill River (HRI, 

triangle, broken line) populations grown under well-watered (W) and water deficit (D) treatments. 

3.4 Discussion 

Time to critical failure (TTCF) in C. calophylla saplings from two populations grown under well-

watered (W) and water deficit (D) treatments showed a significant G×E effect indicating 

different capacities to respond to climate change among populations. Under the D treatment, 

the hot-dry climate population (HRI) was able to increase TTCF more than the cool-wet 

climate population (BOO), principally because of the capacity of the HRI population to 

increase P88, while decreasing the rate of water loss (gmin). Regarding our hypotheses: a 

significant G×E interaction was found in TTCF with longer values in HRI-D saplings relative to 

other population × treatment combinations, supporting hypothesis 1, and genotypic and 

environmental variation was found in TTCF, supporting hypotheses 2 and 3. 

Hydraulic and allocation traits influencing time to critical failure 

Numerous hydraulic and allometric traits likely influenced the TTCF. In C. calophylla trees, 

TTCF and P88 expressed similar G×E trends with the longest TTCF and highest P88 (greater 

drought tolerance) in HRI-D saplings and similarly low values for other population × treatment 

combinations. P88 was likely to have a large influence on TTCF in saplings. It has often been 

observed that angiosperms are unlikely to recover after exceeding the P88 threshold for a long 
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time period and subsequently succumb to death by hydraulic failure (Kursar et al. 2009; Urli 

et al. 2013). The significantly greater P88 in HRI-D saplings indicates a capacity to tolerate a 

greater level of water stress prior to hydraulic failure in comparison with saplings from other 

population × treatment combinations. In support of these findings, Blackman et al. (2019b) 

found a strong relationship between P50 and time for saplings to desiccate from stomatal 

closure (Pgs90) to P88 (tcrit) across eight Eucalyptus species with those exhibiting greater P50 

expressing a longer tcrit. While Blackman et al. (2019a) found the stomatal-hydraulic safety 

margin (Pgs90 - P50) was more influential on desiccation time in three angiosperm and one 

gymnosperm tree species than P50 and P88 traits. Cavitation resistant traits, P50 and P88 were 

significant predictors of tree mortality anomalies across species in a global meta-analysis 

(Anderegg et al. 2016). These cavitation resistance traits are therefore highly informative for 

understanding drought resistance in plants, mortality thresholds and the time to hydraulic 

failure. 

Minimum leaf conductance (gmin) was lowest in HRI-D saplings, although only significantly 

lower than BOO-D and BOO-W saplings. Low gmin contributes to slower plant water loss after 

Pgs90, thereby influencing plant desiccation time (Burghardt and Riederer 2003; Brodribb et al. 

2014) and would have played a role in increasing TTCF in HRI-D saplings through a reduced 

rate of water loss. Minimum stomatal conductance was an important trait differentiating 

between desiccation time to critical levels in gymnosperms and angiosperms in the rain-out 

shelter experiment by Blackman et al. (2019a). When gmin is expressed on a whole plant leaf 

area basis, it provides a measure of the whole plant residual water loss rate. In the present 

study, C. calophylla saplings grown under the D treatment exhibited significantly lower AL 

than W saplings. Hill River D saplings had a small AL and low gmin, thereby reducing the rate of 

plant residual water loss and likely increasing TTCF in these saplings. Total leaf area is an 

important plant trait strongly influencing plant water loss under drought conditions (Choat et 

al. 2018) and it has been suggested that large trees with a large leaf area are likely to die 

sooner than those with a smaller leaf area (McDowell and Allen 2015). Plants with the 

capacity to reduce AL under drought conditions, as observed here, confers an advantage 

through more conservative water use strategy. 

The combined trait, Vw/AL did not show a trend suggestive of contributing to longer TTCF in 

HRI-D trees relative to other population × treatment combinations. Total plant stored water 
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provides a reserve for prolonging plant survival following Pgs90 when plants are no longer 

extracting soil water; Vw/AL is the ratio of stored water to leaf area over which water is lost. 

Water deficit (D) treated saplings had significantly lower Vw than W saplings. However, the 

TTCF in HRI-D trees remained longer than HRI-W saplings indicating that AL is counteracting 

Vw in these trees and P88 and gmin traits are likely to be more influential on TTCF. In contrast 

with these findings, Blackman et al. (2019b) found Vw/AL was of high significance influencing 

tcrit in Eucalyptus species, suggesting that Vw/AL may be important among species, but less so 

within species. This may be associated with higher variability in the expression of Vw and AL 

traits across different species reflecting adaptation to site rainfall at the species-level, in 

contrast with their expression at the population-level. Further studies measuring population- 

and species-level variation in these traits across contrasting water environments are 

necessary. 

Relative water content at P88 was 19 % for HRI-D saplings compared to 27-30 % for other 

treatment × populations; HRI-D saplings had the greatest Δ RWC. This plastic response in HRI 

trees allows them to function at low RWC levels and increases drought tolerance and likely 

contributed to longer TTCF in HRI-D trees. In contrast, Blackman et al. (2019b) did not observe 

a relationship between observed tcrit and any aboveground RWC at Pgs90, P88 or Pgs90-P88 across 

Eucalyptus species grown under well-watered conditions, and Mitchell et al. (2013) did not 

observe a trend between leaf RWC at TLP and time to mortality under drought conditions 

across two Eucalyptus and a Pinus species. However, a study involving six ryegrass cultivars 

showed a significant decline in leaf RWC after a drought period relative to RWC before this 

period and there were significant relationships between leaf RWC and soil moisture (Jiang et 

al. 2009). The capacity for trees to adjust RWC of different organs in response to water 

availability may increase desiccation time under extreme drought in some plant species 

(Bartlett et al. 2014), but this needs to be investigated in more species. 

Neither turgor loss point (TLP) nor Pgs90 differed across populations or water treatments. 

Previous studies have shown significant plasticity in response to variable water availability in 

TLP (Bartlett et al. 2014). Across Eucalyptus species, stomatal sensitivity and Pgs90 have been 

associated with aridity and rainfall at the climate-of-origin (Bourne et al. 2015; Li et al. 2018). 

Furthermore, in the time to critical failure pot study, Blackman et al. (2019b) found both TLP 

and Pgs90 influenced tcrit across Eucalyptus species from contrasting climates. Corymbia 
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calophylla has been identified as a more isohydric species, maintaining high leaf water 

potentials through tight regulation of gs, preventing predawn leaf water potentials from 

falling below TLP, relative to co-occurring tree species (Pires 2019). This may explain the lack 

of significant differences between treatments and populations in C. calophylla in the present 

study, with saplings operating similarly to prevent water stress, irrespective of water 

treatment or climate-of-origin. Different stomatal response strategies to low water 

availability are likely to influence TTCF to different extents in different species (Li et al. 2020). 

Genetic adaptation and phenotypic plasticity 

The cavitation resistance trait, P88 likely had the greatest influence on TTCF across treatments 

and populations. A significant G×E interaction was found for P88 with significant plasticity 

observed in the HRI population with greater drought tolerance in HRI-D saplings, but no 

significant plasticity in the cool-wet population, BOO. Multiple interspecific comparison 

studies have revealed a strong correlation between P50 and precipitation at the climate-of-

origin (Choat et al. 2012; Dória et al. 2018; Li et al. 2018), suggesting an influence of 

adaptation on drought tolerance at the species level. However, studies relating intraspecific 

variation in cavitation traits with climate-of-origin are less common. Across 10 provenances 

of European beech trees grown in a field common garden site, P88 varied significantly across 

provenances but was not associated with aridity at site-of-origin (Hajek et al. 2016). Similar 

to the present study, a significant G×E interaction was found in P88 in Pinus canariensis with 

greater drought tolerance in hot, dry climate populations than mesic populations in a dry 

common garden, but not in a mesic common garden site (Lopez et al. 2013). In a previous C. 

calophylla population glasshouse study, P50leaf (Ψ inducing 50 % loss of leaf conductivity) was 

adaptive and related to temperature at the climate-of-origin but not rainfall, and warm origin 

populations, including the HRI population, were more drought tolerant (more negative P50leaf) 

than cool origin populations (Blackman et al. 2017). While another study observed minimal 

plasticity and adaptive variation in P50 across six Pinus pinaster populations grown in two 

common gardens with contrasting rainfall (Lamy et al. 2014). These findings indicate 

variability in the adaptive capacity of populations to contrasting environments in cavitation 

resistance traits in different species. Cavitation resistance traits are important for 

understanding tree mortality risk under climate change and information on intraspecific 
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variation and the relation to climate-of-origin in these traits in different species from different 

systems grown under contrasting environments are necessary. 

Hill River D trees exhibited low gmin, low RWC at P88, small AL and a large Δ RWC contributing 

to greater drought tolerance and likely increased TTCF relative to other population × 

treatment saplings. A recent review of gmin (Duursma et al. 2019) suggests that water 

availability influences gmin more than climate-of-origin; yet in contrast, our study found 

genotypic variation in gmin. For trees from dry environments, low gmin will provide an 

advantage under water deficit conditions as the rate of plant water loss is reduced. Blackman 

et al. (2019b) did not observe systematic variation in gmin across Eucalyptus species from 

contrasting climates grown under common conditions. Few studies have investigated gmin 

variability across populations and water treatments under experimental conditions, and 

therefore further investigation is needed to improve our understanding of the contribution 

of this trait to plant desiccation time (Martin-StPaul et al 2017). While AL measured at the end 

of the drought to critical failure phase exhibited a treatment but not population effect, 

estimated leaf area measured over time during the treatment phase exhibited a significant 

G×E effect with significantly smaller estimated leaf area in HRI-D saplings relative to BOO-D 

saplings later in the treatment phase. Hajek et al. (2016) found significant genotypic variation 

in mean leaf size across 10 provenances of European beech and Pita et al. (2003) observed a 

G and E effect on leaf area across clones of Eucalyptus globulus grown under drought and 

well-watered conditions with a smaller leaf area under the drought treatment. Leaf area is an 

important trait influencing tree desiccation time and we recommend its inclusion in future 

studies on time to critical failure. 

The HRI population is situated at the warm and dry-end limits of the C. calophylla distribution 

and under climate change will likely experience higher temperatures and reduced rainfall in 

the future compared to its contemporary climate. This population’s capacity to alter hydraulic 

and allometric traits under low water availability may enable it to persist under future hotter, 

drier climate conditions. In contrast, trees from the BOO population have experienced a 

milder climate and have not been exposed to the same strong selection pressure of water 

stress as HRI trees. Consequently, C. calophylla trees from cooler and wetter southern 

populations have lower plasticity of key drought tolerance traits and therefore are at higher 

risk of hydraulic failure under future drought events. 
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Limitations and field growing trees 

This study provides insight into intraspecific and plastic variation in TTCF in trees, building on 

recent studies that examine TTCF across species (Blackman et al. 2019a, b). Despite the 

inclusion of only two populations in the present study, these populations are situated in the 

geographical extremes of C. calophylla’s distribution and experience contrasting temperature 

and rainfall, therefore this study provides evidence of genetic variation between two 

populations, the level of plasticity in these populations in response to water deficit and G×E 

interactions. This study exposed traits that influenced differentiation in TTCF between 

populations and water treatments (RWC P88, ΔRWC) that were less important in driving 

species-level variation in several Australian woodland angiosperms and a gymnosperm 

(Blackman et al. 2019a, b). This suggests that the influence of traits in defining TTCF within 

and between species may vary as well as the environment. Further studies that investigate 

intraspecific variation in TTCF and the hydraulic and allometric traits influencing this in 

different species and systems are needed. 

We acknowledge that this study has limitations with extrapolation to trees growing in the 

field. The large pots enabled accurate control of soil water availability, but maintenance of 

drought treatments in the field is challenging. Like many Mediterranean-type ecosystem 

woody species, C. calophylla has a deep rooting system (Nardini et al. 2014). A large tap root 

may contribute to total tree water storage and capacitance (C) and may prevent trees from 

experiencing significant water stress close to critical failure through access to deep sources of 

water. Blackman et al. (2019b) found an improvement to the tcrit model fit when root water 

storage was added to Vw. Furthermore, as trees mature the expression of traits influencing 

TTCF may vary as allometric relationships shift (Hartmann et al. 2018). Large trees store a 

greater volume of water, have a larger projected leaf area and higher C than smaller trees 

(Scholz et al. 2011). Capacitance may play a greater role in reducing cavitation through its 

buffering effect differentially influencing TTCF in larger trees relative to smaller trees (Scholz 

et al. 2011). The effect of higher water loss as a result of a large total leaf area in large, mature 

trees may be counteracted by the corresponding large Vw and higher C. Cavitation resistance 

traits may remain relatively consistent across life stages, however tall trees are more 

vulnerable to cavitation than shorter trees (Koch et al. 2004). 
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Corymbia calophylla trees have the capacity to resprout after droughts and fires (Matusick et 

al. 2016). Resprouting will have implications on tree mortality in the field in response to 

drought events as trees may dieback during extreme droughts and appear to be dead, but 

recover through resprouting. Resprouting tree species should be monitored after drought 

events occur to confirm mortality.  The long-term implications of resprouting and dieback 

cycles on forest structure are unknown (Walden et al. 2019). 

Conclusion 

Tree mortality events in response to extreme weather events are likely to become more 

common under predicted climate projections in south Western Australia and other 

Mediterranean-type ecosystems. In extreme drought years in this region soil water reserves 

relied on by deep-rooted Mediterranean trees during hot summer periods will not be 

replenished and may result in tree mortality (Canadell et al. 1996; Evans et al. 2013; Matusick 

et al. 2013). In the current study, we found significant intraspecific differences in the time for 

plants to desiccate from the point of Pgs90 to P88 (TTCF). These differences in TTCF were driven 

by adaptive plasticity in multiple drought response traits. There were several plant traits 

influencing drought-associated hydraulic failure that are not often typically measured in tree 

drought studies (gmin and AL), while P88 was confirmed as a highly informative drought trait. 

Drought-associated hydraulic failure is complex, and our study provides evidence for G, E and 

significant G×E interactions driving trait differences related to drought tolerance and plant 

desiccation time in an ecologically important tree. Assisted gene migration may be a viable 

management option for the species, involving the introduction of genetic material from 

warm-dry populations into the cool-wet regions, thereby increasing tolerance in more 

vulnerable southern populations to the increasingly drying climate. Without management 

intervention, C. calophylla cool-wet climate populations with limited plasticity in key drought 

tolerance traits may be at risk of drought-induced hydraulic failure. These results clearly 

illustrate that the adaptive capacity to cope with novel climate conditions may be naturally 

occurring within this tree species. 
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3.5 Supplementary materials 

Methods 

Stem hydraulic capacitance 

Five replicates from each population × treatment were allocated to stem capacitance (C) 

measurements. From 19th March 2018, following 4 months of growth under water 

treatments, whole sapling aboveground shoots (hereafter referred to as a branch) were cut 

at the base of the stem under water at predawn. The cut surface was immediately sealed with 

parafilm and the branches were covered with an opaque plastic bag and transported to a 

large refrigerator where the cut stems were immersed in water and branches were 

rehydrated for two hours in the dark. The fully hydrated branches were transported to a 

laboratory where whole branch mass was measured immediately using a balance (0.01 g) and 

Ψstem was measured using a pressure chamber. Stem water potential was derived from 

covering the whole branch with an opaque plastic bag 30 minutes prior to measuring Ψleaf 

thereby enabling leaf and stem Ψ to reach equilibrium. Branches were allowed to slowly 

desiccate in the laboratory over the course of 3-4 days and branch mass and Ψstem were 

measured periodically until the branch reached or exceeded P88. Leaves and stems were then 

separated and dried at 70 °C for at least 48 hours (in addition to Ψ leaves) and weighed to 

obtain dry mass. 

Stem vulnerability curves 

Eleven-eighteen replicate saplings per population × treatment were allocated to PLC curves. 

Sampling for PLC measurements was conducted over March-July 2018 by slowly desiccating 

subsets of saplings in situ in their pots (Tyree et al. 1992). Saplings were dried to a target Ψstem 

to populate the PLC curves and then either a branch or the whole sapling was excised to 
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measure stem PLC; Corymbia calophylla tree xylem vessel length varies substantially from 14 

– 74.5 cm. 

When sampling was conducted during day light hours, Ψstem was obtained by covering 

targeted recently mature leaves with plastic wrap and then aluminium foil for 30 minutes 

prior to sampling of leaves; this was done to halt further water loss from leaves and enable 

Ψstem and Ψleaf to come into equilibrium. Leaf water potential was then measured using a 

pressure chamber. 

Whole saplings were cut at the stem base under water. For branch excision, saplings were 

placed on their sides and the base of the branch was immersed in water and cut under water. 

The cut section was placed in water and then immediately covered in parafilm. Saplings were 

covered with an opaque bag and transported to the laboratory. A 6-10 cm stem segment was 

targeted for PLC measurements (method according to Sperry et al. 1988). The first cut was 

made upstream at least 30 cm from the target stem segment under water. Xylem tension was 

allowed to relax for at least 10 minutes prior to further cuts being made. Subsequent cuts 

were made slowly, alternating upstream and downstream from the target stem section over 

30-40 minutes. 

Percent loss of conductivity was measured using a flow meter (Liqui-Flow L10, Bronkhorst 

High-Tech BV, Ruurlo, Gelderland, The Netherlands) and analysed using the FlowDDE and 

FlowPlot software (Version 4.76 and 3.34, respectively, Bronkhorst, FlowWare). The stem 

segment was then flushed with 2 mmol KCl solution with a pressure of 1 bar for at least 30 

minutes and then maximum flow rate (Kmax) was measured. PLC was calculated as: 

 

PLC = (1 −
𝐾𝑖𝑛𝑖𝑡

𝐾𝑚𝑎𝑥
 ) × 100        Equation 3 

 

Specific leaf area 

A single recently mature leaf was sampled from between 8-17 replicate saplings from each 

population × treatment for SLA. Leaves were placed in sealed plastic bags in an insulated box 

and transported to a laboratory. Leaves were immediately scanned for leaf area using a LI-
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3100C leaf area meter (Licor, Lincoln, NE, USA) and then dried in an oven for at least 48 hours 

at 70 °C and weighed for dry mass. Specific leaf area was calculated as the leaf area (m2) 

divided by leaf dry mass (kg). 

Figures 

 

Figure S3.1. Maximum daily air temperature (°C, a), maximum daily vapour pressure deficit (VPD, kPa, 

b), minimum daily relative humidity (RH, %, c) and maximum daily photosynthetic photon flux density 

(PPFD, umolm-2s-1, d) in the poly-tunnel over the duration of the experiment. The broken vertical line 

indicates the date treatments commenced. The solid vertical line indicates commencement of the 

drought to critical failure 

 

 



Chapter 3.0 
 

96 
 

 

Figure S3.2. Mean stomatal conductance (gs, mol H2O m-2s-1) over time during the end of the 

establishment phase and the treatment phase of the experiment in Hill River (HRI, dashed line, 

triangle) and Boorara (BOO, solid line, circle) saplings grown under the well-watered (W, blue) and 

water deficit (D, red) treatments. Mean ±1SE are presented. The vertical dashed line indicates the date 

when treatments commenced. 
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Figure S3.3. Relationships between relative water content (g g-1) and stem water potential (-MPa) of 

branches dried down in the laboratory in Boorara (BOO) and Hill River (HRI) populations grown under 

the well-watered (blue) and water deficit (red) treatments with linear models fitted for population × 

treatment combinations (r2 value BOO-D = 0.94, BOO-W = 0.94, HRI-D = 0.95, HRI-W = 0.93). 
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Figure S3.4. Relationship between total projected leaf area (AL) and total water storage (Vw) across 

well-watered (W, blue) and water deficit (D, red) treatments including data from both Boorara (BOO, 

circles) and Hill River (HRI, triangles) populations. Lines indicate linear relationships for treatments 

with populations pooled (r2 D = 0.94, W = 0.90; P < 0.000). 
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Figure S3.5. Percentage loss of conductivity curves for Boorara (BOO) and Hill River (HRI) populations 

grown under well-watered (W, blue) and water deficit (D, red) treatments. The water potentials at 50 

% (P50, black lines) and 88 % (P88, coloured lines) loss of hydraulic conductivity are shown by vertical 

solid lines with 95 % confidence intervals indicated by the dashed lines 
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Figure S3.6. Stomatal closure curves showing the relationship between stomatal conductance (gs, mol 

H20 m-2s-1) and leaf water potential (-MPa) in Boorara (BOO, a) and Hill River (HRI, b) saplings. The 

point of stomatal closure at 90 % loss of conductivity (Pgs90) is indicated by the solid vertical line with 

95 % confidence intervals shown by the vertical dashed lines. 
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Chapter 4.0 

Cool-wet climate region genotypes have higher resistance and 

resilience in photosynthesis to heatwaves when grown under a cool 

growth environment 

 

Abstract 

Rising mean temperatures and greater frequency and intensity of heatwave events are 

predicted throughout many regions globally under climate change. However, the adaptive 

capacity for tree populations within a species to respond to heatwaves is poorly understood. 

Heatwave tolerance in trees is determined by their ability to resist heatwaves during the 

event and their resilience to recover after the event to a pre-heatwave state. We aimed to 

determine the resistance of saplings to maintain gas exchange processes during heatwaves, 

and sapling resilience post heatwave and how this was influenced by growth temperature, 

climate region and heatwave intensity. 

Eight populations from contrasting temperature and rainfall regions of the south west 

Australian foundation tree species, Corymbia calophylla were grown under a warm (32/18 °C 

day/night) and cool (26/12 °C) growth regime with a factorial design. Saplings were exposed 

to a moderate (40/22 °C, M HW) or extreme (46/26 °C, E HW) 5-day heatwave event and were 

subsequently placed back in their growth bays for a 20-day recovery period. Saplings were 

well-watered throughout the experiment. Photosynthesis at saturating light (Asat), stomatal 

conductance (gs) and biochemical processes of photosynthesis were monitored throughout 

the experiment. 

The initial response to the heatwaves was a significant decline in Asat across all saplings. Cool-

wet climate region saplings grown in the cool environment exhibited high Asat on the last day 

of the heatwave (HWD5) and first day of recovery (RD1) relative to other saplings, indicative 

of high resistance and resilience to heatwaves. Furthermore, cool grown saplings had 
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significantly higher Asat on HWD5 and RD1 than warm grown saplings, but by recovery day 20 

there was no growth environment effect. When populations were pooled into warm and cool 

temperature regions, no significant difference was found in Asat between temperature regions 

on heatwave day 1 and RD1. On RD1, both cool and warm growth environment saplings 

returned Asat and biochemical parameters of photosynthesis similar to pre-heatwave levels, 

but gs remained impacted by the heatwave in warm region saplings only. The E HW had a 

significantly greater impact on Asat than the M HW. 

These findings indicate a benefit of growth under a cool growth regime on resistance and 

resilience in Asat and higher performance in cool-wet climate region saplings grown under the 

cool growth regime, reflecting local adaptation. This study provides insight into intraspecific 

variation in heatwave tolerance and the role of growth temperature on performance during 

heatwaves. 

4.1 Introduction 

Climate change is leading to rising temperatures, along with more frequent and intense 

heatwaves, which is impacting on the productivity and sustainability of primary industries and 

natural ecosystems (Allen et al. 2015; IPCC 2014). Anthropogenic activities have resulted in a 

mean global temperature rise of 1 °C above pre-industrial revolution levels with predictions 

of further temperature rises of up to 3 °C by 2100 depending on emission scenarios (IPCC 

2018). Furthermore, heatwave event (which may be defined as at least three consecutive 

days with maximum temperatures exceeding the 90th percentile for the region (Perkins and 

Alexander 2013)) frequency has likely increased across Australia, Asia and Europe (IPCC 2014). 

The combined effects of average temperature rise, and greater intensity and frequency of 

heatwave events may lead to greater impacts on forest health, according to the ‘press and 

pulse’ model (Harris et al. 2018). Large scale tree mortality events have been associated with 

heatwaves globally (Allen et al. 2010) with warming exacerbating the effects of drought on 

tree health (Adams et al. 2009; Teskey et al. 2015). 

Naturally occurring heatwaves typically occur in combination with drought events and this 

combination of stressors is typically more detrimental to tree performance, pushing them 

closer to mortality thresholds than the impact of heatwave events alone (Teskey et al. 2015). 
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During heatwaves, trees with access to sufficient soil moisture have a greater capacity to cool 

leaves through transpiration (E) allowing maintenance of gas exchange processes and this 

may prevent irreversible temperature damage, while trees under water stress typically 

reduce stomatal conductance (gs) and E to conserve water, in turn, increasing leaf 

temperatures. Recent heatwave studies have shown decoupling of Asat and gs while 

maintaining high E facilitating leaf cooling when trees have access to soil water (Urban et al. 

2017; Drake et al. 2018; Aspinwall et al. 2019). In a whole-tree chamber heatwave study 

(Drake et al. 2018), authors postulated that Eucalyptus tree access to deep water sources 

enabled maintenance of high E rates and cooling of leaf surfaces when the surface soil profile 

was dried prior to the heatwave event. In a field manipulation experiment, photosynthesis 

(Asat) rates recovered immediately after a summer heatwave event in well-watered plant 

communities; however, when the heatwave was combined with drought, Asat did not recover 

to control levels even after approximately 60 days (De Boeck et al. 2011). The Mediterranean-

climatic region of south-west Western Australia experienced a sequence of severe heatwave 

events, combined with a record below average rainfall year, during the summer of 2010/2011 

resulting in widespread tree mortality in the region (Matusick et al. 2013; Challis et al. 2016). 

Corymbia calophylla was impacted by this compound heatwave drought event (Matusick et 

al. 2013). 

Extreme high temperature exposure has a range of detrimental effects on plant performance. 

At the whole plant level, heatwaves affect growth rate and leaf development. At the leaf level, 

heatwaves typically reduce net photosynthesis at ambient CO2 (Asat), and increase respiration, 

oxidative damage and leaf tissue burning (Teskey et al. 2015). Reductions in Asat from 

exposure to temperatures over 40 °C can result from increased photorespiration, reduced 

Rubisco activity and temperature sensitivity of electron transport capacity and photosystem 

II (Crafts-Brandner and Salvucci 2004; Atken et al. 2006; Mathur et al. 2014). During heatwave 

events, reductions in Asat are typically attributed to decreased gs in response to increased VPD 

and temperature rather than biochemical limitations (Zhang et al. 2001; Greer and Weedon 

2012; Slot and Winter 2017a). In this Chapter, water availability was maintained at field 

capacity and saplings were exposed to the single stress of a heatwave to focus on the impact 

of heatwaves alone on plant performance and the dynamic physiological responses during 

heatwave exposure and recovery. 
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Trees will vary in their responses to extreme weather events, determined by their resistance 

during, and resilience after the event. Resistance is the capacity for plants to tolerate a 

stressful event, while resilience is the speed of recovery after the event to a pre-stressed state 

(Pimm 1984). Individuals with low resistance and resilience to extreme weather events, and 

limited capacity to adjust through plasticity, are likely to perish as these events become more 

severe and frequent as climate change progresses (Aitken et al. 2008; Allen et al. 2010). 

Higher resistance to heatwaves in trees may be achieved through increased transpirational 

cooling minimising foliar temperature damage and increased synthesis of proteins associated 

with heat tolerance (Drake et al. 2018; Aspinwall et al. 2019). These responses during the 

heatwave may lead to faster recovery and return of gas exchange processes to pre-heatwave 

levels. Furthermore, growth temperature has recently emerged as a key factor influencing 

plant performance under heatwave conditions (Aspinwall et al. 2019). Contrary to 

expectations that a warm growth temperature would increase thermal tolerance under 

heatwave events, Aspinwall et al. (2019) revealed that growth of four Eucalyptus species 

under a warm regime did not increase physiological tolerance to heatwaves, rather the cool 

growth temperature facilitated higher heatwave tolerance across species. This finding may 

be associated with limited capacity to acclimate to increased growth temperature or reduced 

synthesis of proteins associated with thermal tolerance. To fully understand the impacts of 

an extreme weather event on plant performance and its resilience, plant performance should 

be monitored prior to, during, and after the event to document recovery to a pre-stressed 

state (e.g. Hoover et al. 2014). However, monitoring of physiological recovery from heatwave 

events is typically not conducted for a sufficient period of time and capturing a pre-heatwave 

baseline time point and heatwave controls in the field is challenging. 

Intraspecific variation in heatwave tolerance traits, including long term adaptive variation in 

photosynthesis associated with temperature at site-of-origin are largely unknown. Therefore, 

it is difficult to predict what the capacity for plants is to respond to climate change-associated 

mean temperature and heatwave temperature rises through genetic adaptation in gas 

exchange traits. Under a common growth temperature, cool and warm-origin genotypes may 

vary in their photosynthetic performance influenced by adaptation to home-site 

temperature, influencing their carbon balance. In one study, Asat was adaptive in Populus 

balsamifera genotypes from across North America and associated with latitudinal variation in 
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season length, evaporative demand and temperature (Keller et al. 2011). Under heatwave 

conditions, genotypic variation in gas exchange traits was not observed in Eucalyptus 

camaldulensis var. camaldulensis genotypes (Loik et al. 2017). In a global synthesis of 

photosynthetic temperature responses to growth temperatures in plants across different 

ecosystems, temperature acclimation contributed to photosynthetic thermal variation more 

than temperature adaptation (Kumarathunge et al. 2019). 

Photosynthetic and respiratory temperature acclimation to increasing mean temperatures 

may provide a rapid adjustment to climate change and may influence tolerance to heatwaves. 

The role of photosynthetic and respiratory temperature acclimation on plant performance 

under heatwave conditions is largely unknown. Photosynthetic and respiratory temperature 

acclimation have been documented in some species (Ferrar et al. 1989; Aspinwall et al. 2016; 

Reich et al. 2016; Slot and Winter 2017b), but is not ubiquitous. Furthermore, few studies 

have investigated intraspecific variation in photosynthesis and respiration across variable 

growth temperatures (Gunderson et al. 2000; Silim et al. 2010; Drake et al. 2015; Lombardozzi 

et al. 2015; Aspinwall et al. 2017). 

The photosynthetic temperature optimum (Topt) of a plant, at which Asat is highest, can adjust 

in the short term to growth temperature through acclimation (Berry and Björkman 1980). The 

maximum carboxylation rate of ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco) 

activity (Vcmax) and the potential rate of electron transport (Jmax) are two key components of 

photosynthesis (Farquhar et al. 1980). Photosynthetic temperature acclimation enables 

photosynthesis to be optimised and can involve adjustment in photosynthesis measured at 

the growth temperature, a shift in Topt or a shift in Vcmax and/or Jmax measured at a common 

temperature (Medlyn et al. 2002; Smith and Dukes 2012; Way and Yamori 2014). 

The differential expression of photosynthesis and respiration across genotypes and growth 

temperatures has been poorly studied in trees. However, genotype-by-environment 

interactions enable identification of genotypes that may perform well under warmer 

temperatures associated with climate change and those that may be more vulnerable. Huang 

et al. (2015) observed no genotype × temperature interaction in physiology across two 

Telopea speciosissima genotypes from contrasting temperature regions. In two Eucalyptus 

species, cool-origin genotypes exhibited superior performance under warmer temperatures 

than warm-origin genotypes (Drake et al. 2015). Both adaptation and acclimation influenced 
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photosynthesis in Corymbia calophylla saplings grown under contrasting growth temperature 

regimes (Aspinwall et al. 2017). Specifically, Aspinwall et al. (2017) found that one cool-wet 

C. calophylla population expressed the greatest plasticity in Asat and dark respiration (Rarea) 

when grown under two growth temperatures, while three other populations including a cool-

dry climate population exhibited minimal plasticity. 

Corymbia calophylla is an ideal study species to test for genotype-by-environment 

interactions to contrasting growth temperatures and heatwaves in leaf-level physiological 

processes as adaptive and plastic variation has been identified in gas exchange traits across 

variable growth environments (Aspinwall et al. 2017), as well as in other plant traits across 

variable water and temperature environments (Blackman et al. 2017; Ahrens et al. 2019). In 

this study we grew eight populations of C. calophylla saplings under warm (32/18 °C 

day/night) and cool (26/12 °C day/night) growth temperatures in a factorial experiment and 

exposed saplings to a moderate (40/22 °C) or extreme (46/26 °C) 5-day heatwave event, and 

monitored their recovery for 20-days following return to growth conditions. Plants were well-

watered throughout the experiment to avoid confounding effects of water deficit on plant 

performance. We aimed to determine sapling resistance and resilience in gas exchange 

processes to heatwaves. Previous studies revealed a cool growth environment advantage on 

heatwave performance relative to a warm growth environment across several Eucalyptus 

species (Aspinwall et al. 2019), and photosynthetic and respiratory temperature acclimation 

in only the cool-wet C. calophylla population when grown across the same cool and warm 

growth environments as the present study (Aspinwall et al. 2017). We hypothesised that 1) 

cool-wet region saplings grown under the cool growth temperature will have the greatest 

heatwave resistance (highest rates during heatwaves) and resilience (fastest recovery to pre-

heatwave levels after heatwaves) in gas exchange traits, 2) cool grown saplings will exhibit 

greater resistance during the heatwave and resilience after the heatwave in Asat relative to 

warm grown saplings. Furthermore, we aimed to determine the main effects of heatwaves 

on stomatal, environmental and photosynthetic biochemical parameters regulating Asat using 

stepwise regression analysis. 3) We expected cool temperature region saplings with higher 

resistance and resilience to return Asat processes to a pre-heatwave state on the day after the 

heatwave (RD1) but not warm temperature region saplings, and 4) cool temperature grown 

saplings would return gas exchange processes to pre-heatwave levels on RD1 and warm 
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grown saplings would not. And 5) gas exchange processes would be more impacted in 

extreme heatwave treated saplings than moderate heatwave treated saplings. 

4.2 Methods 

Study populations 

Eight populations from the south-west Western Australian tree species, Corymbia calophylla 

were selected for the present study (Table 4.1). Selected populations vary in temperature and 

rainfall regimes at the site-of-origin capturing the species’ geographic and climatic 

distribution. Populations were divided into a northern ‘warm’ and a southern ‘cool’ 

temperature region which experience mean maximum annual temperatures (MaxT) of 

approximately 32 °C and 26 °C, respectively (population MaxT range 25.6-32.2 °C; Table 4.1). 

Throughout the species’ distribution, rainfall increases with increasing latitude and decreases 

from coastal to inland regions, thereby ranging from 1159 mm in the south west corner to 

563 mm in the most northern region. Two populations within each temperature region were 

selected to represent the coastal ‘wet’ (mean annual precipitation, MAP > 880 mm) and inland 

‘dry’ (MAP <850 mm) rainfall variation (Table 4.1). For example, contrasting climate-origin for 

cool-wet region populations (Boorara and Mossop) experience MAP of 1159-1500 mm and 

MaxT of 25.6-27 °C, while warm-dry region populations (Lupton and Gingin) experience MAP 

ranging from 635-704 mm and MaxT of 31.6-32.2 °C (Table 4.1). 



Chapter 4.0 
 

114 
 

Table 4.1. Summary of Corymbia calophylla populations in this study: geographical location, assigned temperature and rainfall regions, mean annual 

precipitation (MAP, mm), mean annual temperature (MAT, °C), maximum temperature of the warmest month (MaxT, °C) and precipitation of the driest month 

(PreDM, mm). 

Population Population 

abbreviation 

Latitude Longitude Temperature  

region 

Rainfall  

region 

MAP MAT MaxT PreDM 

Boorara BOO -34.639 116.124 Cool Wet 1159 15.0 25.6 24 

Mossop MOS -34.712 116.469 Cool Wet 1500 15.1 27.0 23 

Kingston KIN -34.081 116.330 Cool Dry 820 14.5 27.7 19 

Plantagenet PLA -34.653 117.499 Cool Dry 733 15.1 26.5 25 

Mt Helena MHE -31.875 116.222 Warm Wet 900 16.8 32.2 12 

Peel PEE -32.685 115.743 Warm Wet 885 17.9 30.4 10 

Lupton LUP -32.521 116.521 Warm Dry 635 15.5 31.6 12 

Gingin GIN -31.345 115.893 Warm Dry 704 18.1 32.2 6 
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Plant material and experimental design 

Seeds were collected from 8-10 Corymbia calophylla trees from each population, situated at 

least 100 m apart, during 1991, 1992 and 2016 by the Western Australian Department of 

Biodiversity, Conservation and Attractions. Fruits were dried, and then seeds extracted and 

stored in a dry room (1-3 °C) maintaining high seed viability (>80% germination rate). Seeds 

were sown between the 4-11th August 2016. Seeds were germinated and tube stock was 

initially grown in a nursery at Western Sydney University on the Hawkesbury Campus in 

Richmond, NSW, Australia. 

On 27 October 2016, saplings were transferred to two temperature-controlled glasshouse 

bays (Richmond, NSW). Thirty similarly sized saplings from each of the eight populations were 

transplanted into cylindrical pots (40 cm deep by 15 cm diameter) containing a 2 cm base 

layer of crushed granite and approximately 9 kg of locally-sourced sandy-loam Menangle soil 

(approximately 80 % sand). The initial growth bays were set to 26/12 °C (cool growth bay; 24 

hour temperature cycle: 12 (12AM – 4 AM), 14 (4 – 6 AM), 18 (6 – 8 AM), 22 (8 – 10 AM), 26 

(10AM – 2PM), 22 (2 – 4 PM), 18 (4 – 6 PM), 14 (6 – 8 PM), 12 (8 PM – 12 AM) °C) and 32/18 

°C (warm growth bay; 24 hour temperature cycle: 18 (12 AM – 4 AM), 20 (4 – 6 AM), 24 (6 – 

8 AM), 28 (8 – 10AM), 32 (10AM – 2PM), 28 (2 – 4 PM), 24 (4 – 6 PM), 20 (6 – 8 PM), 18 (8 PM 

– 12AM) °C) maximum/minimum daily temperatures to simulate the mean temperatures 

experienced during the warmest quarter in the southern and northern regions of C. 

calophylla’s distribution, respectively (Aspinwall et al. 2017). The experiment ended between 

6th-11th February 2017. 

Saplings were rotated within glasshouse bays fortnightly and between glasshouse bays 

monthly to minimise glasshouse bay microclimate effects. Saplings were watered to field 

capacity every 1-3 days and fertilised every 2 weeks with a liquid fertiliser (All-Purpose water-

soluble fertiliser, Debco, VIC, Australia). Saplings were established under these growth 

conditions for 3 months from 27th Oct 2016 to 12th Jan 2017 prior to heatwave treatments 

being imposed. 

The experiment consisted of a fully factorial reciprocal temperature design with two growth 

temperatures and two heatwave temperatures (see Figure 4.1). Five replicate saplings from 

each population were exposed to a five-day long heatwave event, either 40/22 or 46/26 °C 
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maximum/minimum daily temperature. The 46 °C heatwave temperature (here after known 

as the extreme ‘E HW’) was selected to represent an intense heatwave similar to that 

previously experienced in the northern region of C. calophylla’s distribution (Gingin weather 

stations number 9178; Bureau of Meteorology 2017). The 40 °C heatwave temperature 

(hereafter known as the moderate ‘M HW’) was selected to represent the high temperatures 

experienced in the southern region of C. calophylla’s distribution (BOM station 009573, 

Bureau of Meteorology 2017). Saplings from the 26 °C and 32 °C growth temperatures were 

exposed to either the 40 °C or 46 °C heatwave treatment for 5 days, and then returned to 

their original growth temperature bays for a 20-day recovery period (Figure 4.1). Five 

replicate control saplings from each population remained in each growth bay throughout the 

duration of the experiment to represent the non-heatwave treatment plants. Saplings were 

divided into 6 blocks containing 1-2 replicate plants of each population × growth temperature 

× heatwave treatment combination. These blocks were temporally staggered to facilitate 

measurements to be collected within a target day for each of the experimental phases. Soil 

water was maintained at field capacity for all plants by hand watering every 1-2 days (as 

required) throughout the experiment. 
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Figure 4.1. Conceptual diagram indicating reciprocal temperature experimental design over time with 

a 3-month establishment phase under cool (26 °C maximum temperature, blue) or warm (32 °C 

maximum temperature, pink) growth temperatures, 5-day heatwave treatment (HWD1-5) in the 

moderate (orange, 40 °C) or extreme (red, 46 °C) heatwave conditions, followed by a 20-day recovery 

period (RD1-20) in the original cool or warm growth bays. Control saplings remained in the growth 

bays throughout the experiment. 

Gas exchange measurements 

All gas exchange measurements were conducted using LI-6400 XT portable gas exchange 

systems (Li-cor Inc, Lincoln, NE, USA). Net photosynthesis at saturating light (PAR 1500 

µmolm-2s-1) and ambient CO2 (400 μmol CO2; relative humidity maintained within 50-80 %; 

Asat) and stomatal conductance (gs), leaf temperature (Tleaf) and transpiration (E) were 

measured on a recently expanded leaf in the mid-canopy on 3-5 replicate saplings per 

treatment × population combination throughout the experiment; on the day prior to the 

heatwave (PreHW), day 1 and 5 of the heatwave (HWD1, HWD5) and recovery period days 1 

and 20 (RD1, RD20; Figure 4.1). Control trees were measured on PreHW and RD20 days. Block 

temperature was set in the LI-6400 XT to the maximum daily air temperature (ie. 26, 32, 40 

or 46 °C) for the growth bay or heatwave bay on the day of measurements. For saplings that 

were in the growth bays on measurement days, gas exchange measurements were conducted 

inside the growth bays to ensure that the temperature of the whole sapling and the leaf inside 

the Li-Cor chamber was similar. For saplings that were in the heatwave bays on measurement 

days, the sapling was removed from the bay and measurements were conducted in the foyer 

of the glasshouse, where temperatures and VPD of the plant were lower than inside the bays, 

but the leaf inside the Li-Cor chamber was maintained at the target heatwave temperature. 

Gas exchange measurement leaves were marked to ensure measurements were taken on the 

same leaf on each plant during the PreHW, HW 1-5 and RD1 sampling. However, as saplings 

grew, newly mature fully expanded leaves were selected for gas exchange in the RD 5-20 

sampling period as the older leaves senesced. 

Net photosynthesis CO2 response curves (ACi curves) were measured on 3-5 replicate saplings 

from each growth temperature (a=2) × treatment (b=2) × population (c=8) combination on 

PreHW, RD1 and RD20. A single replicate of the 32 treatment combinations, including control 

plants, was measured on the same day in the growth bays. Block temperature inside the LI-

6400 XT cuvette was set to the maximum daily temperature in the growth bay (26 or 32 °C). 
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PAR was maintained at 1500 µmolm-2s-1, leaf-to-air VPD ranged from 1.0 to 2.2 kPa, and 

humidity within the cuvette was 50-80 %. Asat was measured by altering the CO2 within the 

cuvette at 19 set points to create an ACi curve; 400, 300, 250, 200, 150, 100, 50, 0, 400, 400, 

500, 640, 800, 1000, 1250, 1500, 1750, 2000 and 400 µmol CO2. 

Leaf dark respiration (Rdark) was measured on the same intact leaves used for Asat 

measurements, on five replicate saplings per growth temperature × population × treatment 

combination in the growth bays. Measurements were conducted at prevailing night-time 

temperatures in the growth bays (e.g. 12 °C, 18 °C) by setting the LI-6400XT block temperature 

in the cuvette. All Rdark measurements were conducted with a chamber CO2 of 400 µmol CO2 

and commenced two hours after sunset. Measurements were conducted on all saplings 

before and after the heatwave (PreHW and RD1). 

Leaf temperature measurements 

Fine-wire thermocouples (0.13 mm diameter, Model 5SRT; Omega Engineering, Norwalk, CT, 

USA) were used to accurately measure leaf temperatures of saplings during heatwave 

conditions. Thermocouples were installed in 2 - 4 replicate saplings from cool-wet region 

populations (BOO and MOS) and a warm-dry region population (GIN) from each growth bay 

and heatwave treatment combination. A small hole was made beneath the epidermis on the 

abaxial surface of one leaf per sapling from the mid-canopy using a needle and the 

thermocouple wire was inserted to sit adjacent to the leaf mesophyll. Thermocouples 

remained installed in the same saplings for the duration of the heatwave. Temperatures were 

logged every minute and temperature data was extracted during the maximum daily air 

temperature period (10:00-1400). 

Growth and morphological traits 

Growth was monitored weekly throughout the duration of the experiment in all saplings. 

Sapling height was measured using a 2-m ruler, and basal diameter was measured on the 

primary stem 5 cm above the soil with digital callipers. In addition to growth, visible damage 

caused by heatwave exposure was recorded in all saplings including control saplings prior to 

and following the heatwave (PreHW, RD1). Growth tip damage was recorded as the 

percentage of burnt growth tips relative to the total number of growth tips on the sapling. 

Leaf tissue damage (visible burnt leaf patches) was recorded as the percentage of leaves on a 
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sapling with visible leaf tissue death with damage scores of 0 – 4 (0 = no damage, 1 = 1-25 % 

leaves burnt, 2 = 26 - 50 % leaves burnt, 3 = 51- 75 % leaves burnt, 4 = > 75 % leaves burnt). 

Insect, disease and physical damage was minimal. 

Statistical analysis 

All analyses were conducted in R v1.1.463 (R Development Core Team, 2018). Figures were 

made using the ggplot2 package. ACi curves were fit for each sapling using the fitacis function 

from the plantecophys package to determine Vcmax and Jmax (Duursma 2015). Dark respiration 

measurements were used in ACi curve fitting and triosphosphate utilisation (TPU) limitation 

was accounted for when necessary. 

Linear models (lm function) were used to test for significant differences in traits across 

populations, growth temperatures, and heatwaves, and their interactions at each of the 

sampling periods.  One-sided t tests (t.test function) were used to test for significant 

differences in percentage change of Asat, Vcmax and Jmax (%) in heatwave treated saplings 

compared to control saplings for each climate region in each time period. T tests (t.test 

function) were used to test for significant differences in Tleaf – Tair between treatments, 

growth bays and climate regions. Residual normality and homoscedasticity were tested and 

log transformations applied when necessary. 

Stepwise regression was used to identify the dominant environmental, stomatal and 

biochemical variables of photosynthesis regulating photosynthesis. This analysis was 

conducted on data from the day before the heatwaves (PreHW), heatwave day 1 (HWD1) and 

the day after the heatwaves (RD1). No biochemical processes of photosynthesis were 

included on HWD1 (not measured during the heatwaves). HWD1 and RD1 analyses only 

included heatwave treated saplings. Analysis was then run on only warm and cool growth 

temperature saplings, warm and cool temperature region saplings and moderate and 

extreme heatwave treated saplings. Linear models (lm function) were run on the full model 

of photosynthesis (Asat ~ gs + Vcmax + Jmax + E + Tleaf + Tair). The stepAIC function from the MASS 

package was used to identify the best model fit by comparing AIC. An anova was then run to 

identify the final model outputs. Separate linear models were then run for each significant 

variable identified in the stepwise regression to determine its variance contribution to Asat. 
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4.3 Results 

Leaf temperatures during the heatwaves 

Mean maximum Tleaf measured using thermocouples remained below Tair during the hottest 

period of the day (between 10 AM and 2 PM) during the M and E heatwaves (M HW mean 

Tleaf = 31.6 °C, mean Tair = 41.6°C; E HW mean Tleaf = 40.9 °C, mean Tair = 45.5 °C; Figure 4.2). 

For Tleaf - Tair measured during heatwaves between 10AM and 2PM, there were significant 

growth temperature (P < 0.001), genotype (temperature-rainfall climate region, P < 0.001) 

and treatment effects (P < 0.001) and significant interactions between these detected (growth 

temperature × climate region P < 0.001, climate region × treatment P < 0.001, growth 

temperature × climate region × treatment P < 0.001). 

All saplings measured in the heatwaves expressed negative Tleaf – Tair (Figure 4.2). Moderate 

heatwave treated saplings expressed significantly lower Tleaf – Tair than E heatwave saplings 

(M HW = -9.98 °C, E HW = -4.63 °C; P < 0.001; Figure 4.2). 

Within the M HW, cool-wet region saplings had significantly lower Tleaf – Tair than warm-dry 

region saplings (cool-wet = -10.10 C, warm-dry = -9.83 C; P = 0.002; Figure 4.2a). And within 

the M HW, cool growth temperature saplings had significantly lower Tleaf – Tair than warm 

growth temperature saplings (cool = -10.30 °C, warm = -9.70 °C; P < 0.001). 

Within the E HW, warm-dry region saplings exhibited significantly lower Tleaf – Tair than cool-

wet region saplings (warm-dry = -4.74 °C, cool-wet = -4.52 °C; P < 0.001). Cool growth 

temperature saplings had significantly lower Tleaf – Tair than warm grown saplings (cool = -4.84 

°C, warm = -4.47 °C; P < 0.001). 
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Figure 4.2. Mean Tleaf – Tair for cool-wet (CW) and warm-dry (WD) region saplings exposed to the 

moderate (M) and extreme (E) heatwaves (a; data presented at 1 min intervals) and leaf temperature 

(°C) plotted against air temperature (°C) for saplings from CW and HD regions in the M HW (b) and E 

HW (c; data presented at 5 min intervals). All data is between 10am-2pm. n = 2-4. 

Gas exchange 

Prior to heatwave exposure (PreHW), photosynthesis at saturating light (Asat) was significantly 

higher in cool growth saplings relative to warm growth saplings (measured at prevailing 

temperature; P = 0.025; Table 4.2), but there was no population or climate region effect. This 

was coupled with higher Vcmax and Jmax in cool growth saplings (Vcmax P < 0.001; Jmax P = 0.015). 

For stomatal conductance (gs) there was no significant effect of population, climate region or 

growth temperature. There was no significant genotype-by-environment effect for any 

variables for either population or climate region. On the first day of the heatwave (HW D1), 

Asat declined in both heatwave treatments and both Asat and gs were significantly greater in 

M HW saplings than E HW saplings (P < 0.001). Neither population, climate region, growth 

temperature nor their interactions were significant for Asat or gs on HW D1. Furthermore, the 
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relationship between Asat and gs was stronger in M than E HW saplings (Asat × gs r2 M HW = 

0.386, P < 0.000, E HW r2 = 0.173, P = 0.006). The effect of growth temperature was not 

significant in Asat or gs on HWD1 but was significant on HWD5 in Asat (P < 0.001). 

On the first day of recovery (RD1) there was no longer a heatwave treatment effect on Asat, 

but there was a significant difference between heatwave treatments (HW P < 0.001; Table 

4.2). There was a significant effect of growth temperature with higher Asat in cool grown 

saplings (P < 0.001), but no effect of population or climate region. After 20 days of recovery 

(RD20) there was a population and climate region effect on Asat (population P = 0.006, climate 

region P = 0.046) but not gs. Biochemical parameters of photosynthesis (Vcmax and Jmax) were 

significantly higher in cool growth saplings than warm growth saplings over RD1 and RD20 

with a significant population and climate region × growth temperature interaction (Table 4.2). 

On PreHW, growth bay was significant for both Vcmax and Jmax and population was significant 

for Jmax but not Vcmax and climate region was not significant in either trait. 

Dark respiration (Rarea) measured prior to the heatwave and on RD1 showed no significant 

effect of population, climate region or heatwave treatment (data not shown; P > 0.05). On 

PreHW there was no growth temperature variation in Rarea, but on RD1 there was a significant 

difference between growth temperature in Rarea with higher rates in warm growth 

temperature saplings relative to those in the cool growth temperature (measured at 

prevailing temperatures; warm = 0.77 µmol CO2 m2s-1, cool = 0.70 µmol CO2 m2s-1; P = 0.029). 

The ratio of Rarea to Asat in control saplings was significantly higher in warm growth saplings 

than cool growth saplings (Rarea/Asat warm = 0.074 µmol CO2 m2s-1, cool = 0.048 µmol CO2 m2s-

1; P = 0.012). There was no significant difference in Rarea/Asat between heatwave treated and 

control saplings on RD1 (mean Rarea/Asat = 0.060 µmol CO2 m2s-1; P = 0.635). No growth 

temperature × heatwave treatment interaction was found (P = 0.783). 
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Table 4.2. Linear model F and P values for Asat, gs, Vcmax and Jmax for the main effects of population, 

temperature-rainfall climate region, growth temperature (Growth temp), difference between E and 

M heatwave treatments (Treatment), effect of heatwave treatment (M and E treatments pooled) vs 

controls (HW) and their interactions at different time points; prior to the heatwave (Pre HW), day 1 of 

the heatwave (HWD1), recovery day 1 (RD1) and after 20 days of recovery (RD20). Bold, orange 

highlighted  values indicate P values < 0.05. 

 Asat gs Vcmax Jmax 

 F (P) F (P) F (P) F (P) 

 Pre HW 

Population 1.62 (0.153) 1.46 (0.205) 1.77 (0.125) 3.11 (0.011) 

Climate region 1.63 (0.193) 2.05 (0.119) 0.67 (0.576) 0.27 (0.847) 

Growth temp 5.35 (0.025) 0.77 (0.385) 19.9 (<0.001) 6.48 (0.015) 

Population × Growth temp 0.96 (0.471) 0.79 (0.604) 3.22 (0.715) 2.97 (0.364) 

Climate region × Growth temp 1.45 (0.239) 0.72 (0.548) 16.2 (0.917) 0.46 (0.713) 

 HWD1 

Population 1.36 (0.228) 0.07 (0.291)   

Climate region 0.25 (0.858) 1.01 (0.396)   

Growth temp 1.26 (0.265) 0.75 (0.387)   

Treatment 82.5 (<0.001) 67.8 (<0.001)   

Growth temp × Treatment 1.11 (0.335) 0.13 (0.877)   

Population × Growth temp 0.47 (0.856) 0.50 (0.833)   

Climate region × Growth temp 0.28 (0.843) 0.85 (0.474)   

Population × Treatment 0.59 (0.761) 2.11 (0.048)   

Climate region × Treatment 0.38 (0.766) 0.12 (0.951)   

Population × Growth temp × 

Treatment 

0.76 (0.624) 0.97 (0.458)   

 HWD5 

Population 0.43 (0.880) 0.99 (0.448)   

Climate region 0.63 (0.596) 2.20 (0.096)   

Growth temp 17.6 (<0.001) 3.49 (0.065)   

Treatment 10.9 (0.001) 21.8 (<0.001)   

Growth temp × Treatment 0.11 (0.738) 0.31 (0.581)   

Population × Growth temp 1.03 (0.418) 1.07 (0.391)   

Climate region x Growth temp 1.15 (0.335) 0.51 (0.675)   

Population × Treatment 0.58 (0.771) 0.44 (0.873)   

Climate region × Treatment 0.14 (0.938) 0.20 (0.898)   

Population × Growth temp × 

Treatment 

0.57 (0.778) 0.91 (0.504)   

 RD1 

Population 1.93 (0.070) 1.50 (0.173) 2.93 (0.007) 4.70 (<0.001) 

Climate region 1.19 (0.323) 1.30 (0.283) 12.0 (<0.001) 9.43 (<0.001) 

Growth temp 28.3 (<0.001) 9.14 (0.003) 83.6 (<0.001) 6.53 (0.012) 

HW 2.94 (0.089) 18.9 (<0.001) 0.42 (0.517) 3.52 (0.063) 

Treatment 6.80 (0.012) 9.93 (0.003) 0.75 (0.476) 1.16 (0.317) 
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Population × Growth temp 1.17 (0.325) 0.87 (0.530) 0.96 (0.467) 2.35 (0.028) 

Climate region × Growth temp 0.44 (0.727) 1.85 (0.148) 10.5 (<0.001) 6.61 (<0.001) 

Population × HW 0.74 (0.640) 0.85 (0.550) 0.74 (0.637) 0.82 (0.574) 

Climate region × HW 1.11 (0.348) 1.63 (0.186) 0.19 (0.907) 3.51 (0.916) 

Population × Growth temp × 

HW 

0.39 (0.905) 0.67 (0.700) 0.72 (0.652) 0.51 (0.824) 

 RD20 

Population 3.01 (0.006) 1.65 (0.127) 4.05 (<0.001) 4.04 (<0.001) 

Climate region 2.79 (0.046) 1.50 (0.222) 20.3 (<0.001) 10.2 (<0.001) 

Growth temp 1.94 (0.166) 1.07 (0.302) 103 (<0.001) 6.90 (0.009) 

HW 0.11 (0.740) 1.04 (0.309) 0.50 (0.479) 0.74 (0.390) 

Treatment 1.05 (0.309) 0.37 (0.547) 4.22 (0.043) 7.14 (0.009) 

Population × Growth temp 1.88 (0.078) 1.14 (0.345) 2.88 (0.007) 4.86 (<0.001) 

Climate region × Growth temp 1.61 (0.194) 0.59 (0.625) 11.8 (<0.001) 6.43 (<0.001) 

Population × HW 0.72 (0.652) 1.30 (0.256) 0.84 (0.556) 0.54 (0.807) 

Climate region × HW 1.09 (0.354) 1.35 (0.255) 4.85 (0.002) 2.54 (0.055) 

Population × Growth temp × 

HW 

0.84 (0.560) 0.69 (0.677) 1.34 (0.235) 1.52 (0.162) 

 

 

 

 

 



Chapter 4.0 
 

125 
 

 

Figure 4.3. Asat (%) percentage change from controls in saplings from different temperature-rainfall climate regions and their transfer temperatures from cool 

(c) and warm (w) growth bays to extreme (e) and moderate (m) heatwaves on the first day of the heatwave (HW D1), the fifth day of the heatwave (HW D5), 

first day of recovery (R D1) and 20 days of recovery (R D20). Differential transfer temperatures between growth and heatwave temperatures are shown (+ X 

°C). Asterisks indicate significant difference in Asat % change from zero at alpha < 0.05. Significant differences between climate regions within time points and 

growth temperature-treatment combination are shown with letters and ns for non-significance. n = 2-10 
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On HWD1 Asat % change from controls was negative in all saplings exposed to heatwaves and 

significantly lower than control saplings in some climate regions and growth temperature × 

treatment combinations (Figure 4.3a). On HWD5, Asat % change recovered to levels similar to 

control saplings in some saplings (Figure 4.3b). On HWD5, Asat rates in cool growth saplings 

were significantly greater than warm growth saplings across climate regions. 

By HWD5 cool growth cool-wet region saplings had recovered Asat rates entirely. In contrast, 

warm growth cool-wet region saplings had significantly lower Asat % change below control 

saplings (Figure 4.3b). Cool-wet cool growth M HW saplings upregulated photosynthesis 

above those of control saplings, although this was not significant. 

On RD1, most heatwave exposed saplings had recovered Asat rates (Figure 4.3c). However, 

warm growth E HW cool-wet and cool-dry region saplings exhibited Asat rates significantly 

lower than controls. Cool-wet region cool growth saplings had significantly higher Asat than 

warm growth cool-wet saplings (cool 34.75 %, warm = -20.88 %). By RD20 all saplings had 

recovered Asat rates except for cool growth E HW cool-dry region saplings (Figure 4.3d). The 

warm-wet region expressed significantly greater Asat % change rates above control saplings 

on this day. Cool-wet region saplings did not differ in Asat % change between growth 

temperatures on this day. 

On RD1 % change in Vcmax varied across climate regions, growth temperatures and treatments 

with some positive and negative changes relative to control saplings (Figure 4.4). On RD1, cool 

growth M HW cool-wet region saplings significantly upregulated Vcmax % change above control 

saplings (Figure 4.4a). This was driven by the population BOO, while the MOS population did 

not exhibit a significant difference in Asat relative to control saplings. On RD1, cool grown BOO 

and MOS saplings had significantly higher Vcmax % change than warm grown saplings from the 

same populations (Table S4.2). 

Across all populations on RD20, Vcmax % change was significantly higher in cool growth 

temperature saplings relative to warm growth saplings (P < 0.000). On RD20, cool growth E 

HW cool-wet region saplings had significantly higher Vcmax % change than cool-dry region 

saplings (Figure 4.4b). On RD20 both BOO and MOS cool growth E HW saplings had 

significantly higher Vcmax % change compared to all other growth temperature × treatment 

combinations from these populations (Table S4.2). 
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Figure 4.4. Percentage change in mean temperature-rainfall climate region Vcmax (%, relative to control 

plants not exposed to the HW) for saplings grown in the cool (26 °C) and warm (32 °C) growth 

temperatures exposed to the moderate HW (40 °C, a) and the extreme HW (46 °C, b) on recovery day 

1 after the HW (R D1) and on day 20 of recovery (R D20). Asterisks indicate significant difference from 

zero when P < 0.05. Letters indicate significant differences between climate regions within time points, 

cool and warm growth bays and HW treatments. n = 1-5. 

Tissue damage 

Prior to heatwave exposure, neither tip damage nor leaf damage were observed in any 

saplings. On RD1 there was minimal tip damage caused to saplings exposed to the M HW, 

while E HW saplings exhibited significant tip damage (Figure 4.5a). Tip damage was 
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significantly higher in cool growth saplings relative to the warm growth saplings (cool growth 

= 49 %, warm growth = 13 %, P < 0.000; Figure 4.5a). There was no significant difference 

between warm and cool growth saplings exposed to the M HW (P = 0.279). There were no 

population or climate region differences within growth bays or heatwave treatments. 

Leaf damage score was significantly higher in E HW saplings relative to M HW saplings (mean 

leaf damage score E HW = 1.15, M HW = 0.85; P = 0.015; Table S4.3). There was no significant 

population, climate region or growth temperature effect in leaf damage. Climate region was 

not significant for leaf damage, but warm-wet region saplings had a significantly lower leaf 

damage score within warm growth M HW saplings (P = 0.04; Figure 4.5c). 

 

Figure 4.5. Mean tip (%, a) and leaf damage score on recovery day 1 (R D1) (c) across 4 temperature-

rainfall climate region saplings growing in cool (26 °C) and warm (32 °C) growth bays exposed to the 

moderate (M, 40 °C) and extreme (E, 46 °C) heatwaves. Photos showing examples of tip damage (b) 

and leaf damage (d) are presented. Leaf damage scores are percentages of leaves on saplings with 

visible leaf tissue death on a scale of 0 – 4 (0 = no damage, 1 = 1-25 % leaves burnt, 2 = 26 - 50 % leaves 

burnt, 3 = 51- 75 % leaves burnt, 4 > 76 % leaves burnt). 
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Growth 

Throughout the experiment (PreHW, RD1, RD20) sapling height was significantly greater in 

warm growth temperature saplings than cool growth saplings (mean height warm growth = 

100.80 cm, cool growth = 67.30 cm, P < 0.000; Figure S4.7; Table S4.4). On RD1, sapling height 

was marginally but not significantly lower in E HW saplings compared with M HW saplings 

(mean height E HW = 82.46 cm, M HW = 85.75 cm, P = 0.337). There was no treatment × 

growth temperature interaction on RD1 (P = 0.084), but there were significant population and 

climate region interactions with growth temperature (population P = 0.036, climate region P 

= 0.004). On RD20, the heatwave treatment had a significant effect reducing sapling height 

relative to control saplings (P = 0.006). 

Partitioning of variables regulating photosynthesis 

Stepwise regression analysis revealed the environmental, stomatal and biochemical variables 

significantly impacting Asat varied prior to the heatwave (PreHW) and in heatwave treated 

saplings on RD1 (Table 4.3). In the global analysis, Vcmax explained the highest variance in Asat 

and was similar on PreHW and RD1 (PreHW R2 = 0.654, RD1 R2 = 0.675). In addition, E 

explained 41.2 % of the variance in Asat on RD1. On RD1, Vcmax explained similarly high variance 

in Asat in both cool and warm temperature region saplings (cool region R2 = 0.668, warm region 

R2 = 0.664). In warm region saplings, E explained a high percentage of variance in Asat, but 

minimal variance in cool region saplings. Tleaf had a small effect on Asat in cool region but no 

effect in warm region saplings (cool region R2 = 0.311). Prior to heatwave exposure, Vcmax 

explained 83.7 % and 33.5 % of variance in Asat in cool and warm growth saplings, respectively. 

On RD1, Vcmax explained a higher portion of variance in warm growth saplings relative to cool 

growth saplings (cool growth R2 = 0.495, warm growth R2 = 0.621) and E explained a similar 

portion of variance in saplings across growth temperatures (cool growth R2 = 0.492, warm 

growth R2 = 0.446; Table 4.3). On RD1, Vcmax explained 74.7 and 57.5 % of variance in Asat in 

the M HW and E HW treated saplings, respectively. On RD1, E explained 25.5 and 56.3 % of 

variance in Asat in M HW and E HW treated saplings on RD1, respectively and Tleaf had a similar, 

minor effect on Asat in saplings across heatwave treatments (M HW R2 = 0.229, E HW R2 = 

0.224). On HWD1, Tleaf had the greatest effect on Asat in the E HW (R2 = 0.502), but in the M 

HW gs had the greatest effect on Asat (R2 = 0.386; biochemical parameters of photosynthesis 

not included in analysis on this day). 
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Table 4.3. Step wise regression analysis indicating the contribution of stomatal, environmental and biochemical parameters of photosynthesis regulating Asat 

on the day before the heatwaves (PreHW), the first day of the heatwaves (HWD1) and the day after the heatwaves (RD1). Stepwise models are presented for 

all data within the time point (All), within warm and cool temperature regions only (Temp region), within warm and cool growth temperatures only (Growth 

temp), and within moderate (M HW) and extreme (E HW) heatwave treated saplings only (HW treatment). RD1 data only includes heatwave treated saplings. 

The variance contribution of each individual variable significantly impacting Asat according stepwise models is shown (Statics for individual variables, R2). 

HWD1 does not include biochemical parameters of photosynthesis. 

  Stepwise model Model statistics Statistics for individual variables 

Factor Data   Vcmax Jmax E gs Tleaf Tair 

  PreHW R2 (P) R2 R2 R2 R2 R2 R2 

 All Asat ~ gs + Vcmax 0.773 (<0.001) 0.654   0.223   

Temp region Cool region Asat ~ E + Vcmax 0.737 (<0.001) 0.623  0.198    

Temp region Warm region Asat ~ gs + E + Vcmax + Tleaf 0.861 (<0.001) 0.792  0.025 -0.007 0.305  

Growth temp Cool growth Asat ~ E + Vcmax + Jmax + Tair + Tleaf 0.736 (<0.001) 0.837 0.287 0.584  -0.070 -0.077 

Growth temp Warm growth Asat ~ gs + Vcmax 0.481 (<0.001) 0.335   0.134   

  HWD1        

HW treatment M HW Asat ~ gs + Tleaf 0.580 (<0.001)    0.386 0.100  

HW treatment E HW Asat ~ E + Tleaf 0.599 (<0.001)   0.076  0.502  

  RD1        

 All Asat ~ E + Vcmax + Tair + Tleaf 0.870 (<0.001) 0.675  0.412  0.225 0.048 

Temp region Cool region Asat ~ E + Vcmax + Tair + Tleaf 0.847 (<0.001) 0.668  0.160  0.311 0.124 

Temp region Warm region Asat ~ E + Vcmax + Tair 0.925 (<0.001) 0.664  0.704   -0.021 

Growth temp Cool growth Asat ~ E + Vcmax 0.780 (<0.001) 0.495  0.492    

Growth temp Warm growth Asat ~ gs + E + Vcmax + Tair + Tleaf 0.882 (<0.001) 0.621  0.446 0.297 -0.029 0.258 

HW treatment M HW Asat ~ E + Vcmax + Tair + Tleaf 0.917 (<0.001) 0.747  0.255  0.229 0.053 

HW treatment E HW Asat ~ E + Vcmax + Tleaf 0.842 (<0.001) 0.575  0.563  0.224  
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4.4 Discussion 

We tested the impact of moderate (M) and extreme (E) heatwaves on sapling resistance and 

resilience. We examined the performance of saplings from contrasting temperature-rainfall 

climate regions and the effect of growth under a cool and warm growth temperature regime 

on performance during and after heatwaves. Furthermore, we identified the relative 

contributions of environmental, stomatal and biochemical parameters of photosynthesis 

regulating photosynthesis at saturating light (Asat) before and after heatwave exposure and 

how these varied across temperature regions, growth temperatures and between heatwave 

treatments. 

Cool-wet region saplings grown under cool growth temperatures showed high rates of Asat on 

the last day of the heatwave (HWD5) and high Asat, Vcmax and Jmax on the first day of recovery 

(RD1, not always statistically significant), supporting our first hypothesis. This was associated 

with physiological benefits of growth under the cool growth temperature and local adaptation 

to cool, wet conditions. Prior to heatwave exposure, Asat, gs, Vcmax and Jmax were significantly 

higher in cool regime saplings than warm regime saplings. There was no significant effect of 

population or climate region found in these variables except for population in Jmax. In support 

of our second hypothesis that heatwave-exposed cool growth temperature saplings would 

have greater resistance and resilience than warm growth saplings, cool temperature saplings 

had significantly higher Asat on HWD5 and RD1 than warm environment saplings, but by RD20 

there was no significant growth temperature effect found in Asat. 

Saplings from the cool temperature region did not exhibit higher heatwave resistance and 

resilience in Asat than warm temperature region saplings on HWD1 and RD1, therefore 

hypothesis 3 was rejected. On RD1, both cool and warm growth environment saplings 

returned Asat, Vcmax and Jmax to levels similar to those on PreHW, but gs remained impacted by 

the heatwave on RD1 in warm region saplings only, partially supporting hypothesis 4. The E 

HW had a significantly greater impacted on Asat relative to the M HW, supporting hypothesis 

5. 

These findings reveal a complex combination of factors influence resistance and resilience to 

heatwaves in C. calophylla saplings including adaptation, temperature acclimation, growth 
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temperature and heatwave intensity. These findings contribute to our understanding of 

forest responses to higher average temperatures and heatwaves under climate change. 

Performance under growth temperatures 

Growth under the cool temperature for 3 months resulted in higher gas exchange rates in C. 

calophylla saplings compared to those grown under the warm temperature. Cool growth 

saplings exhibited significantly higher Asat, Vcmax and Jmax but not gs relative to warm growth 

saplings. There was no significant effect of population in Asat. In the glasshouse experiment 

conducted by Aspinwall et al. (2017) on C. calophylla populations grown under the same 

warm (32/18 ° C) and cool (26/12 °C) temperature regimes as the present experiment, the 

temperature optimum for photosynthesis (Topt of A) ranged from 24 – 27 °C with no significant 

difference between growth temperatures within populations. The exception was the cool-

wet BOO population which exhibited photosynthetic temperature acclimation in the form of 

increased Topt under the warm regime and decreased Topt under the cool regime (Aspinwall et 

al. 2017). Furthermore, the Topt of Vcmax ranged from 34 - 37 °C and Topt of Jmax from 30 - 40 °C 

across populations and growth temperatures with acclimation only detected in the BOO 

population (Aspinwall et al. 2017). Growth temperature differences in Asat in the present 

study reflect this minimal acclimation capacity in Asat across populations in C. calophylla. 

Warm regime saplings grown above their Topt of A (32 °C max daily temperature) 

downregulated Asat, while cool growth saplings growing at their Topt of A (26 °C max daily 

temperature) exhibited significantly higher Asat, Vcmax and Jmax rates under growth conditions. 

However, under growth conditions cool-wet region populations did not exhibit significant 

differences in gas exchange processes in comparison to other populations reflecting 

acclimation. Respiratory temperature acclimation was also detected in C. calophylla in the 

study by Aspinwall et al. (2017) with acclimation observed across all populations under the 

warm regime resulting in downregulation of Rarea, while acclimation was only observed in BOO 

under the cool growth temperature. In the present study, similar Rarea (measured at prevailing 

temperatures) across growth temperatures may reflect acclimation in the warm growth but 

not the cool growth saplings. Temperature acclimation of photosynthesis and respiration has 

been identified in some Eucalyptus species including E. teretecornis (Ferrar et al. 1989; 

Ghannoum et al. 2010; Aspinwall et al. 2016), while minimal acclimation capacity was 

detected in E. globulus (Crous et al. 2013). The capacity for plants to acclimate these 
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processes is important for maximising carbon gain under a warming environment and may 

facilitate greater tolerance to heatwaves, but there remains uncertainty in the potential of 

acclimation across species and within species (Lombardozzi et al. 2015; Kumarathunge et al. 

2019). With rising mean temperatures globally (IPCC 2014), forests that cannot acclimate 

photosynthesis may experience reduced carbon storage capacity. This phenomenon is likely 

to occur across different species in different forest types and therefore more studies 

investigating the photosynthetic and respiratory acclimation capacity across different growth 

environments and heatwaves in different species are necessary. This information is important 

for improving global vegetation models predicting global carbon balance as climate change 

progresses. 

Heatwave resistance across genotypes and growth temperatures 

Cool growth cool-wet region saplings showed high heatwave resistance in Asat and remarkable 

capacity to tolerate the E HW despite saplings from this region unlikely ever experiencing such 

extreme temperatures in its site-of-origin. Overall, photosynthetic performance during the 

heatwave was not associated with temperature at the climate region site-of-origin. Cool 

growth cool-wet region saplings, when exposed to the M HW, exhibited the highest Asat % 

change above control saplings (32.64 %) on HWD5 and in the E HW, these saplings expressed 

rates slightly above control saplings. On HWD5, cool-wet region saplings expressed higher Asat 

than those grown under the warm regime. Cool growth M HW cool-wet region saplings had 

the greatest capacity to reduce Tleaf by almost 10 °C below Tair through transpirational cooling, 

while warm-dry region saplings and warm growth saplings had a reduced capacity in the M 

HW. This capacity for cool-wet region saplings to reduce Tleaf considerably enabled gas 

exchange processes to operate at temperatures at, or slightly above Topt of A for C. calophylla. 

These findings reveal adaptive plasticity in physiological responses to heatwaves across 

climate regions when exposed to a M HW with greater resistance in cool-wet region saplings. 

This corroborates the findings from Aspinwall et al. (2017) indicating that cool-wet climate 

region saplings can adjust photosynthetic rates under contrasting temperatures through 

acclimation to benefit photosynthetic performance, but populations from other climate 

regions lacked this acclimation capacity. During the M HW, cool-wet region saplings likely 

responded to the increased temperature through acclimation of photosynthesis by further 

increasing Topt of A maximising photosynthesis and net carbon gain and this capacity was 
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greater in cool growth saplings relative to warm growth saplings. Warm growth cool-wet M 

HW saplings expressed Asat rates significantly below control saplings, therefore despite the 

capacity for significant photosynthetic acclimation in cool-wet saplings (Aspinwall et al. 2017) 

they performed significantly worse in the heatwave when grown under the warm 

temperature. Lower protein concentrations as a result of growth in the warm regime in cool-

wet region saplings may have overcome the photosynthetic acclimation potential resulting in 

reduced heatwave tolerance. 

Currently there is limited knowledge on intraspecific variation in heatwave tolerance in trees 

(Teskey et al. 2015), particularly eucalypts, despite the importance of this information for 

understanding the fate of forests under current and future warming. Current eucalypt studies 

suggest there is a genetic influence of heatwave tolerance in some species. When Eucalyptus 

camaldulensis provenances were exposed to a heatwave combined with a drought, a 

significant genotype × environment interaction was found in gas exchange traits (Wesolowski 

2017). In contrast, another E. camaldulensis study revealed no genotypic variation in gas 

exchange performance during a heatwave (Loik et al. 2017). Heatwave tolerance in 

Eucalyptus grandis across populations determined by the production of heat shock and other 

thermal stress regulatory proteins was significantly associated with the number of high 

temperature events experienced in the site-of-origin (Maher et al. 2019). 

Photosynthetic performance during the heatwaves varied by growth temperatures in the 

later stages of the heatwaves. The initial heatwave response of downregulation in Asat was 

consistent across climate regions, growth temperatures and heatwave temperatures and this 

response is common in trees (Filewood and Thomas 2014; Wujeska-Klause et al. 2015; Duarte 

et al. 2016; Drake et al. 2018; Aspinwall et al. 2019). Partial recovery in Asat was observed on 

HWD5 in some saplings. Similarly, Aspinwall et al. (2019) observed a decline in Asat on the first 

day of a heatwave and over subsequent heatwave days Asat recovered slowly in four eucalypt 

species. On HWD5 in the present study, cool growth saplings had significantly higher Asat rates 

than warm growth saplings. Therefore, there is an advantage of growth under a cool regime 

on heatwave resistance in Asat. This may be partially associated with warm temperature 

saplings growing at a supra-optimal temperature for Asat while cool regime saplings were 

grown at their Topt of A (assuming no photosynthetic temperature acclimation in saplings 

other than the BOO population; Aspinwall et al. 2017). Warm growth saplings already 
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functioning above their Topt of A with minimal capacity to acclimate were pushed further 

beyond their Topt of A when exposed to heatwaves. As a result, net carbon gain was likely 

compromised under growth conditions and may have been further exacerbated in the 

heatwaves. On RD1, Rarea/ Asat was significantly greater in control warm growth saplings than 

cool growth saplings. The temperature acclimation of Rarea in warm grown saplings did not 

fully compensate for the limited capacity for photosynthetic temperature acclimation across 

the species leading to reduced carbon use efficiency with reduced carbon gain per unit loss. 

Significant variability across species in their respiratory and photosynthetic acclimation 

capacity and Rarea/Asat to increased temperatures has been documented (Loveys et al. 2003; 

Ow et al. 2008; Way and Sage 2008; Way and Oren 2010). In partial support of the present 

study, black spruce trees grown under a warm regime with a higher Topt of A exhibited lower 

Asat, Vcmax, Jmax and respiration at the growth temperature than cool regime trees resulting in 

a greater Rarea/Asat and lower soluble sugar concentration, but when exposed to high 

temperatures exceeding 40 °C they had higher heat tolerance (Way and Sage 2008). 

Few studies have investigated the influence of growth temperature on plant performance in 

heatwaves. Contrary to expectations that growth under warmer conditions would prime 

plants for heatwave exposure resulting in higher resistance, this study, along with Aspinwall 

et al. (2019), found greater heatwave tolerance in cool grown plants than warm grown plants. 

Aspinwall et al. (2019) found warm grown plants produced lower leaf protein concentrations 

than cool grown saplings; heat shock, photorespiratory, secondary metabolism and glycolysis 

proteins, contributing to lower heatwave tolerance. The need for higher enzyme 

concentrations in a warm growth temperature is reduced as enzymes are more active, but 

this may have reduced heatwave tolerance (Aspinwall et al. 2019). Similar to our study, 

Aspinwall et al. (2019) observed higher growth rates in warm grown saplings and this may be 

the result of greater resource allocation to a faster growth strategy and reduced allocation to 

proteins that increase heat tolerance. In contrast, one study observed no variation in gas 

exchange rates during a heatwave between warmed and control Eucalyptus parramattensis 

trees (Drake et al. 2018). Hamilton III et al. (2008) grew Chenopodium album and Pisum 

sativum under three growth temperatures associated with photosynthetic Topt; Topt, Topt -5 °C 

and Topt +5 °C and exposed plants to acute heat stress for four days. They observed higher Asat 

in C. album grown at Topt than other growth temperatures during the heatwave, but Asat was 



Chapter 4.0 
 

136 
 

not significantly higher in P. sativum grown at its Topt than other growth temperatures 

(Hamilton III et al. 2008). These findings indicate that increases in growth temperatures, 

which are predicted across many regions globally, will have negative implications for plant 

photosynthetic and respiratory performance under heatwaves. Further studies into the 

mechanisms of gas exchange performance and acclimation potential under heatwaves 

dependent on growth temperature are necessary. 

Heatwave resilience across genotypes and growth temperatures 

Growth under the cool temperature enabled saplings to recover gas exchange to a greater 

extent after the heatwave in the short term relative to the warm growth temperature and 

cool growth cool-wet region saplings exhibited high gas exchange rates in the short term. 

Therefore, growth under the cooler temperature at C. calophylla’s Topt of A contributed to 

greater heatwave resilience in the short term. After 20 days of recovery, there was no 

variation in Asat detected across growth temperatures, but cool growth saplings maintained 

higher biochemical parameters of photosynthesis. Cool growth cool-wet region saplings likely 

responded to the temperature decline post heatwave when moved back to the growth 

environment through acclimation of Asat by reducing Topt of A over the duration of the 20-day 

recovery period. Biochemical parameters of photosynthesis showed differential responses 

across climate regions and growth temperature × heatwave treatments. The cool growth 

advantage observed in cool-wet region saplings reflects local adaptation to the cool growth 

temperature and high-water availability in addition to photosynthetic temperature 

acclimation. However, it is acknowledged that this experiment lacks a dry environment 

treatment for a full test of local adaptation. 

Recovery of photosynthesis and its biochemical components following heatwaves was rapid. 

On RD1, mean Asat across heatwave treated saplings had recovered to within the range of 

control saplings except for warm growth E HW cool-wet and warm growth E HW cool-dry 

saplings. Furthermore, mean Vcmax and Jmax had fully recovered on RD1 across heatwave 

saplings and there was no difference between M and E HW saplings. After 20 days of recovery, 

all saplings had recovered Asat except for cool growth E HW cool-dry region saplings. While 

warm growth M HW warm-wet region saplings exhibited Asat rates significantly greater than 

control saplings. Corymbia calophylla saplings therefore have high resilience to heatwaves in 

gas exchange processes when supplied with sufficient water enabling them to reduce Tleaf 
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below Tair. Few studies monitor recovery in gas exchange processes over longer periods, but 

this information is important for determining the full impact of heatwaves on plants and long-

term implications for carbon balance in forests. We observed large differences in 

photosynthetic biochemical parameters between RD1 and RD20 within some climate regions, 

highlighting the importance of monitoring these processes over long periods post heatwave 

events. After 6 weeks of heatwave recovery in douglas fir trees, heatwaves still had significant 

negative impacts on Jmax and Asat and these parameters would unlikely fully recover to pre-

heatwave levels (Duarte et al. 2016). While Eucalyptus camaldulensis trees recovered 

photosynthesis within 4 days after a heatwave (Loik et al. 2017). Heatwave resilience in trees 

depends on many factors including water availability, heatwave duration and intensity, 

acclimation, adaptation and growth temperature and inconsistencies across studies make 

comparisons challenging. 

Local adaptation to growth temperature 

Higher gas exchange performance in multiple climate regions reflect local adaptation to the 

growth conditions. Cool growth cool-wet region saplings and warm growth warm-wet region 

saplings exhibited high Asat % change above controls relative to other saplings on HWD5, RD1 

and RD20 (RD20 in warm-wet saplings only). Although these findings did not display a 

statistically significant increase in Asat % change above other climate regions (with the 

exception of warm-wet M HW saplings on RD20), there is a clear trend during and after the 

heatwave of greater performance in these saplings. This upregulation in Asat can be partially 

attributed to upregulation in Vcmax and Jmax measured during the recovery phase. Although, 

for Jmax there were not enough replicates of cool-wet saplings. On RD1, warm growth M HW 

MHE and PEE population saplings and cool growth M HW BOO population saplings exhibited 

Vcmax % change rates significantly above controls. Adaptive plasticity in transpirational cooling 

contributed to greater heatwave tolerance and recovery in cool-wet saplings, but was not 

measured in warm-wet region saplings during the heatwaves and may have contributed to 

the greater physiological performance in these saplings relative to other climate regions 

reflecting local adaptation. Local adaptation in photosynthesis has been documented in some 

tree species (Silim et al. 2010; Keller et al. 2011; Robakowski et al. 2012), but a global meta-

analysis found that temperature acclimation more commonly influenced photosynthesis than 

adaptation (Kumarathunge et al. 2019). Drake et al. (2018) found no adaptation in Asat to 
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temperature at site-of-origin across Euclayptus tereticornis populations. For long lived tree 

species there is concern over whether they can adapt at a pace fast enough to keep up with 

climate warming (Aitken and Whitlock 2013). This study indicates that at present, most warm 

region C. calophylla populations have an inability to adapt or acclimate photosynthesis to 

temperature at the site-of-origin, impacting plant carbon balance and heatwave tolerance. 

For warm-wet region trees with limited temperature acclimation capacity, rapid adaptation 

is necessary for these trees to keep pace with the warming and drying environment predicted 

in south Western Australia (Hope 2006; IPCC 2014; Dey et al. 2019). While cool-wet region C. 

calophylla trees growing in their home-site may experience adaptational mismatch to their 

climate as this region warms and dries, reducing their capacity to tolerate heatwaves. 

Limitations to photosynthesis during the heatwave and recovery 

There was no significant variation in Asat between saplings from cool and warm temperature 

regions on HWD1 or RD1. Therefore, cool temperature region saplings did not have higher 

resistance and resilience than warm region saplings, rejecting hypothesis 3. Vcmax explained 

the most variance in Asat across temperature regions and was similar across temperature 

region saplings on RD1. 

On RD1, saplings grown under both the cool and warm temperatures returned Asat, Vcmax and 

Jmax processes to levels similar to those on PreHW. The exception was gs which was still 

impacted by the heatwave on RD1 in warm growth saplings but not cool growth saplings. 

Therefore, hypothesis 4 was only partially supported; warm growth saplings returned gas 

exchange processes to PreHW levels at the same rate as cool growth saplings except in gs 

which was slower. On both PreHW and RD1, cool growth saplings, growing at C. calophylla’s 

Topt of A exhibited significantly higher Asat than warm growth saplings, which were growing 

above the Topt of A. On PreHW, Vcmax had the greatest impact on Asat across growth 

temperatures, explaining 83.7 % of the variance in Asat in cool growth saplings, but only 33.5 

% in warm growth saplings. When photosynthesis is operating under optimal conditions of 

temperature, water, nutrients and light the major limitations and drivers of photosynthesis 

are its biochemical parameters, Vcmax and Jmax, dependent on CO2 concentration (and triose 

phosphate utilization limitation in some plants; Lambers et al. 2008; McLain and Sharkey 

2019). On RD1, Vcmax had the greatest effect on Asat across growth temperatures indicative of 

recovery in gas exchange processes similar to control saplings. Transpiration remained a 
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regulatory process influencing Asat on RD1 across both growth temperatures. Transpiration 

was downregulated on RD1 across most heatwave treated saplings in response to reduced 

temperature and VPD, but continued to effect Asat significantly, albeit to a lesser extent than 

during the heatwave (Figure S4.5). 

The hotter E HW had a significantly greater impact on Asat than the milder M HW, supporting 

hypothesis 5. On HWD1 Tleaf had the greatest effect on Asat in E HW saplings and a minimal 

effect in M HW saplings (biochemical processes not measured during heatwaves). On HWD1 

Asat declined across all saplings and E increased above PreHW levels in some saplings (Figures 

S4.4-5). Transpirational cooling could be maintained throughout heatwaves as saplings had 

access to sufficient soil water. Extreme HW treated saplings had a substantial, albeit lower 

capacity to reduce Tleaf through E (mean Tleaf –Tair = -4.63 °C) relative to M heatwave saplings 

that expressed a significantly greater cooling capacity (mean Tleaf –Tair = -9.98 °C). As a result, 

M HW saplings may have decreased Tleaf to within the optimal range for photosynthesis, 

potentially avoiding irreversible temperature damage. In contrast, E HW saplings exposed to 

Tair ≥ 46 °C with a lower capacity to reduce Tleaf, likely experienced Tleaf significantly above Topt 

of A and temperature damage may have resulted. Therefore, higher Tleaf experienced by E HW 

saplings had a greater negative impact on Asat detected in the stepwise regression models, 

and a weaker impact in the M HW. Moderate HW saplings had significantly higher Asat on 

HWD1 compared to E HW saplings. However, thermal acclimation in gas exchange processes 

may have occurred during the heatwave in saplings increasing the Topt of A and resulting in 

increased thermal tolerance (Yamori et al. 2014). 

Stomatal conductance had a greater impact on Asat in M HW treated saplings relative to E HW 

saplings on HWD1. Stomatal conductance declined by 46.2 and 40 % from PreHW to HWD1 

in the M and E HWs, respectively. Despite this gs decline during heatwaves, saplings had the 

capacity to reduce Tleaf significantly below Tair through E. There remained a significant positive 

relationship between Asat and gs in saplings in both heatwaves on HWD1 (Figure S4); however, 

this relationship was weaker in E HW saplings indicating decoupling between these processes 

under extreme high temperatures. For E HW saplings, the ratio of intercellular to ambient 

partial pressure of CO2 (ci/ca) did not decline significantly from PreHW to HWD1, therefore 

stomatal limitations did not contribute to the decline in Asat during this heatwave, while M 

HW saplings reduced gs slightly but maintained significant transpirational cooling. During 
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heatwave events, trees with access to sufficient soil water are commonly observed to 

increase rates of E in order to reduce Tleaf (Bauweraerts et al. 2014; Duha et al. 2018; Guha et 

al. 2018). Recent studies have shown a decoupling of Asat and gs along with increased 

transpirational cooling of leaves throughout heatwave events when they had access to 

sufficient soil water enabling maintenance of hydraulic functioning in eucalypts (Drake et al. 

2018; Aspinwall et al. 2019) and other tree species (Urban et al. 2017). However, many 

regions experience both heatwave and drought events at the same time and therefore, trees 

may have a reduced transpirational capacity during these events which, in turn, may result in 

leaf temperatures exceeding optimal temperatures for photosynthesis. This will have 

implications for tree carbon balance and trees may be more likely to reach or exceed critical 

hydraulic thresholds for survival. 

Conclusion 

Physiological resistance and resilience across C. calophylla populations to heatwaves was 

influenced by a complex combination of photosynthetic and respiratory temperature 

acclimation, differential transpirational cooling across heatwave treatments and climate 

regions indicative of local adaptation. Limited capacity to acclimate and adapt to increased 

temperatures across the species puts it at risk of climate change. Cool-wet region C. calophylla 

trees growing at the leading edge of the species’ distribution in the pole-ward direction of 

temperature shift, show greater tolerance to heatwaves under current growth temperatures, 

but not under warmer conditions. Considering the projections for continued warming in south 

west WA, C. calophylla trees will be increasingly vulnerable to heatwaves. This study 

highlights the urgent need for further studies investigating intraspecific variation in heatwave 

responses of trees in gas exchange processes and the influence of growth temperature. Under 

water deficit conditions these findings are likely to be different due to reduced transpiration 

capacity. Further studies are required to investigate the mechanisms behind the responses in 

C. calophylla in order to better inform management practices in the species. 
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4.5 Supplementary materials 

 

Figure S4.1. Maximum daily air temperature over time during the establishment phase, heatwave treatment (HW) and recovery phase (Recovery) under the 

cool (26 °C maximum daily air temperature; blue) and warm (32 °C maximum daily air temperature; pink) growth temperatures and moderate (40 °C maximum 

daily air temperature; M HW; orange) and extreme (46 °C maximum daily air temperature; E HW; red) heatwaves. 
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Table S4.1. Mean Asat, gs, Vcmax and Jmax rates for saplings grown in the different growth temperatures (Growth; Cool = 26 °C, Warm = 32 °C) and heatwave 

treatment temperatures (HW; M = 40 °C, E = 46 °C) combinations over time, prior to the heatwave (Pre HW), on the first day of the heatwave (HWD1), the 

day after the heatwave (RD1) and after 20 days of recovery (RD20). Mean ± SE (n). 

Growth temp × HW combinations Asat gs Vcmax Jmax 

 Pre HW 

Cool-cool 15.11±0.76 (27) 0.53±0.044 (27) 58.06±3.32 (22) 112.76± 5.31 (22) 

Warm-warm 12.75±0.68 (30) 0.59±0.052 (30) 38.55±2.85 (22) 93.09± 5.61 (22) 

 HWD1 

Cool-M 8.84± 1.21(15) 0.25± 0.051 (15)   

Cool-E 5.91± 1.06 (19) 0.22± 0.038 (19)   

Warm-M 7.67± 1.03 (16) 0.26± 0.052 (16)   

Warm-E 6.35± 0.84 (19) 0.24± 0.041 (19)   

 HWD5 

Cool-M 14.74± 0.73 (20) 0.39± 0.05 (20)   

Cool-E 11.24± 0.89 (21) 0.25± 0.04 (21)   

Warm-M 10.44± 0.98 (19) 0.36± 0.05 (19)   

Warm-E 7.55± 1.01 (23) 0.17± 0.03 (23)   

 RD1 

Cool-M 15.78± 0.75 (17) 0.55± 0.061 (17) 62.67± 2.21 (25) 99.50± 4.83 (23) 

Cool-E 14.20± 0.80 (16) 0.45± 0.071 (16) 58.67± 2.85 (22) 97.95± 4.35 (20) 

Warm-M 11.88± 0.80 (20) 0.33± 0.050 (20) 40.51± 2.55(24) 91.88± 6.04 (22) 

Warm-E 9.43± 0.85 (20) 0.12± 0.027 (20) 39.97± 2.64 (25) 90.27± 5.30 (24) 

 RD20 

Cool-cool 12.71± 0.58 (23) 0.38± 0.043 (23) 49.68± 1.40 (45) 94.92± 3.43 (44) 

Warm-warm 10.84± 0.81 (21) 0.41± 0.049 (21) 35.98± 1.68 (37) 84.49± 4.04 (34) 

Cool-M 10.84± 0.47 (24) 0.39± 0.050 (24) 42.00± 1.13 (42) 78.85± 2.20 (41) 

Cool-E 12.72± 0.73 (22) 0.44± 0.050 (22) 52.65± 1.59(50) 98.17± 2.77 (49) 

Warm-M 11.90± 0.72 (23) 0.46± 0.037 (23) 37.14± 1.73 (40) 84.28± 3.08 (39) 

Warm-E 10.84± 0.56 (21) 0.41± 0.047 (21) 35.24± 1.14 (43) 85.22± 2.80 (41) 
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Figure S4.2. Relationship between Asat and Vcmax grown under cool (c, blue) and warm (w, red) growth temperatures on RD1 (a) and RD20 (b) across E and M 

HW treatments. Each point represents one population. 
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Figure S4.3. Relationship between Asat and gs in saplings grown under the cool (c, blue) and warm (w, red) growth temperatures on HWD1 (a), RD1 (b) and 

RD20 (c) for saplings exposed to the M and E HWs. Each point represents one population. 
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Figure S4.4. Mean Asat over time from the first day of the heatwave (HWD1) to day 20 of recovery (RD20) across populations and growth bay × heatwave 

treatment transfer combinations (Transfer; c-c = cool control, w-w = warm control, w-m = warm growth-moderate HW, w-e = warm growth-extreme HW, c-

m = cool growth-moderate HW, c-e = cool growth- extreme HW). Cool population are on the left and warm populations are on the right. Grey shaded region 

indicates heatwave event. Error bars are ±1SE. 
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Figure S4.5. Mean transpiration rate (E mmol H20 m-2 s-1) over time from the first day of the heatwave (HWD1) to day 20 of recovery (RD20) across populations 

and growth bay × heatwave treatment transfer combinations (Transfer; c-c = cool control, w-w = warm control, w-m = warm growth-moderate HW, w-e = 

warm growth-extreme HW, c-m = cool growth-moderate HW, c-e = cool growth- extreme HW). Cool population are on the left and warm populations are on 

the right. Grey shaded region indicates heatwave event. Error bars are ±1SE. 
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Table S4.2. T-test and linear model F and P values and means for Asat and Vcmax % change from controls comparing saplings from cool-wet climate regions and 

cool-wet climate populations (BOO and MOS) across growth temperatures (growth temp) and between different growth temperature × heatwave treatment 

combinations (transfer). Analyses and data are presented for heatwave day 1 (HWD1), heatwave day 5 (HWD5), recovery day 1 (RD1) and recovery day 20 

(RD20). Transfers: c-m = cool growth moderate heatwave, w-m = warm growth moderate heatwave, w-e = warm growth extreme heatwave, c-e = cool growth 

extreme heatwave. Bold values indicate significant P values < 0.05 

   Asat % change Vcmax % change Asat % change Vcmax % change 

   HWD1        

 Region/ 

population 

 F P F P Mean Mean 

Region Cool-wet  Growth temp 1.872 0.190       

  Transfer 2.302 0.122       

  All     -43.76    

   HWD5        

Region Cool-wet  Growth temp 18.47 <0.001       

  Transfer 9.538 0.001       

  c-m     32.64ad    

  w-m     -38.63c    

  w-e     -58.59bc    

  c-e     -7.36acd    

   RD1        

Region Cool-wet  Growth temp 18.03 0.001       

  Transfer 5.849 0.008       

  c-m     42.61a 

-16.37bc 

-25.38bc 

  

  w-m       

  w-e       
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  c-e     26.88ac   

Population BOO Growth temp   38.91 <0.001    

  Transfer   29.26 <0.001    

  c-m      54.10a  

  w-m     -10.06cb  

  w-e     -15.78c  

  c-e     8.10b  

Population MOS Growth temp   61.63 <0.001    

  Transfer   25.73 <0.001    

  c-m       -2.26a  

  w-m       -45.27b  

  w-e       -33.08b  

  c-e       6.82a  

   RD20        

Region Cool-wet Growth temp 0.113 0.740       

  Transfer 0.952 0.434       

  all     -6.85    

Population BOO Growth temp   4.317 0.041     

  Transfer   16.01 <0.001     

  c-m       -4.86a  

  w-m       8.63a  

  w-e       -2.93a  

  c-e       35.21b  

Population MOS Growth temp   0.245 0.622     

  Transfer   243.1 <0.001     

  c-m       -12.62a  
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  w-m       -7.49a  

  w-e       26.47c  

  c-e       37.21b  
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Figure S4.6. Mean climate region percentage change in Jmax from controls (%) on RD1 and RD20 across 

cool and warm growth temperatures and moderate (40 °C, a) and extreme (46 °C, b) heatwave 

treatments. Asterisks indicate significant difference from zero when P < 0.05. Letters indicate 

significant differences between climate regions within time points, cool and warm growth bays and 

HW treatments. n = 5-10 
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Table S4.3. Hurdle model statistical outputs (degrees of freedom (df) and P values) for leaf damage 

scores in saplings on day 1 of recovery across growth temperatures (Growth temp), populations and 

heatwave treatments. Statistics are then presented testing for significant difference between 

populations within growth temp × heatwave combinations (transfer). Transfer combinations: c-m = 

cool growth moderate heatwave, w-m = warm growth moderate heatwave, w-e = warm growth 

extreme heatwave, c-e = cool growth extreme heatwave. Bold values indicate P values < 0.05 

 df P 

Growth temp 2 0.187 

Population 8 0.267 

Heatwave 2 0.015 

Population variation within transfers   

c-m 8 0.868 

w-m 8 0.999 

w-e 8 0.989 

c-e 8 0.970 

 

 

Figure S4.7 Mean population height in saplings grown in different growth bay × heatwave treatment 

combinations (Transfer; c-c = cool control, w-w = warm control, w-m = warm growth-moderate HW, 

w-e = warm growth-extreme HW, c-m = cool growth-moderate HW, c-e = cool growth- extreme HW) 

over time prior to the heatwave (PreHW) to recovery day 20 (RD20). Grey shaded region indicates 

heatwave event. 
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Table S4.4. ANOVA F and P values for seedling height for the main effects of population, growth 

temperature (Growth temp), heatwave treatment (HW) and their interactions at different time points; 

prior to the heatwave (Pre HW), recovery day 1 (RD1) and after 20 days of recovery (RD20). Bold values 

indicate P values < 0.05 

 F P 

 Pre HW 

Population 4.358 <0.001 

Growth temp 273.5 <0.001 

Population × Growth temp 3.389 0.003 

 RD1 

Population 4.230 <0.001 

Growth temp 323.1 <0.001 

HW 0.152 0.697 

Population × Growth temp 2.211 0.036 

Population × HW 0.685 0.684 

Population × Growth temp × HW 1.624 0.132 

 RD20 

Population 4.563 <0.001 

Growth temp 289.5 <0.001 

HW 7.653 0.006 

Population × Growth temp 2.414 0.023 

Population × HW 1.524 0.162 

Population × Growth temp × HW 1.608 0.136 
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Chapter 5.0 

Synthesis 

 

Thesis aim 

Climate change presents novel challenges to tree species globally. Long-lived tree species may 

lack the capacity to migrate rapidly enough to keep pace with climate change (Aitken et al. 

2008). Rather, they can persist in their environment by adjusting to climate change through 

genetic adaptation, phenotypic plasticity or a combination of these processes (Aitken et al. 

2008). The Mediterranean-type climatic region of south Western Australia (SWA) is predicted 

to become hotter and drier with more frequent and intense heatwave events (Cowan et al. 

2014; IPCC 2014; Dey et al. 2019). Tree species in this region may be able to persist under 

intensifying climate change if they have the capacity to adjust important drought and heat 

tolerance traits through phenotypic plasticity and genetic adaptation. 

Physiological responses across populations of the tree species, Corymbia calophylla from the 

Mediterranean-climatic region of SWA to heatwaves and water deficit conditions were tested 

in this thesis. This was achieved through a field plantation experiment in SWA in the area of 

natural distribution (Chapter 2), a water manipulation experiment in a poly-tunnel (Chapter 

3) and a temperature manipulation experiment in a glasshouse (Chapter 4). 

The aim of this thesis was to identify genetic (G), environmental (E) and G×E processes 

influencing important plant traits associated with tolerance to warmer temperatures and 

water limitation across C. calophylla populations. Traits were measured under ideal growth 

conditions of non-limiting water availability and growth temperatures, and under 

environmental stress conditions of heatwaves or low water availability. 
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Table 5.1. Significant effects of genotype (G), environment (E) and genetic-by-environment 

interactions (G×E) influencing trait expression in water and temperature manipulation experiments. 

 indicates significant G, E or G×E effect,  indicates no significant effect. Results are shown for traits 

under non-stressful conditions (well-watered and normal growth temperatures) and stressful 

conditions (water deficit and heatwave conditions; shaded). Water manipulation experiments were 

conducted in Chapters 2 and 3. Chapter 2 presents the plantation field experiment with the wet MR 

site (high water availability) and dry MB site (water deficit) using data from both spring-2016 and 

autumn-2017. Chapter 3 presents the water manipulation experiment in a poly-tunnel with 100 % 

field capacity water treatment (high water availability) and 50 % of field capacity treatment (water 

deficit). The Chapter 4 experiment was a temperature manipulation experiment in a glasshouse. 

Growth temperature included G, E and G×E across warm (32/18 °C daily max/min) and cool (26/12 °C) 

growth environments. Heatwave conditions include the combined effect of both moderate (40/22 °C) 

and extreme (46/26 °C) heatwave treatments. 

 Water manipulation Temperature manipulation 

Traits High water 

availability 

Water deficit Growth 

temperature 

Heatwave 

conditions 

 G G E G×E G E G×E G E G×E 

Water relations traits           

Chapter 2 field           

Asat           

Amax           

Asat/Amax           

δ13C           

SLA           

Nmass           

Narea           

Height           

Chapter 3 poly-tunnel           

P88           

AL           

gmin           

gs90           

Vw           

Stem volume           

TTCF           

Temperature-

associated traits 

          

Chapter 4 glasshouse           

Asat           

gs           

Vcmax           

Jmax           

Rarea          
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Temperature-associated traits, Asat and gs under “growth temperature” are from the day prior to heatwave 
exposure (PreHW) and “heatwave conditions” are from heatwave day 5 (HWD5). For Vcmax and Jmax traits, 
“heatwave event” data are from the day after the heatwave (recovery day 1, RD1). Rarea “heatwave event” data 
are from RD1. 

Table 5.2. Contribution of genotypic (G) and environmental (E) variation in plant trait expression 

across different experiments indicated by the percentage change in mean trait value (%). For G 

variation, populations were pooled into warm and cool temperature regions and variation calculated 

as the warm region trait expression relative to the cool region. For E variation, treatments were pooled 

into high water availability and water deficit (water manipulation experiments; Chapters 2 and 3) and 

cool and warm growth environments (temperature manipulation experiment; Chapter 4) and 

calculated as the trait expression under the water deficit environment relative to expression under 

high water environment (water manipulation experiments) and trait expression under warm growth 

environment relative to the cool growth environment (temperature manipulation experiment). 

 Water manipulation Temperature manipulation 

 G E G E 

Traits Trait % change in 

warm relative to 

cool temp region 

Trait % change in 

MB site relative to 

MR site 

  

Water relations 

traits 

Spring 

2016 

Autumn 

2017 

Spring 

2016 

Autumn

2017 

  

Chapter 2 field       

Height -14.9 -14.2 77.8 59.6   

SLA -2.01 1.50 -1.12 -25.6   

Nmass  6.43  16.4   

Narea  6.98  71.7   

δ13C  1.58  -5.07   

Asat 2.35 12.9 -2.19 -6.21   

gs 5.17 20.3 -59.1 -4.35   

Asat / gs -8.33 -9.41 108 25.1   

Amax -2.45 5.84 -7.96 -1.03   

Asat/Amax 3.82 2.15 4.76 -6.35   

       

Water relations 

traits 

Trait % change in 

warm relative to 

cool temp region 

Trait % change in 

water deficit 

relative to well-

watered 

treatments 

  

Chapter 3  

poly-tunnel 

    

Stem volume -4.59 -61.4   

P88 15.1 18.4   

AL -4.59 -53.8   

gmin -32.2 -18.0   

Pgs90 10.8    
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Vw -3.13 -56.2   

TTCF 52.8 72.3   

Temperature-

associated traits 

    Trait % change 

in warm 

region relative 

to cool region 

Trait % 

change in 

warm relative 

to cool 

growth 

environment 

Chapter 4 

glasshouse 

      

Asat     5.81 -15.6 

gs     5.24 11.3 

Vcmax     9.18 -33.6 

Jmax     5.97 -17.4 

Rarea     -7.79 5.56 

Chapter 3 stem volume data is presented from the end of the water treatment phase on the 14th June 2018. 
Chapter 4 Asat and gs data are presented for control saplings measured on the day before the heatwave. Rarea, 
Vcmax and Jmax data are presented for control saplings measured after the heatwave. 

 

Trait expression across contrasting water environments 

Mediterranean ecosystems worldwide are particularly vulnerable to climate change, 

attributed partially to predictions of increased drought throughout many of these regions 

(Klausmeyer and Shaw 2009; IPCC 2014). Therefore, the capacity for trees in Mediterranean 

regions to respond to reductions in future rainfall through genetic adaptation and/or 

phenotypic plasticity for important drought tolerance traits is crucial for their long-term 

survival. SWA has experienced a trend of declining rainfall since the 1960s and is the only 

region in Australia with high certainty of future rainfall reductions under climate change 

(Bates et al. 2008; Dey et al. 2019). In this thesis, genetic variation across C. calophylla 

populations and temperature regions was observed in the majority of drought tolerance 

traits. When warm and cool region genotypes were compared (treatments pooled), tree 

height, photosynthesis at ambient CO2 (Asat), stomatal conductance (gs), water potential 

associated with 88 % loss of conductivity through the stem (P88), minimum leaf conductance 

(gmin) and time to critical failure from stomatal closure (Pgs90) to P88 (TTCF) exhibited the 

greatest genotypic variation (Chapter 2, 3; Table 5.2). The trait with the highest genetic 

variation between temperature regions was TTCF (52.8 %), followed by gmin (-32.2 %), gs 
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measured during Autumn 2017 (20.3 %), P88 (15.1 %) and tree height (Spring 2016: -14.9 %, 

Autumn 2017: -14.2 %). 

Genetic variation was greater under water deficit conditions in some traits, but not 

consistently across all traits compared with well-watered conditions (Chapter 2, 3; Table 5.1). 

Under field conditions, C. calophylla trees expressed genetic variation in most traits 

associated with water availability, including Asat, leaf carbon isotope ratio (δ13C), Asat/Amax and 

tree height, in both wet and dry sites across 12 populations (Chapter 2; Table 5.1). On the 

other hand, under experimental water manipulation conditions (Chapter 3; Table 5.1), several 

important hydraulic and growth traits showed minimal or no genetic variation under high 

water availability, but high genetic variation under low water availability. P88 showed 

significant trait variation under the water deficit treatment with greater drought tolerance 

(more negative P88) observed in the warm-dry Hill River (HRI) population and minimal 

variation in the cool-wet Boorara (BOO) population. Furthermore, gmin was lowest in HRI 

saplings grown under the water deficit treatment (D) relative to other population × treatment 

combinations, but not significantly lower than well-water treated (W) HRI saplings. Greater 

drought tolerance in HRI-D saplings in these two traits (P88 and gmin) contributed to longer 

TTCF relative to other treatment × populations. Greater genotypic variation can be stimulated 

under high stress conditions, relative to low stress conditions. In the dry MB common garden 

site (Chapter 2), conditions were only mildly stressful and under greater water stress higher 

genetic variation may be detected. In support, greater genotypic variation was observed in 

SLA across populations of Eucalyptus tricarpa in a dry common garden site compared to a 

wetter common garden (McLean et al. 2014). Furthermore, Pinus canariensis populations 

exhibited greater variation in cavitation traits in a more xeric site relative to a mesic site, 

similar to P88 expressed across C. calophylla populations and water treatments in Chapter 3. 

Phenotypic plasticity, the capacity for a genotype to differentially express phenotypes across 

contrasting environments, in drought tolerance traits is an important response in trees to 

climate change (Nicotra et al. 2010). Many tree species are long-lived and may experience 

daily, seasonal and multi-year shifts in water availability and trait plasticity enables trees to 

respond rapidly to the changing conditions, in contrast with the slower response of genetic 

adaptation. This thesis reveals C. calophylla has the capacity to adjust important allometric, 

growth, gas exchange and cavitation traits across contrasting water environments resulting 



Chapter 5.0 
 

165 
 

in increased drought tolerance. When populations were pooled, many traits associated with 

water availability expressed significant plasticity across water environments (Table 5.2). The 

trait with the highest plasticity was Asat/gs across sites during Spring 2016 with higher values 

at the drier MB site relative to the wetter MR site (108 %, Table 5.2), followed by tree height 

measured in field grown trees (Spring 2016: 77.8 %, Autumn 2017: 59.6 %), TTCF (72.3 %), 

foliar N (area based, Narea, 71.7 %), stem volume (-61.4 %), gs (-59.1 %), total plant water 

storage (Vw, -56.2 %) and total leaf area (AL, -53.8 %). Corymbia calophylla saplings exhibited 

significantly lower height and stem volume and smaller AL under reduced water availability 

relative to high water availability (Chapters 2 and 3). Furthermore, Vw was greater in larger 

well-watered saplings relative to smaller water deficit treated saplings (Chapter 3). Plasticity 

in stem P88 was observed in one population grown under contrasting water treatments, 

where greater drought tolerance (P88) was revealed in the water deficit treatment (Chapter 

3). Corymbia calophylla trees adjusted several leaf traits when exposed to reduced water 

availability in alignment with the leaf economic spectrum theory of investment and return 

(Wright et al. 2004). Trees growing at the dry experimental plantation site following a summer 

period invested highly in leaves with high water use efficiency, small-thick leaves and greater 

foliar N; high δ13C (a proxy for seasonal WUE), high Asat/gs (instantaneous WUE) and high Nmass 

and Narea (Chapter 2). These findings contribute to our understanding of plasticity in drought 

tolerance traits in foundation tree species and their influence on tree desiccation time under 

severe drought. Phenotypic plasticity in response to decreasing water availability is common 

in other eucalypts and has been observed in hydraulic (Lucani et al. 2019), morphological 

(McLean et al. 2014; Maseda and Fernández 2016; Asao et al. 2020; Pritzkow et al. 2020) and 

gas exchange (Franks et al. 2009) traits. 

The substantial capacity for C. calophylla to adjust important traits associated with drought 

tolerance through both genetic adaptation and phenotypic plasticity to varying water 

availability suggest that it will perform well under a drier future climate. Traits measured in 

this thesis are important for optimising water use efficiency and carbon gain for optimal 

performance under water deficit conditions and are therefore highly informative of 

performance under drier conditions. This population-level trait data can be incorporated into 

global vegetation models (GVM) to improve their accuracy for projecting forest responses to 
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climate change. More studies investigating population-level tree responses to water deficit 

using common garden approaches in different species are necessary to improve GVMs. 

Trait expression across contrasting temperature environments 

Trees can respond to warmer growth temperatures through photosynthetic and respiratory 

temperature acclimation, optimising performance under the new growth environment (Berry 

and Björkman 1980). However, not all trees have the capacity to adjust to warmer 

temperatures through acclimation and this has implications for forest carbon balance under 

climate change (Crous et al. 2013; Smith et al. 2017; Stefanski et al. 2020). Aspinwall et al. 

(2017) revealed C. calophylla populations have minimal capacity to acclimate Asat across cool 

and warm growth temperatures. The Topt of Asat was between 24 – 27 °C when C. calophylla 

saplings were grown under the cool (26/12 °C) and warm (32/18 °C) growth regimes 

(Aspinwall et al. 2017), similar to the growth conditions in Chapter 4. The exception was the 

cool-wet population, BOO, which adjusted Asat through acclimation under both warm and cool 

growth environments (Aspinwall et al. 2017). In this thesis, C. calophylla trees expressed 

differential Asat, Vcmax and Jmax measured at prevailing temperatures across growth 

environments with minimal variation between cool and warm region saplings and no 

significant population variation, except for Jmax (Tables 5.1 and 5.2, Chapter 4). For all gas 

exchange traits except for Rarea (measured at prevailing temperatures), plasticity across 

growth environments had a greater influence on trait expression than genotypic variation 

across warm and cool temperature region saplings (Table 5.2). Vcmax expressed the greatest 

variation across growth environments (-33.6 %, populations pooled). Asat, Vcmax and Jmax were 

significantly higher in cool grown saplings which were grown at their Topt of Asat (according to 

Aspinwall et al. 2017), while warm grown saplings were grown above their Topt and 

downregulated Asat, Vcmax and Jmax. Furthermore, Rarea measured at prevailing temperatures 

was not differentially expressed across contrasting growth environments or populations in C. 

calophylla saplings. This potentially reflects population-wide acclimation in Rarea under the 

warm regime, but not the cool regime, in agreement with findings by Aspinwall et al. (2017). 

However, Aspinwall et al. (2017) observed respiratory temperature acclimation in BOO in the 

cool growth environment, in contrast with this thesis (Chapter 4). This thesis contributed to 

the knowledge on intraspecific variability in photosynthesis and respiration in a foundation 

tree species to warmer temperatures. 
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The impact of heatwaves on tree functioning is well documented (Teskey et al. 2015); 

however, the influence of growth temperature on physiological performance under heatwave 

conditions is poorly understood. Heatwave exposure had a significant environmental effect 

on Asat and gs relative to growth environments in Chapter 4, causing a downregulation in these 

traits during heatwaves (on heatwave day 5, HWD5). Moreover, there was a differential 

impact of the moderate (M) and extreme (E) heatwaves on Asat with greater downregulation 

in Asat under the E HW. On the first day of recovery following heatwave exposure (RD1), 

saplings in their original growth bays did not express significant environmental effects of the 

heatwave in Vcmax, Jmax or Rarea in comparison with physiological performance prior to 

heatwave exposure. Growth environment had a significant effect on the performance of 

saplings under the heatwaves. Cool grown saplings exhibited significantly higher Asat on 

HWD5 and RD1 in contrast with warm grown saplings indicating that growth environment and 

growth under Topt of A influenced heatwave resilience and resistance. This study investigated 

the impact of heatwaves on plant performance under well-watered conditions and did not 

consider the combination of drought and heatwaves on sapling performance, which C. 

calophylla trees typically experience in their natural environment. Further studies 

investigating the role of growth temperature and acclimation to growth temperature 

influencing heatwave tolerance are needed, as well as those investigating the combined 

stressors of drought and heatwaves. 

Studies investigating intraspecific responses to heatwave events in trees are limited. 

Throughout the pre-heatwave, heatwave and heatwave recovery phases in Chapter 4 of this 

thesis, there was minimal genotypic variation detected in Asat and gs. However, when 

populations were pooled into rainfall-temperature climate regions there was greater 

resilience and resistance to heatwaves detected in cool-wet climate region saplings 

dependent on growth and heatwave temperatures. Cool-wet region saplings grown in the 

cool growth regime exposed to the M HW had significantly higher Asat on HWD5 and RD1 

relative to cool-wet warm grown M HW saplings. These cool-wet cool grown M HW saplings 

appeared to recover rapidly from the heatwave compared with other saplings, but this was 

not significant. Furthermore, cool-wet saplings grown in the cool regime expressed high rates 

of Vcmax and Jmax on HWD5 and RD1. These findings indicate a trend of greater resilience and 

resistance to heatwaves in the cool-wet climate region dependent on growth temperature. 
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This was likely because the cool-wet population was grown under its photosynthetic 

temperature optimum (Topt of A) under the cool growth environment, according to Topt of A 

values calculated by Aspinwall et al. (2017), contributing to higher resistance and resilience 

when exposed to the moderate heatwave. Furthermore, in the moderate heatwave these 

trees reduced their leaf temperatures substantially to within Topt of A, enabling rapid recovery 

post heatwave. Studies undertaken on other forest tree species investigating population 

responses to heatwaves when grown under contrasting growth temperatures are necessary 

to determine how widespread this phenomenon is. 

Which populations will perform better under climate change? 

Consistently across different water and temperature manipulation experiments in this thesis, 

cool-wet C. calophylla populations performed better relative to those from other climate 

regions, in some, but not all drought and heat-associated traits. Under water deficit 

conditions, cool-wet populations expressed higher δ13C, Asat/gs, lower Asat and greater height 

in contrast with populations from other climate regions within sites and time periods (Chapter 

2). Cool-wet populations therefore adopted a more water conservative strategy in leaf traits 

and growth under cool, dry conditions. In the temperature manipulation experiment with 

high water availability (Chapter 4), a trend of greater resilience and resistance in cool-wet 

populations was evident in Asat when grown under the cool growth temperature with lower 

Asat in other climate regions and growth environment combinations. This greater performance 

in cool-wet C. calophylla populations under water deficit and heatwaves relative to other 

climate region populations is surprising considering that cool-wet region trees growing in 

their home environment generally lack exposure to strong water deficit and high temperature 

selection pressures common to populations from warm and dry climate regions. 

When grown under chronic water deficit conditions, a cool-wet population (BOO) performed 

poorly relative to a warm-dry population (HRI) in several hydraulic traits associated with 

desiccation time (Chapter 3). BOO exhibited no plasticity in P88 or gmin across water treatments 

in this experiment. Rather, the warm-dry climate region population, Hill River (HRI) increased 

drought tolerance under water deficit through plasticity in P88 and gmin (no significant 

treatment effect) leading to significantly longer TTCF. Therefore, the warm-dry HRI 

population exhibited significant capacity to adjust important drought tolerance traits under 

chronic water stress. 
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Previous studies on C. calophylla reveal findings that mostly align with those in this thesis, 

indicating cool-wet populations have a greater capacity to adjust traits through plasticity to 

water deficit and warmer temperatures compared to other populations. Findings by 

Aspinwall et al. (2017) indicate that the BOO population has a high capacity to adjust 

photosynthesis and respiration through acclimation under both warm and cool growth 

environments with minimal capacity for acclimation in other C. calophylla populations. In 

Chapter 4 of this thesis, minimal genetic variation was observed in Asat and Rarea throughout 

the experiment phases, but cool-wet climate region cool grown M HW saplings showed a 

trend of faster recovery in Asat compared to other climate region saplings and cool-wet warm 

grown saplings (Chapter 4). Under field conditions, cool-wet saplings exhibited the greatest 

instantaneous (Asat/gs) and seasonal WUE (δ13C) within sites and time periods relative to other 

populations and this was greater at the dry site (Chapter 2). Therefore, cool-wet saplings 

expressed a more drought tolerant gas exchange strategy in contrast with other populations. 

In partial support of these findings, the study by Ahrens et al. (2020) conducted at the wet 

MR site revealed BOO trees exhibited high leaf δ13C, but this was not the highest across four 

contrasting climate region populations. Field grown cool-wet climate region trees expressed 

the fastest growth strategy relative to other climate region trees in both MB and MR 

experimental sites (Chapter 2), consistent with findings by Ahrens et al. (2019b). This is 

indicative of higher fitness in local cool region trees grown in the cool MR and MB 

experimental sites. Furthermore, cool-wet populations had greater resistance to a novel leaf 

blight pathogen, while warm-dry populations were more vulnerable (Ahrens et al. 2019b). 

These findings suggest cool-wet C. calophylla populations are well equipped to persist under 

warmer and drier conditions associated with climate change, but under severe drought may 

be vulnerable to hydraulic failure due to a poor capacity to adjust hydraulic traits. 

It is not well understood how widespread this cool-wet climate-origin advantage under cool, 

wet growth conditions in tree species is. In support of our findings, cooler-origin Populus 

balsamifera populations grown in a glasshouse under well-watered conditions exhibited 

highest photosynthesis and instantaneous water use efficiency relative to populations from 

warmer-origins (Soolanayakanahally et al. 2009). In addition, Quercus petraea populations 

from across Europe grown in a common garden showed a trend of taller trees under cooler 

mean temperature of the coldest month (Sáenz - Romero et al. 2017).  
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In support of greater drought tolerance in a warm-dry population, Blackman et al. (2017) 

observed greater leaf P50 in C. calophylla saplings from warm climate origins and greater 

vulnerability in those from cool climate regions, when grown in a glasshouse under two 

temperature regimes and high-water availability. Therefore, adaptive capacity in tailing edge 

warm-dry populations in cavitation traits enhancing drought tolerance, may enable them to 

persist under continued rainfall declines in its home site. However, warm-dry populations 

exhibited a less water use efficient gas exchange strategy than other populations across the 

two cool region experimental sites. 

An advantage of greater drought tolerance in warm-dry origin tree populations and species 

exposed to drought may exist across other forests species. At the species level, adaptation in 

P50 to rainfall at the home-site has been observed across species with greater drought 

tolerance in low rainfall adapted species (Choat et al. 2012; Dória et al. 2018; Li et al. 2018). 

Across populations of Pinus canariensis, greater drought tolerance in P88 was observed in hot-

dry climate populations in a dry common garden (Lopez et al. 2013). Across Pinus albicaulis 

populations grown in a warm, dry common garden, populations from regions with lower 

spring rainfall had greater survival, while populations from milder climate regions exhibited 

higher growth rates under moderate drought stress (Warwell and Shaw 2017). In agreement 

with dry-origin populations exhibiting greater drought tolerance under drought, but in 

disagreement with population-level trait responses in this thesis, a dry-origin Populus 

davidiana population grown under a drought treatment exhibited lower photosynthesis, 

transpiration and highest instantaneous water use efficiency and δ13C relative to a wet 

population (Zhang et al. 2004). Further studies investigating intraspecific variation in drought-

tolerance in common gardens across further tree species are needed to determine how 

common this phenomenon is. 

The SWA experiences warm, dry summer periods with drought events and heatwaves, and 

this thesis did not investigate tree performance under both drought and high temperature 

stress. Future studies should investigate C. calophylla population responses to these 

combined stressors. In this thesis, a warm-dry population expressed greater drought 

tolerance in hydraulic traits under water deficit in contrast with a cool-wet population. While 

cool-wet populations performed well under heatwaves when grown in a cool environment 

and when grown under moderate but not severe water stress, but their performance under 
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both heatwaves and drought stress is unknown. To address this knowledge gap, a glasshouse 

study investigating C. calophylla population-performance under contrasting growth 

temperatures, heatwaves and drought should be undertaken in the future. In addition, 

further studies that investigate trait expression in C. calophylla populations growing in a 

common garden situated in the northern warm region of its distribution are required to 

confirm the performance of warm-origin populations in this region and to determine which 

populations exhibit superior performance in this region. 

Management of Corymbia calophylla under climate change 

Findings from this thesis and previous studies investigating trait variation across contrasting 

temperature and water environments in C. calophylla populations indicate that this species 

has significant capacity to respond to low water availability and warmer temperatures 

through genetic adaptation and phenotypic plasticity, and this may be adequate for the 

species to persist under climate change. Multiple growth, leaf and structural traits and 

resistance to a leaf blight pathogen were found to be heritable in C. calophylla trees growing 

at the experimental plantation sites and therefore, may be under selection pressure from the 

environment (Ahrens et al. 2019b, 2020). Corymbia calophylla distribution is bound by an 

ocean barrier to the west and south and farmland to the east and therefore, it has limited 

capacity to migrate south to track the pole-ward shift in climate. Therefore, it must tolerate 

climate change through genetic adaptation and/or phenotypic plasticity to changing rainfall 

and temperatures. 

Based on studies investigating adaptive and plastic responses across C. calophylla 

populations, assisted gene migration (AGM) may be a good management option for this 

species if necessary in the future, but at present it may not be necessary. Some recent studies 

have shown evidence of dieback in C. calophylla in response to heatwave and drought events 

(Matusick et al. 2013; Poot and Veneklaas 2013), suggesting that it is vulnerable to climate 

change-associated events. Additional field monitoring studies are necessary to assess 

whether it is a high-risk species under climate change. Corymbia calophylla has a long tap root 

for accessing deep soil water reserves and this may minimise drought and heat stress in trees 

during extreme heat and drought events if transpirational leaf cooling operates, as evident in 

Chapter 4. Furthermore, it has a significant capacity to re-sprout following severe drought 

events (Walden et al. 2019), although the long-term implications on tree health and forest 
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carbon balance of regular dieback and re-sprouting cycles in forests needs to be investigated. 

This species is a widespread, foundation tree that provides important ecosystem services, 

including carbon sequestration, throughout forests of SWA and therefore, it is important to 

continue to monitor further dieback events in these forests. 

This thesis contributes important insights into intraspecific variation in tolerance to 

heatwaves and drought under controlled environment conditions in C. calophylla. However, 

further field-based common garden studies located in the northern warm, dry region of the 

species distribution are necessary to assess intraspecific performance under high 

temperatures and water deficit in a field setting. In addition, these studies will indicate 

whether cooler, wetter populations can tolerate warmer, drier conditions which they are 

likely to experience in the future under climate change. Furthermore, prior to considering 

AGM as a good option for this species, the benefits of this practice need to outweigh the risks 

of AGM (Byrne et al. 2011). Corymbia calophylla is not at risk of outbreeding depression 

(Ahrens et al. 2019a; reduced fitness in offspring as a result of hybridisation with other 

populations), but there may be other risks including maladaptation of introduced populations 

to other climate or environmental variables in the targeted region (Aitken and Whitlock 

2013). For example, the introduction of more drought tolerant individuals from a warm-dry 

C. calophylla population into the cool-wet population region may reduce the high resistance 

of local cool-wet populations to the leaf blight pathogen common to this region, in turn, 

reducing fitness (Ahrens et al. 2019b). Nevertheless, several factors, including widespread 

distribution, high gene flow and high adaptive capacity associated with climatic variables, 

make it a potential candidate for AGM if this practice was deemed necessary in the future. 

 

Conclusions 

This thesis investigated the contribution of genetic and environmental factors influencing 

drought and temperature-associated traits in populations of the foundation tree, C. 

calophylla in response to water deficit, contrasting growth temperatures and heatwaves. This 

species exhibited a significant capacity to adjust traits through a complex combination of 

genetic adaptation and phenotypic plasticity in response to these stressors. Across field 

common garden sites situated in the cool region of the species’ distribution, growth and leaf 
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traits associated with water availability were differentially expressed across populations and 

sites with contrasting water availabilities. Population trait variation was more commonly 

associated with temperature at the home site rather than home site rainfall. Trees growing 

at the dry site measured after a summer period adopted a more water use efficient leaf trait 

strategy (high δ13C, Asat/gs, Narea, Nmass and low SLA) that aligned with the leaf economic 

spectrum (Wright et al. 2004), in contrast with the wet site. Sapling growth under chronic 

water deficit conditions in the poly-tunnel experiment elucidated genotypic variation in 

plasticity in important hydraulic traits. The warm-dry population grown under the water 

deficit treatment expressed a longer TTCF which was driven by a greater P88 and low gmin, 

while other population × treatment combinations were more vulnerable to water deficit and 

expressed a shorter TTCF. Saplings grown under two growth temperature conditions with 

high water availability expressed minimal genotypic variation in gas exchange traits, but warm 

grown saplings expressed significantly lower Asat than cool-grown saplings. Exposure to 

heatwaves resulted in downregulation of Asat and gs but these processes recovered rapidly as 

transpirational cooling maintained Tleaf within optimal ranges. Cool-wet region, cool grown 

moderate heatwave saplings had higher heatwave resistance and resilience relative to other 

saplings and cool-wet region warm grown saplings. These findings contribute to the 

knowledge on intraspecific variation in a foundation tree to heatwave and water deficit 

conditions and can improve our understanding of forest responses to future climate change. 

Corymbia calophylla may perform well under climate change through phenotypic plasticity 

and genetic adaptation. 
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