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Abstract 

The ability of any plant species to acclimate to resource constraints or environmental 

stress is determined by its inherent capacity to demonstrate phenotypic plasticity, which is itself 

shaped by evolutionary adaptation across geological time scales. Australia, having been 

geographically isolated since it separated from Gondwana, features regions with stable, ancient 

soils. The continent's diverse climatic conditions and the unique evolutionary pressures resulting 

from its isolation have allowed plant species to evolve across the island continent, leading to the 

development of Australia's unique native flora. It offers an ideal testing ground to explore how 

environmental stressors interact and how pre-adaptation, adoption of new biological function 

without evolutionary modification, determines the limit of species acclimation potential. 

Within my thesis I used continental scale transects to explore how edaphic factors, 

including soil phosphorus and nitrogen, may not only modulate the observed response of plant 

water use efficiency across gradients in precipitation, but determine why species from across 

Australia show different responses when grown under common garden conditions. 

Subsequently, in short term manipulative experiments, I further investigated how physiological 

responses to drought and elevated temperatures vary across plant species adapted to different 

rainfall regimes, and how marked differences in photosynthetic and stomatal activity between 

Australian angiosperms and gymnosperms dictate their responses to elevated CO2. Taken as a 

whole, my findings emphasise the importance of assessing the ability of plants to acclimate their 

physiological responses to a changing environment – driven by both deep phylogenetic 

divergences (i.e. gymnosperm vs angiosperm) and more recent evolutionary adaptation (i.e. 

speciation) to local environments. 
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1.1 Background 

1.1.1 Acclimation of Plant Eco-Physiological Strategies Under Environmental Stressors and 

Resource Limitations.  

Natural selection is expected to have shaped plant eco-physiological strategies to utilise 

resources more or less efficiently, dependent on their relative availability, where more efficient 

utilization of limited resources are strongly selected for and vice versa (Stock, 2014). Such 

adaptive measures enable plants to optimise their performance and survival under varying 

environmental conditions (Chesson & Huntly, 1997). This involves adjustments in how resources 

are allocated, how physiological processes operate, and how plants respond to environmental 

signals (Chaves et al., 2003). In the shorter term, this is generally accomplished through 

phenotypic plasticity. Understanding how plant adaptation has shaped their acclimation 

potential is crucial to predicting how they will perform and how ecosystems may function in a 

changing environment.  

Environmental factors, including temperature, drought, and elevated [CO2], can greatly 

impact the physiological processes of plants (Qaderi et al., 2006; Wang et al., 2012; Kadam et 

al., 2014). When faced with environmental stress, plants demonstrate various physiological 

responses that affect their photosynthesis (A), respiration (R), stomatal conductance (gs), and 

water use efficiency (WUE). These responses play a significant role in the acclimation and 

survival of plants in challenging conditions.  

Predicting changes in plant eco-physiological strategies is complex in the presence of 

multiple resource constraints and environmental stressors. The complexity of these interactions 

creates challenges for understanding and predicting plant responses due to our inadequate 

understanding of the relevant interactions (Reich, 2014). In a changing climate, plant phenotypic 

plasticity acts as a buffer and is of key importance in determining plant responses to resource 

limitations (Nicotra et al., 2010; Stotz et al., 2021). The importance of plastic responses in woody 

plants under climate change is highlighted by their genotypic variation in growth plasticity at 

elevated temperatures (Huang et al., 2015).  

It is necessary to realize the significance of phenotypic plasticity when predicting 

changes in species distributions, community composition, and plant productivity (Nicotra et al., 

2010). Environmental stressors can impact a species by pushing the organism beyond its 

tolerance limits, altering metabolic processes under the new conditions, or disrupting patterns 

of development and reproduction (Qaderi et al., 2006; Wang et al., 2012). The capacity to 

withstand and acclimate to a quickly changing environment is essential for survival, but the 



CHAPTER-1 3 

   

 

particular mechanisms and responses can be complex and challenging to anticipate (Hofmann 

& Todgham, 2010). Acclimation is the process by which plants adapt their physiological and 

biochemical processes in response to alterations in their environment. During acclimation there 

are changes to several elements of plant physiology, encompassing photosynthesis, respiration, 

phenology, and anatomical characteristics (Matthews & Boyer, 1984; Murchie et al., 2002; 

Loveys et al., 2003; Atkin et al., 2006; Nicotra et al., 2010; Vitasse et al., 2010; Wang et al., 2011; 

Fonti et al., 2012; Gratani, 2014; Sanad et al., 2016; Qurani & Yoshimura, 2021). 

Furthermore, interactions between constraints on resources and environmental stressors 

may have domino effects on ecological dynamics (Hu et al., 2023). It is important to understand 

forest-environment interactions within the framework of climate change for predicting species 

suitability, competition for restricted resources, and species distributions (Hu et al., 2023). The 

ability of plants to adjust to fluctuating environmental conditions impacts their resource use 

efficiencies. Environmental stressors, such as heatwaves and water limitations, have the 

potential to interact with plant evolutionary strategies and influence resource allocation 

strategies utilised by plants.  

1.1.1.1 Plant acclimation to change in temperature  

Despite Earth System Models typically using static responses to temperature to 

calculate photosynthesis and respiration, experimental evidence suggests that many plants 

acclimate to prevailing temperatures (Lombardozzi et al., 2015). Certain species are able to cope 

with rising temperatures by experiencing a sudden increase in gs. This mechanism helps to cool 

leaves and keep the leaf temperatures below their thermal limit, thus enabling them to survive 

heatwaves (Drake et al., 2018). Furthermore, studies have shown that plant respiration can 

acclimate to changing temperatures, which weakens the positive feedback of plant respiration 

to rising global air temperature (Reich et al., 2016). Higher temperatures can have a negative 

impact on respiration and photosynthesis (Berry & Björkman, 1980; Graham et al., 2003; Leakey 

et al., 2003; Doughty & Goulden, 2008; Galbraith et al., 2010). This can lead to a decrease in tree 

growth (Clark et al., 2003; Feeley et al., 2007) and an increase in plant mortality (Van Mantgem 

et al., 2009; Brodribb et al., 2020), which in turn affects net primary productivity (NPP).  

The combined effects of high temperature and drought stress on flora are distinct and 

cannot be extrapolated from the responses observed in each stressor applied separately (Prasad 

et al., 2011). For example, depending on the precipitation pattern, the physiological responses 

of plants to drought and elevated temperatures can vary (Zandalinas et al., 2018). Elevated air 

temperatures can worsen the effects of drought on plant water loss by increasing the vapor 
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pressure deficit (VPD) of the atmosphere which leads to a greater demand for transpiration 

(McDowell et al., 2008).  

1.1.1.2 Plant acclimation to drought stress 

Drought stress can trigger diverse physiological and biochemical reactions in plants at 

the cellular and whole-organism levels, making it a multifaceted phenomenon (Farooq et al., 

2009; Meena & Kaur, 2019). It can cause mortality of mature tress as well as seedlings. In fact, 

seedlings are highly susceptible to environmental stresses making this the most vulnerable life 

stage; hence, the dynamics of a plant community have a strong dependence on the fate of 

seedlings (Will et al., 2013; Johnson et al., 2017). Plant species distributions, along different 

precipitation gradients, are mainly controlled by their drought tolerance thresholds, with 

drought induced hydraulic dysfunction leading to tree mortality (Cochard et al., 2013). Severe 

prolonged droughts might lead to change in forest productivity, growth and species composition 

as well as increased mortality of drought-stressed species and dispersion of drought tolerant 

species (Nepstad et al., 2007; Corlett, 2016; Esquivel-Muelbert et al., 2017), leading to a 

reduction in ecosystem carbon storage (Choat et al., 2012; Will et al., 2013; Apgaua et al., 2019). 

Additionally, climatic variation plays an important role in maintaining hydraulic traits within 

diversified species. Drought tolerant species have cavitation resistance capacity or ability to 

close their stomata early in case of water deficient conditions (Li et al., 2018; Trueba et al., 2019). 

Plants in their natural environments adjust to drought stress through different 

mechanisms, including temporary responses to low soil moisture and survival mechanisms like 

early flowering in the absence of seasonal rainfall (Kurten et al., 2018). Isohydric plants have 

adopted a more conservative water use strategy than anisohydric plant species. They close their 

stomata early at the beginning of a drought. This way they can maintain relatively persistent leaf 

water potential as soil water content tends to decline. However, this strategy reduces carbon 

dioxide (CO₂) uptake, which directly limits photosynthesis. Over prolonged drought, the 

reduction in carbon assimilation can lead to carbon starvation, where the plant lacks sufficient 

energy reserves to sustain growth and maintenance functions (McDowell, 2011). In case of 

anisohydric plants, they maintain open stomata although it causes reduction in leaf water 

potential as soil becomes drier as the drought progresses increasing the risk of hydraulic failure 

(Li, Ximeng et al., 2019). This can induce xylem cavitation and embolism, potentially resulting in 

irreversible damage to the plant's vascular system. Such risks place anisohydric plants at a 

significant disadvantage in environments characterized by prolonged drought or extreme heat, 

where the increased likelihood of hydraulic failure and dehydration ultimately outweighs the 

benefits of sustained carbon assimilation. 
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At the initiation of drought, plants close stomata reducing water loss through 

transpiration (Li et al., 2018). Gradual stomatal closure helps plants to minimize water loss. This 

aids in slowing xylem water potential reduction (Nolf et al., 2015). Drought responses like wilting 

or xylem conductivity loss occur with further intensification of drought stress (Bartlett et al., 

2016). During prolonged drought, acclimation responses like osmotic pressure adjustment occur 

by accumulating solutes in plant leaves. This is a strategy used to maintain turgor pressure when 

xylem water potential is low (Hsiao et al., 1976; Chen & Jiang, 2010; Harb et al., 2010; Blum, 

2017). Plants follow strategies like releasing water from living cells into the transpiration stream 

to increase the water potential, mitigate developing xylem embolism and hence delay drought 

stress effects (Gleason et al., 2014; Pfautsch et al., 2015). As the drought persists, plants 

continue to dehydrate through leaky stomata, leaf and root cuticles (Brodribb et al., 2017; 

Schuster et al., 2017; Blackman et al., 2019). Severe loss of hydraulic functioning occurs, due to 

dehydration, and leads to photosynthetic capacity damage (Trueba et al., 2019; Marchin et al., 

2020). Consequently, tension within the plant hydraulic system continues inducing cavitation 

and expansion of air bubbles. Persistent embolism may cause carbon starvation in addition to 

whole plant dehydration (Li et al., 2018), and high evaporative demand may cause systemic 

vascular failure leading to rapid plant mortality through desiccation (Choat et al., 2018).  

Drought stress can limit photosynthesis by decreasing gs, which restricts the flow of 

carbon dioxide into the leaves to balance carbon assimilation and water loss (Zhao et al., 2013; 

Feller, 2016). Respiration, another crucial process in plants involving the breakdown of 

carbohydrates to produce energy, could also be reduced under drought stress (Chen et al., 

2021).  

Under drought stress, plants may show increased intrinsic WUE by reducing gs to limit 

water loss (Yin et al., 2006). Plants with higher WUE can regulate their stomatal function 

efficiently to decrease transpiration rates (Brodribb & Holbrook, 2003), ultimately leading to less 

water loss per unit of carbon gained. This adjustment is especially crucial in locations where 

water resources are scarce. Species with different WUE strategies may show diverse competitive 

abilities and niche preferences, leading to shifts in community composition along environmental 

gradients. 

1.1.1.3 Plant acclimation to edaphic conditions 

Plants exhibit a wide range of responses to different edaphic conditions, highlighting 

their ability to adjust to the soil they grow in. They can adapt to specific soil conditions by 

establishing a complex association with soil biota, including mycorrhizal fungi (Máčel et al., 2007; 
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Rúa et al., 2016). The spatial variation in plant traits is also a major driver of the variation in 

edaphic conditions. Additionally, hydro-edaphic conditions have been observed to significantly 

affect the composition and richness of plant species (Tuomisto et al., 2014). Plants receive water 

and nutrients from soils. To produce one gram of dry biomass a plant typically consumes around 

300 g of water (Wong et al., 2022). But when water content is reduced in soil, plants are 

physiologically and biochemically affected in many ways (Sarker et al., 2005). Changes in 

precipitation and temperature patterns due to climate change will result in frequent and intense 

droughts in the near future. Plants with different hydraulic strategies react to precipitation 

changes as well as soil-water content availability in ecosystems and acclimate their resource use 

efficiencies along precipitation gradients (Limousin et al., 2015). Hydraulic strategies may 

develop as a result of long-term generational adaptation or short-term acclimation to various 

environmental stresses. One such strategy is the hydraulic lift mechanism which enables plants 

to transport water from moister to drier soil layers through their root systems. Deep rooted 

plants are found to utilize this strategy contributing significantly into evapotranspiration as well 

as supporting the neighbouring shallow-rooted species (Caldwell et al., 1998). This process is 

essential for the survival of many plant species in various environments having important 

impacts on plant water balance, nutrient mobilisation and competition for space and nutrients 

between plants (Dawson, 1993). Moreover, it has been found that with changes in soil moisture 

plants can adjust their gs to optimize their water use efficiency (WUE) (Linares & Camarero, 

2012; Boyle et al., 2016). Night-time transpiration is another highly effective strategy that can 

significantly improve nutrient uptake in plants growing in nutrient-poor soils (Scholz et al., 2007; 

Snyder et al., 2008). 

Nutrient availability in soil determines the properties of vegetation communities in 

natural ecosystems (Funk & Vitousek, 2007; Zhao et al., 2023). When multiple resource 

limitations interact, as an example in nitrogen (N) and phosphorus (P) limited soils, plants might 

adjust their resource use pattern to utilize available limited resources more efficiently (Reich et 

al., 2009; Ellsworth et al., 2022). Moreover, drought causes reduction of water availability in soil 

which leads to plant nutrient deficiency, even in fertilised soils, as nutrient mobility and 

absorption are reduced, making it an important stress factor causing global plant mortality (Da 

Silva et al., 2013). It is assumed plants can transport growth-limiting nutrients to root surfaces 

through mass flow of the soil solution. This has been tested for nitrogen (Cramer et al., 2008; 

Cramer et al., 2009), and phosphorus (Cernusak et al., 2011b; Huang et al., 2017; Aoyagi et al., 

2022). According to an optimal growth model, it is suggested that plants may need to adjust 

resource allocation to different plant functions in order to optimise growth under resource 
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constraints (Schwinning & Weiner, 1998). This could result in a reduced growth rate, altered leaf 

area, or reduced photosynthetic capacity (Eskelinen & Harrison, 2015). Furthermore, the 

constraints of limited resources can also influence the competitive dynamics among various 

species in the ecosystem (Rees et al., 2001). Such limitations may favour certain species over 

others based on their responses to the limited resources. 

1.1.1.4 Plant acclimation to changing atmospheric CO2 concentration 

Plants acclimate to changing CO2 concentrations, with studies suggesting that different 

plant species acclimate to different degrees. Extended periods of elevated CO2 exposure may 

not substantially affect plant CO2 uptake (Sage, 1994), while short-term exposure typically 

results in an increased rate of photosynthesis (Amthor, 1995). This may represent an acclimation 

strategy that allows plants to efficiently balance resource limitations with the maintenance of 

other physiological processes (Tissue et al., 1993).  

Plant responses to changing CO2 concentrations vary significantly, depending on 

exposure duration, species as well as how they interact with other environmental variables like 

temperature and droughts. Atmospheric CO2 levels may influence gs and WUE responses to 

drought and heat stress (Li, Xiangnan et al., 2019). It has been found that drought and elevated 

temperature effects on plants can be mitigated by elevated levels of CO2 which eventually 

reduce gs and water loss while maintaining photosynthesis (Duan et al., 2014). Increased 

atmospheric CO2 reduces plant mortality risk during drought by modifying plant hydraulics as 

WUE is increased with higher available CO2 (Liu et al., 2017; Apgaua et al., 2019).  

Anticipating alterations in plant eco-physiological responses poses greater difficulties 

when several resource constraints and environmental burdens interconnect. The complex 

interplay and subsequent feedbacks between these factors hinder precise forecasting of plant 

reactions and their impact on ecosystem behaviour.  

1.1.2 Inherent Ability and Evolutionary Adaptation for Acclimating Physiological Responses 

to Environmental Change 

Plants have the remarkable ability to acclimate their physiological responses to a 

changing environment, and this ability depends on their inherent capacity. The ability of plants 

to acclimate is predetermined by their genetic composition and phenotypic flexibility (Boyko & 

Kovalchuk, 2011). This acclimatation capacity could empower plants to enhance their resilience 

to impending climate change, providing them the capability to regulate their physiological 

processes in tandem with changing climate. Plants have developed diverse mechanisms, in 

response to environmental conditions and selective pressures, like alterations in gs (Drake et al., 
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1997), photosynthetic rates (Matthews & Boyer, 1984; Murchie et al., 2002; Atkin et al., 2006), 

leaf traits (Edwards, 2006; Xue et al., 2017), and physiological processes (Maherali et al., 2004). 

Genetic diversity is fundamental in determining a plant's capacity to sense changes in its 

surroundings and generate an adaptive response (Nicotra et al., 2010). Different plant species 

demonstrate varying degrees of acclimation capacity, with certain species exhibiting greater 

plasticity than others (Athanasiou et al., 2009). This genetic diversity enables plants to 

acclimatize to distinct environmental conditions and bolster their innate capabilities against 

future change in climate (Vitasse et al., 2010).  

Phenotypic plasticity, the capacity of an organism to produce distinct phenotypes in 

response to environmental stimuli, represents a fundamental mechanism by which plants adjust 

to shifting environments (Nicotra et al., 2010). Plants can undergo large adjustments in the 

timing of phenological events, including flowering and leaf senescence, in reaction to 

temperature alterations, for example (Vitasse et al., 2010). Furthermore, phenotypic plasticity 

provides plants with the ability to regulate their physiological functions, including 

photosynthesis and respiration, to enhance their efficiency in varying environmental 

circumstances (Matthews & Boyer, 1984; Murchie et al., 2002; Atkin et al., 2006).  

The acclimation potential of angiosperms and gymnosperms, two major groups of 

plants, differs due to their evolutionary history and traits. Angiosperms, or flowering plants, 

have diversified and become dominant in many ecosystems. They have undergone substantial 

evolutionary changes, including the emergence of flowers and fruits, which have enhanced their 

ability to acclimate and thrive. These adaptations have enabled angiosperms to adapt to diverse 

environmental conditions and exploit novel ecological niches (Onstein, 2019). In contrast, 

gymnosperms, encompassing gymnosperms and cycads, exhibit a reduced capacity for 

acclimation as opposed to angiosperms. Gymnosperms face functional limitations in their 

growth rates, which has confined them to regions with reduced growth in angiosperm rivals, 

such as cold or nutrient-scarce environments (Bond, 1989). Gymnosperms exhibit unique 

characteristics that differentiate them from angiosperms, specifically their capacity to adapt to 

harsh conditions (Li et al., 2020). Nonetheless, gymnosperms have a comparatively slower 

evolutionary pace than angiosperms and underwent significant extinctions in the Cenozoic 

period (66 million years ago until now), which significantly reduced their diversity and 

adaptability (Crisp & Cook, 2011).  

The variance in acclimation potential between angiosperms and gymnosperms can be 

linked to the different rates of molecular evolution. Gymnosperms exhibit lower rates of 
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molecular evolution than angiosperms, which could account for their relatively sluggish 

adaptation to shifting environments (De La Torre et al., 2017). Furthermore, during the 

Cretaceous period (145 to 66 million years ago), angiosperms experienced a significant increase 

in the evolution of leaf veins, leading to an enhancement in their ability to acclimate compared 

to gymnosperms (Feild et al., 2011). It is evident that the rate of climate change may hinder 

plants' genetic adaptation, leading them to become more reliant on their acclimation capacity 

(Fonti et al., 2012). Moreover, plant acclimation can be influenced by factors like water and 

nutrient availability, as well as the severity and duration of environmental stressors (Franks et 

al., 2013). It is important to understand these factors to investigate how plants adapt and 

respond to altering environments. 

Research has established noteworthy connections between leaf-specific xylem 

hydraulic conductivity, stomatal pore index, leaf venation density, and leaf size (Edwards, 2006). 

These characteristics are believed to co-evolve. Additionally, it is widely acknowledged that the 

development of cuticular wax is crucial in enabling plants to retain water in arid environments, 

thus constituting a significant adaptive characteristic for terrestrial plants (Xue et al., 2017). 

Furthermore, the efficacy of a plant's water use can also be attributed to its ability to withstand 

xylem cavitation. The susceptibility of plants to xylem cavitation can vary across species and is 

impacted by evolutionary factors (Maherali et al., 2004). Comprehending the evolutionary origin 

and environmental relevance of xylem transportation and cavitation endurance can improve 

forecasts of plant water utilisation in response to environmental changes.  

The acclimation capacity of vegetation is not boundless and is limited by various factors. 

Their ability to adapt can be affected by factors such as population size, resource availability and 

the pace of climate change. It has been demonstrated that a greater ability to develop local 

adaptation and adjust to changing environments is possessed by larger plant populations (Leimu 

& Fischer, 2008). Savannah species have the ability to recover from short-term moderate to 

severe drought and thus can tolerate higher intensity of drought compared to forest species 

(Fensham et al., 2009). This drought tolerance ability of savannah species results from several 

factors including higher and faster re-sprouting ability, enhanced flowering and seeding, and 

ability to withstand fires (Sankaran, 2019). On the other hand, species in the forest-savannah 

ecotone play a crucial role in ecosystem dynamics and are likely to face rapid changes. These 

changes might be fast enough to override the adaptation speed of ecological processes, leading 

to significant changes in forest dynamics (Donoghue & Edwards, 2014; Oliveras & Malhi, 2016). 

This understanding can provide valuable insights into the ability of plants to survive and thrive 

in the future changing environment in different habitats. 
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1.1.3 Australian Native Flora and Climate Change 

The geological stability of Australia has facilitated the development of diverse soil 

compositions throughout the continent (Viscarra Rossel & Bui, 2016). Additionally, Australia 

consists of diverse climatic conditions characterised by a wide range of rainfall regimes, which 

greatly influence the diversity of flora across the continent. This variation in climate yields 

distinct ecological niches for different plant species, enabling the evolution of a wide array of 

unique native flora (Hellmuth, 1971; Crisp & Cook, 2013).  

Plant nutrient-acquisition strategies alter with soil age. Older soils often suffer from 

weathering and nutrient depletion, while younger soils are usually more fertile (Lambers et al., 

2008). This divergence in soil composition has impacted the distribution and adjustment of plant 

species in Australia.  

The correlation between rainfall and plant diversity is complex and can be impacted by 

multiple elements, such as soil type, vegetation structure, and disturbance regimes. As an 

example, in the south-eastern Australian woodlands, rainfall gradients, vegetation, and soil 

furnish a basis for fire occurrence due to continuous accumulation of surface-litter on a regular 

basis (Gibson et al., 2015). Additionally, annual rainfall, soil texture, and forestry practices 

influence the cover and diversity of biological soil crusts in arid and semi-arid woodlands 

(Thompson et al., 2006). These crusts play a crucial role in soil stability and nutrient cycling, and 

their presence or absence can have significant effects on plant diversity. 

Australia's rich flora has its origins in the ancient southern supercontinent of Gondwana. 

During the Cretaceous period, when Australia was covered in subtropical rainforest, the modern 

Australian flora began to take shape (Dettmann & Jarzen, 1990). Early Gondwanan angiosperm 

flora, including Myrtaceae, Proteaceae, and Fabaceae, are present in Australia. During the 

Oligocene period, from 25 to 10 MYA, there was a rapid succession of species such as Eucalyptus, 

Casuarina, Allocasuarina, and Banksia, which led to the development of open forests (Crisp et 

al., 2004). 

In recent time, most of the Australian landscape is dominated by eucalypts making them 

iconic Australian forest trees. Almost 77% of Australia’s total native forest land is covered by 

different types of eucalypts. About 800 species from three genera- Eucalyptus, Corymbia and 

Angophora- comprise the eucalypts. Eucalypts have evolved from their rainforest ancestors, 

becoming especially well adapted to drought, nutrient-poor soils, and frequent fire (Crisp & 

Cook, 2013). Despite their wide distribution, research has shown that many eucalypts are found 

within a narrow bio-climatic zone (Hughes et al., 1996); more than 20% of all eucalypt species 
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have a distribution range that extends across <1°C and experience less than a 20% variation in 

rainfall. The evolution of range size in eucalypts was significantly influenced by traits related to 

physiological tolerance and life history (Mathews & Bonser, 2005). Several different diversified 

mechanisms to cope with drought stress by eucalypt trees have been reported by researchers 

(White et al., 2000; Callister et al., 2008). In response to drought the primary structural 

adaptation of some eucalypt species is to shed leaves to reduce leaf area and increase root 

length to go deeper under-ground in search of water (Dye, 1996; Silva et al., 2004).  

Southern gymnosperms as well as Australian endemic gymnosperms have proven their 

ability to compete effectively with angiosperms in a wide range of habitats (Hill & Brodribb, 

1999). They have evolved in geographically isolated regions and have successfully competed 

with angiosperms. Again, the harsh environmental conditions in Australia may favour stress 

tolerance over performance, such that gymnosperms successfully tolerate areas with poor soil, 

drought conditions, or extreme climates (Folk et al., 2020). This is because gymnosperms are 

more resilient in nutrient-poor and low-water conditions, a trait that is enabled by slower 

growth rates and lower nutrient requirements. They have evolved under different pressures 

compared to their northern counterparts (Shindo et al., 1999; Brown et al., 2021). Their fire 

adaptability, unique evolutionary traits and symbiotic relationships with mycorrhizal fungi as 

well as lower competitive pressure from angiosperms enabled southern gymnosperms to retain 

a prominent ecological role. In contrast, Northern Hemisphere gymnosperms faced greater 

competition from rapidly evolving angiosperms, which diversified faster and occupied a broad 

range of ecological niches, limiting gymnosperms primarily to harsher or colder climates where 

angiosperms struggled to compete (Brodribb et al., 2012). 

Since 1910, Australia’s climate has become warmer by over 1.47 ± 0.24°C (std. deviation) 

(CSIRO and Bureau of Meteorology, 2022) and is anticipated to increase by 2.8-5.1°C by 2090 

(CSIRO and Bureau of Meteorology, 2015). It is expected that regional heatwaves will be longer, 

more frequent, and warmer because of climate change (Perkins-Kirkpatrick & Lewis, 2020). This 

magnitude of change in climate will place most of the plants at the edge of their thermal 

tolerance. According to Brodribb et al. (2020), a temperature increase of 5°C by the end of this 

century could result in a decline of almost 60% in the global tree population unless they 

acclimate to the changing environmental conditions.  

The response of plants to changes in temperature is a complex matter as different 

species may exhibit varying immediate responses to leaf temperature, while also potentially 

undergoing a less well-established acclimatory response to the average growing temperature 
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(Duursma et al., 2019). Moreover, it is evident that plants have the ability to adapt to seasonal 

or spatial changes in growth temperature by modifying their short-term temperature response 

of respiration (Sturchio et al., 2021). It is crucial to consider these behaviours when studying the 

effects of temperature on plant growth and development. For better understanding of the 

resilience of the unique plants in Australia, it is essential to understand their physiological 

responses under different environmental stressors. Hence, Australia offers a unique opportunity 

to investigate the interplay between environmental stressors and the extent to which their 

evolutionary adaptation defines the limits of species' acclimation potential. 
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1.2 Objectives 

The Australian continent has not faced any major geological disturbances for millions of 

years, resulting in significant differences in soil and climatic patterns as well as unique native 

plants across the continent. It provides a perfect place for investigating how plants respond to 

environmental challenges and to explore their ability to acclimate to new environmental 

conditions, such as those being ushered in by climate change. Keeping that in mind, my thesis 

aims to better understand how Australian native plants, such as eucalypts and endemic 

angiosperms and gymnosperms, with different inherent adaptations adjusted to environmental 

changes by acclimating their physiological responses. I aimed to answer the following questions:  

i) How does the water-use efficiency of trees across Australia respond to precipitation 

and soil nutrients? And how is this response modulated by their adaptive histories? 

ii) How do saplings of eucalypt species from different rainfall regimes physiologically 

respond to drought and elevated temperatures?  

iii) Do angiosperms and gymnosperms acclimate differently to elevated CO2, 

potentially reflecting their different evolutionary histories?  
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1.3 Thesis Structure 

This thesis is structured into 5 chapters; in this first chapter I reviewed plant eco-

physiological adaptation and acclimatation under different environmental stresses. I aimed to 

establish the context for how several multiple stressors might interact and how plants acclimate 

through their physiological responses.  

In Chapter 2, I analyse several transects along different rainfall gradients across 

Australia, exploring how plant water-use efficiency differs and what the modulating factors are 

behind this variation. Here carbon isotope discrimination (Δ13C) was used as a proxy for plant 

water-use efficiency. I considered climatic parameters as well as soil nutrients to find potential 

explanatory variables. These results were then compared with those of two common garden 

experiments. Finally, an Australia-wide leaf gas-exchange dataset was used to show how soil 

nutrients influence water-use efficiency of plants. Thus, I aimed to address objective (i) in 

Chapter 2. 

 In Chapter 3, I further investigate the short-term physiological responses to drought 

and elevated temperatures in several eucalypt species adapted to different rainfall regimes. I 

collected seedlings of four different eucalypts covering a wide precipitation range across 

Australia and setup a glasshouse experiment where plants were grown under controlled 

temperature and water stress, thus aiming to address objective (ii). This experiment provided 

insights into dark respiration, minimum leaf conductance and cuticular conductance.  

 In Chapter 4, I present another glasshouse experiment with Australian angiosperms and 

gymnosperms grown under different CO2 concentrations. Here, I explored how pre-adaptation 

and evolutionary constraints determine acclimation potential in response to elevated CO2. 

Objective (iii) was addressed in this chapter. 

 In Chapter 5, I provide a general overview of the research results, highlighting their 

significance, relevance and potential implications. The chapter aims to highlight the contribution 

of this thesis to the field of plant eco-physiology and to stimulate further exploration of the 

additional questions raised by the research presented in this thesis. 
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CHAPTER 2: SOIL PHOSPHORUS DRIVES DIVERGENT PATTERNS IN 

INTRINSIC WATER-USE EFFICIENCY OF TREES ACROSS AUSTRALIA 
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Abstract (Chapter 2) 

Several transects have been established to study the sensitivity of intrinsic water-use 

efficiency, as inferred from carbon isotope discrimination (13C), to mean annual precipitation 

(MAP) in Australia. These have shown a surprising divergence in sensitivity of 13C to MAP 

among regions. Here, I combine these previous observations with measurements along a new 

transect in northeast Queensland to show that such sensitivity depends on regional-scale soil 

phosphorus (P) concentrations. In P-poor regions, 13C decreases less with decreasing MAP, and 

correspondingly water-use efficiency increases less, than in P-rich regions.  

To identify the potential mechanisms underlying this observed divergence I first 

examined two contrasting transects in northern Australia in more detail. Here I show that leaf 

13C correlates with leaf [P] in the P-poor Northern Territory, but not in P-rich northeast 

Queensland, where it rather correlates with leaf [N]. This demonstrates the influence of both 

[N] and [P] availability on 13C and thereby inferred water-use efficiency across Australian 

ecosystems. Furthermore, using an Australia-wide leaf gas-exchange dataset, I show that soil [P] 

influences the ratio of intercellular to ambient CO2 concentrations (ci/ca), which in turn controls 

13C, and I find this trend to be driven by changes in stomatal conductance (gs), rather than by 

photosynthetic capacity. I hypothesize that some Australian woody plant species have evolved 

to use high transpiration rates in P-impoverished, ancient soils to facilitate [P] foraging. To 

further demonstrate this evolutionary strategy, I highlight results from two common-garden 

experiments, one established in the P-limited Northern Territory and one in P-rich New South 

Wales which showcase divergent behaviour of species adapted to differences in regional-scale 

soil [P] status when grown under common conditions of water availability.  
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2.1 Introduction 

Along a gradient of resource availability, plant ecophysiological strategies can be 

expected to be favoured that use the resource more efficiently as its availability declines. Plants 

can be expected to conserve and recycle resources, such as water and nutrients, to maximize 

their growth and productivity when there is a scarcity of any of those resources. Water 

availability provides one such example, in which water-use efficiency (WUE) typically increases 

in response to increasing environmental aridity. At the leaf-level intrinsic water-use efficiency 

(WUEi), defined as the ratio of photosynthesis (A) to stomatal conductance (gs), provides an 

index of the amount of CO2 fixed for a given amount of water lost to the atmosphere at a 

standardised leaf-to-air vapour pressure difference.  

Measurements of carbon isotope discrimination (13C) of plant dry matter can be used 

to infer WUEi over the time period the plant tissues were formed (Farquhar & Richards, 1984). 

This technique has been used to assess intrinsic water-use efficiency of plants grown in common 

environments (Richards et al., 2002; Cernusak et al., 2007; Rebetzke et al., 2008), as well as 

along resource gradients (Brooks et al., 1997; Guehl et al., 2004; Cernusak et al., 2009). The term 

13C is the discrimination against the 13C isotope which occurs during the conversion of 

atmospheric CO2 to plant biomass via photosynthesis and can be related to leaf gas exchange as 

in equation 2.1 (Farquhar et al., 1982; Farquhar et al., 1989): 

Δ13𝐶 ≈ 𝑎𝑠 + (𝑏̅ − 𝑎𝑠)
𝑐𝑖

𝑐𝑎
  (Equation 2.1) 

where 𝑎𝑠 is the 13C/12C fractionation during diffusion through stomata (4.4‰), 𝑏̅ is 

discrimination against 13CO2 by carboxylating enzymes (~27‰) and 𝑐𝑖/𝑐𝑎 is the ratio of the 

intercellular to ambient CO2 concentrations.  

Additionally, the ratio of 13C/12C in plant tissues is typically represented as δ13C. This is 

derived from measuring the relative deviation of sample’s isotope ratio compared to the 

internationally known standard, Vienna Pee Dee Belemnite (VPDB). To relate the δ13C of plant 

tissue to ci/ca, equation (2.1) can be written as: 

𝛿13𝐶 ≈ 𝛿13𝐶𝑎 − 𝑎𝑠 − (𝑏̅ − 𝑎𝑠)
𝑐𝑖

𝑐𝑎
  (Equation 2.2)

Here δ13Ca is the δ13C of CO2 in the atmosphere surrounding the plant. The intrinsic water-use 

efficiency (WUEi) or A/gs can be related to the term 𝑐i/𝑐a by equation 2.3, 

 𝑊𝑈𝐸𝑖 =
𝐴

𝑔𝑠
≈  

𝑐𝑎(1−
𝑐𝑖
𝑐𝑎

)

1.6
  (Equation 2.3) 



CHAPTER-2 18 

   

 

Substituting equation 2.2. into 2.3 provides the capacity to link δ13C and water use 

efficiency, with measurements of plant tissue δ13C providing a time-integrated proxy for 𝐴/𝑔𝑠, 

and with the advantage over instantaneous gas exchange measurements of improving the signal 

to noise ratio (Cernusak & Marshall, 2001). This can be written as equation 2.4,  

 
𝐴

𝑔𝑠
=

𝑐𝑎

1.6
[1 −

(𝛿13𝐶𝑎−𝛿13𝐶−𝑎𝑠)

(𝑏̅−𝑎𝑠)
]  (Equation 2.4) 

The δ13C can be measured in previously sampled and preserved plant organic material, 

making it an attractive option for exploring trends in 𝐴/𝑔𝑠 across spatial gradients.  

Recent global compilations of WUEi, as inferred from δ13C, support the idea that intrinsic 

water-use efficiency increases in response to declining water availability (Harrington et al., 1995; 

Cornwell et al., 2018; Bai et al., 2020; Adams et al., 2021; Towers et al., 2024). This trend has 

also been found along aridity gradients in Australia (Stewart et al., 1995; Schulze et al., 1998; 

Miller et al., 2001; Schulze et al., 2006; Givnish et al., 2014; Cernusak, 2020; Driscoll et al., 2020). 

However, these Australian transects have also shown a surprisingly large variation in terms of 

the change in WUEi for a given change in mean annual precipitation (MAP) (Westerband et al., 

2023). A similar divergence in the inferred response of water use efficiency occurs if 

hydroclimate is instead expressed as aridity index (AI), the ratio of precipitation to potential 

evapotranspiration, considered a macro-scale measure of ecosystem water balance (Towers et 

al., 2024). One potential explanation that has been suggested for regionally variable 13C-MAP 

relationships is that the sensitivity of 13C to precipitation could be influenced by the seasonality 

of precipitation (Towers et al., 2024). For example, the rainfall distribution in northern Australia 

shows a large seasonal variation compared to that in south-eastern Australia, with studies 

having found contrasting responses of 13C to MAP which might be a result of precipitation 

seasonality (Schulze et al., 1998; Miller et al., 2001; Cernusak et al., 2011a).  

Alternatively, the sensitivity of 13C to precipitation could be influenced by interactions 

with variable soil nutrient availability. Higher nitrogen (N) availability is known to result in lower 

13C (i.e. tissue δ13C that is less negative, or closer to the atmospheric value of approximately -

8‰), through its influence on photosynthetic capacity (Garrish et al., 2010; Cernusak, 2020; 

Ellsworth et al., 2022). While less is known for phosphorus (P), it could also be expected to 

similarly influence 13C through modification of photosynthetic capacity. Recent evidence has 

shown the previously assumed strong relationship between A and leaf [N] is reduced by a low 

level of leaf [P] (Reich et al., 2009; Ellsworth et al., 2022). Both [N] and [P] limitation in soils may 

lead to plants adjusting their resource use patterns to utilize available limited resources more 



CHAPTER-2 19 

   

 

efficiently. At the same time, it has been hypothesized that plants can use high transpiration 

rates, resulting in low water use efficiency, to transport growth-limiting nutrients to root 

surfaces through mass flow of the soil solution. This argument has been made with respect to 

[N] (Cramer et al., 2008; Cramer et al., 2009), and [P], including organic P-containing compounds 

from which phosphate could be cleaved by extracellular enzymes released into the rhizosphere 

(Cernusak et al., 2011b; Huang et al., 2017; Aoyagi et al., 2022). I suggest that this latter 

mechanism may be particularly relevant in Australian regions where the soils are severely 

impoverished with respect to soil [P]. 

The Australian landscape has been unaffected by major geological disturbances for 

millions of years. Combined with continuous erosion, leaching, and fire, this has left Australian 

soils deprived of rock-derived nutrients (Viscarra Rossel & Bui, 2016), resulting in some of the 

most P impoverished soils on Earth (Orians & Milewski, 2007; Kooyman et al., 2017). In the early 

stages of soil development weathering of exposed minerals increases the amount of plant 

available soil P. As the soil matures, the amount of available P decreases due to the formation 

of insoluble minerals and organic compounds (Lambers et al., 2011).  

In attempting to determine why differences in WUE may be observed across the 

Australian continent I collated six existing datasets for 13C of trees growing across precipitation 

gradients and combined them with data for a new transect in northeast Queensland. After 

accounting for the trend in 13C of atmospheric CO2 in the year of sample collection, I extracted 

gridded climate and soil data for sampling sites and accounted for differences in the tissue type 

collected. With the standardized dataset, I then tested for detectable variation in the sensitivity 

of 13C to MAP among regions. Upon showing that this indeed exists, I then tested for 

correlations between the regional slope and regional edaphic and climatic characteristics, 

including precipitation seasonality, soil [N], and soil [P]. Upon finding that soil [P] was the most 

promising potential driver, I then examined common garden datasets and an Australia-wide 

dataset of leaf gas exchange to better understand the role of soil [P] in modulating WUEi 

responses to precipitation. 
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2.2 Materials and methods 

2.2.1 Transects and sampling details 

Data including site location and leaf carbon isotope composition (δ13C) from six 

previously published sampling transects were collated from the literature (Figure 2.1, Table 2.1) 

and combined with novel data from a transect in northeast Queensland. All transects started 

near the coastal regions, where MAP is generally high, and extended into the arid interior of the 

Australian continent. For the new transect presented here, leaf samples were collected from 

trees at 11 sites in northeast Queensland, starting near Cairns at the edge of Australian Wet 

Tropics, and extending to near Boulia, at the edge of the Simpson desert. This transect is 

approximately 900 km in length, covering a rainfall gradient from about 1700 to 300 mm MAP. 

Sampling took place during the dry season in 2015 with samples collected from three trees of 

one eucalypt species at each site. More details of the sampling procedure and site locations are 

provided in Cheesman and Cernusak (2017). Data on δ13C of these samples is presented here for 

the first time.  

  



CHAPTER-2 21 

   

 

 

Figure 2.1: Sampling site locations and transects across Australia included in this chapter. Note 

that there are three sets of samples along a similar transect in the Northern Territory (i.e. NAT-

Cernusak, NAT-Miller, NAT-Schulze), which are retained as separate transects given sites, 

investigators, and methodologies employed differed.  

2.2.2 Sample analysis 

Leaf samples collected from the northeast Queensland transect (NE-QLD-Cheesman) 

were oven dried at 60°C and ground to a fine powder (Bench Top Ring Mill, ROCKLABS, New 

Zealand). The carbon isotope ratios (δ13C, ‰) and leaf [N] (mg g−1) were measured using a 

ThermoScientific Elemental Analyser coupled via a ConFloIV to a ThermoScientific Delta V PLUS 

IRMS at James Cook University, Nguma-bada campus (Cairns, Australia). Leaf [P] (mg g−1) was 

analysed by microwave-assisted acid digestion, followed by detection by inductively-coupled 

plasma-atomic emission spectrometry (ICP-AES) at the Advanced Analytical Centre, JCU, Bebegu 

Yumba campus (Townsville, Australia).  

Sample analysis procedures for the other transects can be found in the corresponding 

references shown in Table 2.1. For the transect in Victoria (SE-VIC-Givnish, Table 2.1), stem wood 

samples were collected instead of leaf samples. Therefore, in order to standardise analyses 

across the dataset, an offset of −1.5‰ to the wood 13C values was applied to make them 

comparable to leaf 13C values (Cernusak & Ubierna, 2022).  
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For calculating observed isotopic discrimination (13C) of leaf samples, the decreasing 

trend of 13C of atmospheric CO2 (13Ca) has also been considered over the approximately 30-

year period of data collection. Estimates of 13Ca specific to the period of sampling were used 

from Cernusak and Ubierna (2022) to calculate 13C as per equation 2.5 where 13Cp is the 13C 

of measured plant tissue (Farquhar et al., 1989): 

Δ13𝐶 =
𝛿13𝐶𝑎−𝛿13𝐶𝑝

1+𝛿13𝐶𝑎
    (Equation 2.5) 

2.2.3 Gridded data layers 

For each sampling site in the combined dataset, I extracted MAP and annual 

precipitation seasonality from the TERN Ecosystem Modelling and Scaling Infrastructure 

(eMAST) data products (Evans et al., 2015) representing a 30-year average (from 1976 to 2005) 

centred on 1990. Data for each 100 mm MAP band was averaged along each transect to balance 

the weighting of samples among the transects. The figures illustrating MAP (Figure 2.2a) and 

precipitation seasonality (quantified using the coefficient of variation; or the ratio of the 

standard deviation of monthly precipitation to the average monthly precipitation, expressed as 

a percentage) (Figure 2.2b) were also prepared from eMAST data products. In addition to MAP, 

I also considered the aridity index (AI), calculated as the ratio of annual potential 

evapotranspiration to precipitation. The aridity index map (Figure S1) was prepared using the 

latest global aridity index dataset (Zomer et al., 2022), and values were extracted for each of the 

sampling sites. In my initial analysis, aridity index was not found to be a stronger predictor in 

relation to the leaf 13C, hence MAP was retained as the favoured explanatory variable and 

aridity index is not discussed further in this chapter. 

The total soil [N] (Figure 2.2c) and total soil [P] (Figure 2.2d) was calculated from the 

total soil [N] and total soil [P] concentration datasets from the TERN Soil and Landscape Grid of 

Australia available at CSIRO data access portal (Viscarra Rossel et al., 2018a; Viscarra Rossel et 

al., 2018b; Viscarra Rossel et al., 2018c). These datasets offer Australia-wide gridded data at a 

resolution of 3 arc seconds, approximately 90m × 90 m spatial resolution. I used the total [N] 

and total [P] concentration (% soil mass) across depth increments (i.e. 0 to 5 cm, 5 to 15 cm and 

15 to 30 cm), and soil bulk density (g cm−3) datasets, to develop a depth-weighted average of 

topsoil (0 to 30 cm) total soil [N] (t ha−1) and total soil [P] (t ha−1).  

2.2.4 Continental-scale leaf gas exchange data 

A new Australia-wide continental scale trait dataset of instantaneous measurements of 

leaf gas exchange in Australian plants, spanning 528 species from 67 sites, was compiled by 
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Westerband et al. (2023). This dataset was used and analysed in this research to investigate the 

relationship between ci/ca, gs and photosynthetic capacity (Vcmax) with mean annual precipitation 

(MAP) and total soil [P] concentration.  

2.2.5 Common garden experiment data 

Data from two common-garden studies were compared from the literature to provide 

additional insight into the interaction between soil [P] and MAP in modulating 13C (Anderson 

et al., 1996; Cernusak, 2020). Common garden experiments are such where different plant 

species or populations are collected from disparate geographic regions and then grown in a 

shared environment, with the aim of studying the influence of environmental factors in their 

home range on their growth and development. The two common garden studies compared here 

happened to be ideally aligned with the context of this chapter, with one utilizing 34 southeast 

Australian Eucalyptus tree species (Anderson et al., 1996), and the other utilizing 9 Northern 

Australian tree species (Cernusak, 2020). The two sets of species had contrasting relationships 

between 13C and the MAP either at their point of seed collection, in the case of the southeast 

Australian species, or for the species ranges, in the case of the Northern Territory species. In the 

latter case, the geographic locations of seed collection were not known, and for this reason the 

species range MAPs were used. For the species from southeast Australia MAP ranged from 

approximately 200 mm to 1700 mm whereas for the Northern Territory plants the range was 

from approximately 500 mm to 1750 mm. Plants were well watered in both experiments in the 

common gardens.  

2.2.6 Statistical methods 

Data from the northeast Queensland transect were compared with datasets collated 

from the literature to test whether 13C responses to MAP differed across transects. To 

standardize descriptions of sampling site climate, mean annual precipitation and annual 

precipitation seasonality were estimated from the same gridded climatic dataset for all sites. 

Because the number of sites sampled within a transect varied broadly (Table 2.1), sites within 

each 100 mm MAP interval were binned along each transect prior to further analysis, so that the 

representation of the transects in the combined dataset was better balanced. Within each 100 

mm MAP interval on each transect, the site climate data as well as the 13C values were 

averaged.  

In the next step of analysis, a linear model was used to test whether slopes of the 

relationship between 13C and the natural logarithm of MAP, log(MAP), differed among 

transects. The linear model included as independent variables log(MAP), transect id, and the 
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interaction between log(MAP) and transect id. If the interaction term between log(MAP) and 

transect id was statistically significant, this was considered to be evidence of different slopes 

among transects. Having demonstrated a significant interaction effect, the slope of 13C to 

log(MAP) from the model for each transect was extracted. I used the “emmeans” package 

(Lenth, 2023) in R, specifically the “emtrends” function to analyse the estimated marginal means 

and trends between 13C and log(MAP) among transects. Following this, transect-wide averages 

of precipitation seasonality, soil [N], and soil [P] were calculated as the average for all sites within 

a transect. The 13C-log(MAP) slopes among the different transects were then tested for 

correlations with the transect wide averages of precipitation seasonality, soil [N], and soil [P]. 

Following this, two transects in northern Australia (i.e. NAT-Cernusak and NE-QLD-

Cheesman) were examined in greater detail as both leaf [N] and leaf [P] concentrations were 

available for the leaf dry matter of the sampled trees. Partial regression was used for teasing 

apart the dominant nutritional driver of 13C on the two transects. Partial plots were prepared 

to help visualize the unique contribution of each variable to the dependent variable in a multiple 

regression. The beta values (β) for each predictor, which represent the regression weights for 

standardized variables, are reported from partial regression analyses. These values indicate the 

change in the response variable (in standard deviations) associated with a change of one 

standard deviation in a given predictor, while holding other predictors constant (Pedhazur & 

Kerlinger, 1982; Courville & Thompson, 2001).  

A similar approach was used for examining the Australia-wide leaf gas exchange dataset 

of Westerband et al. (2023), in order to test whether responses of 13C to soil [P] were driven 

by gs or photosynthesis. Average values at each sampling site were calculated and used for 

partial regression analysis with this dataset. Data from the two common garden experiments 

were compared with linear regression to test the relationships between leaf 13C and MAP of 

the species’ origin.  

All statistical and graphical analyses were performed using R 4.3.1 (R Core Team, 2023) 

for Windows. Graphs and figures were produced using the R package “ggplot2” (Wickham, 

2016). Maps were created in ArcMap version 10.8.  
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Table 2.1: Transect details and sampling procedures of the datasets analyzed in this study.  

Transect Location Length 
(km) 

Precipitation 
range 

Sampling method Number 
of sites 

Sampling 
year 

Reference 

NE-QLD- 
Cheesman  

Near Cairns to the edge of 
Simpson desert 

~ 900  ~300 mm to 
~1700 mm 

Canopy leaves from three 
trees at each site 

11 2015 (Cheesman & 
Cernusak, 2017) 

SE-VIC- 
Givnish 

South-eastern Australia in a 
narrow 3° band of latitude 

~ 450  ~300 mm to 
~1600 mm 

Wood samples near tree 
base from three trees at 
each site 

19 2011 (Givnish et al., 
2014) 

NAT- 
Schulze 

From Melville Island (11°S) to 
Giles and the Olgas (about 26°S) 

~ 900  ~200 mm to 
~1800 mm 

Sun exposed leaves from 
3 to 5 individual trees per 
species from 1 to 14 
species per sites 

20 1993 (Schulze et al., 
1998) 

NAT- 
Miller 

From Darwin region about 
12.5°S to the southern border 
of NT about 25°S 

~ 1750  ~200 mm to 
~1600 mm 

Sun exposed leaves from 
the canopy from five 
individuals of each 
species per zone 

33 1996 (Miller et al., 
2001) 

NAT- 
Cernusak 

12°S to 23°S in northern 
Australia 

~ 1500  ~300 mm to 
~1700 mm 

Two species at each site 
and a total of six leaves 
from each species  

6 2008 (Cernusak et al., 
2011a) 

S-WA- 
Schulze 

From Perth in the north to 
Walpole in the south and from 
there along a southwest to 
northwest transect to near 
Mount Olga 

~ 2500  ~300 mm to 
~1200 mm 

Leaves were sampled 
from 65 species in total 

73 2003 (Schulze et al., 
2006) 

SE-QLD- 
Stewart 

At the latitude of 27°S ~ 900  ~350 mm to 
~1700 mm 

Recently produced 3 to 
12 leaf samples per 
species from 348 species  

12 1992 (Stewart et al., 
1995) 
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2.3 Results 

2.3.1 Australian transects 

Sampling transects combined here ranged in length from 400 to 2500km with estimated 

MAP across sampling sites typically ranging from 300 to 1700mm (Table 2.1, Figure 2.2a). As 

seen in Figure 2.2b, precipitation is highly seasonal across northern Australia, moderately 

seasonal in south-western Australia, and nearly aseasonal in south-eastern Australia. The 

geographic distribution of the transects covers nearly this full range of variation. It should be 

noted that some regions in Figure 2.2b have precipitation seasonality values over 100% because 

the standard deviation of monthly precipitation throughout the year is larger than the average 

monthly precipitation for some regions.  

The sampling sites from the southeast Victoria transect (SE-VIC-Givnish) contain the 

highest amounts of total soil [N] in the topsoil (0-30 cm), ranging from 2.2 to 9.5 t ha−1 (Figure 

2.2c). On the other hand, sampling sites on the three Northern Territory transects are the most 

soil [N] depleted sites with a range from 2.1 to 3.8 t ha−1. The northeast Queensland transect 

(NE-QLD-Cheesman) starting from the edge of wet biotropic region has soil [N] of 5.5 t ha−1 and 

the sampling site from the same transect near the simpson desert has 1.48 t ha−1 of soil [N]. 

Meanwhile the total soil [N] for the other two transects ranges from 2.1 to 8.4 t ha−1 for 

southeast Queensland (SE-QLD-Stewart) and the south Western Australia transect (S-WA-

Schulze) has a range of 1.1 to 7.5 t ha−1. 

The eastern side of Australia has higher soil [P] compared to the western side (Figure. 

2.2d). The highest amounts of soil [P] in the topsoil layer (0 to 30 cm) are found in the northeast 

Queensland transect’s sampling sites, ranging from 0.7 to 3.9 t ha−1. The southeast Queensland 

transect has a range of 0.9 to 1.7 t ha−1 whereas the sampling sites in the southeast Victoria 

transect range from 0.5 to 2.7 t ha−1 of total soil [P]. The south Westren Australia transect has 

0.4 to 1.3 t ha−1, however the most [P] depleted sampling sites are from the Northern Territory 

transects ranging from 0.4 to 1.0 t ha−1.  
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Figure 2.2: Maps showing different hydroclimatic distributions and soil attributes across 

Australia: a) mean annual precipitation (mm) across Australia where precipitation values 

represent a 30-year average (from 1976 to 2005) centred on 1990; b) precipitation seasonality 

(coefficient of variation of monthly precipitation) across Australia. Areas with higher values have 

more seasonal precipitation, whereas lower values represent areas with less seasonality, having 

precipitation spread more evenly throughout the year; c) map of total soil nitrogen (t ha−1) in 

the 0-30 cm topsoil across Australia; and d) map of total soil phosphorus (t ha−1) in the 0-30 cm 

topsoil across Australia. eMAST data products (Evans et al., 2015) have been used in preparing 

a) and b); whereas the total soil [N] and total soil [P] datasets have been used for c) and d) from 

the TERN Soil and Landscape Grid of Australia available at CSIRO data access portal (Viscarra 

Rossel et al., 2018a; Viscarra Rossel et al., 2018b; Viscarra Rossel et al., 2018c). 
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2.3.2 Relationship between MAP and leaf Δ13C  

In the newly described transect (NE-QLD-Cheesman) MAP varies from 235 mm to 1388 

mm across 11 sampling locations stretched across a 900 km gradient (Table 2.1). The values of 

Δ13C increased with the increase of MAP, ranging from 16.3‰ to 23.4‰ (Figure 2.3). In 

examining the correlation between leaf Δ13C and MAP across transects (Figure 2.3, Table 2.2) it 

is apparent that all three east Australian transects (i.e. NE-QLD-Cheesman, SE-QLD-Stewart, SE-

VIC-Givnish) have steeper slopes compared to north and west Australian transects (Figure 2.3 

and Table 2.2). A linear model of leaf Δ13C values with log(MAP), transect id, and their interaction 

as independent variables showed that both log(MAP) (F1, n=64 =98.81, p<0.001) and transect id 

(F7, n=64 =6.50, p<0. 001) have significant effects on leaf Δ13C values (Table 2.3 and supplementary 

table S2.2). Importantly, the interaction between log(MAP) and transect id was also significant 

(F7, n=64 =4.56, p<0.001), indicating different slopes with log(MAP) for different transects. The 

slope of the regression line for southeast Queensland transect was found to be significantly 

steeper (β = 3.33, SE = 0.56) than rest of the transects described in this chapter. The lowest slope 

was found for one of the Northern Territory transects (NAT-Cernusak; β = 0.47, SE = 0.51). 

 

Figure 2.3: Relationship between mean annual precipitation (MAP) of the sampling sites and leaf 

Δ13C values for the samples from studied transects. The solid lines show linear regression fits for 

each transect. Note that the scale on the x-axis is logarithmic (natural logarithm).    



CHAPTER-2 29 

   

 

Table 2.2: Slope estimates from the linear regression model describing carbon isotope 

discrimination Δ13C as a function of log(MAP), transect, and their interaction.  

Transects Slope SE Lower CI Upper CI 

NAT- Cernusak 0.47 0.51 −0.56 1.49 

NAT- Miller 1.66 0.37 0.91 2.41 

NAT- Schulze 0.86 0.42 0.01 1.71 

NE-QLD- Cheesman 2.87 0.54 1.79 3.94 

SE-VIC- Givnish 2.59 0.45 1.68 3.49 

S-WA- Schulze 1.22 0.57 0.09 2.36 

SE-QLD- Stewart 3.33 0.56 2.20 4.47 

 

 

 

Table 2.3: Analysis of variance results of the linear regression model explaining leaf Δ13C as a 

function of log(MAP), transect id, and their interaction. 

 Sum Sq Df F value Pr (>F) 

log (MAP) 63.68 1.00 98.81 0.00 

Transect 25.13 6.00 6.50 0.00 

log (MAP) × Transect 17.63 6.00 4.56 0.00 

Residuals 32.23 50.00   
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2.3.3 Regional variation in slopes of the leaf 13C response to mean annual precipitation 

Mean transect characteristics of total soil [P], total soil [N] and precipitation seasonality 

were used to test for correlations with the 13C-log(MAP) slopes of the transects (Figure 2.4). 

Mean transect soil [P] had a significant positive correlation (r = 0.84 and p = 0.017) with transect 

leaf Δ13C (‰) response to MAP. Mean regional soil [N] had a non-significant positive correlation 

(r = 0.67) and mean precipitation seasonality had a non-significant negative correlation (r = 

−0.63). 

 

Figure 2.4: Regional relationships between the slope of leaf Δ13C (‰) to MAP (mm) along each 

transect and the transect wide mean of a) soil [P], b) soil [N], and c) precipitation seasonality. 

Each point represents a single transect. The solid red line shows a linear regression fit and the 

grey shaded area is the 95% CI around the regression line. A regression line is only shown for the 

case with a p-value <0.05. Units for soil [P] and soil [N] are t ha-1 in the top 30 cm of soil, and 

precipitation seasonality is in %.   
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2.3.4 Comparison of soil and leaf nutrients on two contrasting transects 

The average soil and leaf-level nutrient composition of two sampled transects in 

northern Australia, one in the Northern Territory and one in northeast Queensland are shown 

in Figure 2.5. The two transects are compared here because data for leaf [N] and leaf [P] are 

available for these two transects, and because they provide a contrast of soil nutrients while at 

the same time experiencing similar precipitation seasonality (Figure 2.2). The two transects 

show similar distributions of values for total soil [N] (t ha−1) (Figure 2.5a). However, the amount 

of total soil [P] (t ha−1) is significantly higher for the northeast Queensland transect compared to 

the Northern Territory transect (Figure 2.5b). This pattern is also reflected in the ratio of soil [N] 

to soil [P] between the two transects (Figure 2.5c). 

The amount of leaf [N] (mg g−1) of the sampled leaves from Northen Territory and 

northeast Queensland transects do not show any significant statistical differences (Figure 2.5d), 

reflecting the lack of difference in soil [N]. In the case of leaf [P] however, there is a significant 

difference between the transects, with the northeast Queensland transect showing higher leaf 

[P], consistent with the trend for soil [P] (Figure 2.5e). Finally, the ratio of leaf [N] to leaf [P] is 

significantly higher for the Northen Territory plants compared to the northeast Queensland 

plants, again consistent with the soil (Figure 2.5f).  
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Figure 2.5: Boxplots of soil and leaf nutrients (N and P) in collected soils of the sampling sites 

(extracted from the gridded soil attribute datasets of Australia) and leaf samples in the Northern 

Territory (NAT-Cernusak) and northeast Queensland (NE-QLD-Cheesman) transects. Panels a), 

c) and e) show the amount of soil [N] in t ha−1, soil [P] in t ha−1 and the ratio of soil [N] to soil [P] 

respectively for the sampling sites from the two different transects; b), d) and f) show the 

amount of leaf [N] in mg g−1, leaf [P] in mg g−1 and the ratio of leaf [N] to leaf [P] respectively. 

Here, the significant terms are described as follows: NS. = not significant; ** p≤0.01;  *** 

p≤0.001.  

  



CHAPTER-2 33 

   

 

2.3.5 Comparison of leaf nutrients and 13C in two contrasting transects 

Multiple regression analysis was used to determine which leaf nutrient, N or P, was 

more strongly associated with variation in leaf 13C on the two transects studied in detail. On 

the northeast Queensland transect (NE-QLD-Cheesman), leaf [N] values on a leaf area basis 

ranged from approximately 1.0 g m−2 to 3.0 g m−2, whereas the leaf [P] values ranged from 

approximately 0.05 g m−2 to 0.5 g m−2. The leaf Δ13C values show a negative partial correlation 

(p = 0.03), with leaf [N] (g m−2) and no apparent correlation with leaf [P] (g m−2) (Figure 2.6a and 

2.6b).  

 

Figure 2.6: Partial regression plots showing the relationship between a) leaf phosphorus (P) and 

leaf Δ13C values, and b) leaf nitrogen (N) and leaf Δ13C values for the samples from northeast 

Queensland transect. The lines show partial linear regression fits and grey shaded areas are 95% 

CI around the regression lines. 

However, in the [P] impoverished soils of the Northern territory (NAT-Cernusak) there 

was a highly significant (p<0.001) negative correlation between leaf Δ13C (‰) and leaf [P] (g m−2), 

whereas the relationship between leaf Δ13C and leaf [N] was not significant (Figure 2.7). The 

contrast between the northeast Queensland and Northern Territory transects shows that the 

leaf nutrient likely to be in limiting supply, either N or P, is the one most associated with variation 

in leaf 13C, and that this differs between the two transects.  
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Figure 2.7: Partial regression plots showing the relationships between a) leaf phosphorus (P) and 

leaf Δ13C values, and b) leaf nitrogen (N) and leaf Δ13C values for the samples collected from a 

transect in the Northern Territory (NAT-Cernusak transect). The lines show partial linear 

regression fits and grey shaded areas are 95% CI around the regression lines. 

2.3.6 Relationships between leaf gas exchange and MAP with soil [P]  

A recently compiled dataset of instantaneous measurements of leaf gas exchange in 

Australian plants (Westerband et al., 2023) was used to investigate how total soil [P] influences 

the relationships between ci/ca, gs and photosynthetic capacity (Vcmax) and mean annual 

precipitation (MAP) (Figure 2.8). It was found that ci/ca varied with both MAP and total soil [P] 

as expected based on results presented above, increasing at sites with higher MAP (β = 1.25, p 

< 0.001) and decreasing with an increase in soil [P] (β = −0.69, p = 0.009) (Figure 2.8a and 2.8b).  

Leaf-level gs showed a similar trend to ci/ca (Figure 2.8c and 2.8d), having a positive slope 

with MAP (β = 0.29, p = 0.004) and a negative slope with soil [P] (β = −0.4, p < 0.001). The 

photosynthetic capacity (Vcmax) demonstrated a strongly negative impact of both MAP (β = −0.37, 

p = 0.01) and soil [P] concentration (β = −0.29, p = 0.008). These results indicate Australian woody 

plant species at drier sites typically operate with higher Vcmax and lower gs. Meanwhile both gs 

and Vcmax are lower at sites of high soil [P]. If the trend in ci/ca with soil [P] were driven by a 

relationship between soil [P] and photosynthetic capacity, a positive relationship between Vcmax 

and soil [P] would be expected. However, the fact that the relationship is negative indicates that 

ci/ca is high at sites of low soil [P], not because photosynthetic capacity is low, but because gs is 

high. Thus, it is variation in gs that drives the relationship observed in Figure 2.8b, not variation 

in Vcmax.  
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Figure 2.8: Partial regression plots of (a), (c), (e) mean annual precipitation (mm) and (b), (d), (f) 

soil phosphorus (mg kg−1) effects on (a)-(b) ci/ca; (c)-(d) stomatal conductance, gs (mmol H2O m−2 

s−1); and (e)-(f) photosynthetic carboxylation capacity, Vcmax (μmol CO2 m−2 s−1). The points are 

average values at each sampling site; red lines represent partial regression lines with 95% 

confidence intervals in grey shaded areas. 
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2.3.7 Results from common garden experiments 

Two common garden experiments conducted with tree species collected from different 

rainfall gradients from southeast Australia (New South Wales or NSW) and northern Australia 

(Northern Territory or NT) showed opposite responses of Δ13C to the MAP of the species home 

range (Figure 2.9). Plants grown from seeds collected from NSW show a positive response of 

Δ13C with increasing MAP at the point of origin (r = 0.73 and p = 0.007). In contrast, plants from 

the experiment in NT show a decrease of 13C with increasing MAP of the species home range 

(r = −0.80 and p = 0.009).  

 

Figure 2.9: Relationships between mean annual precipitation (MAP) of species occurrence sites 

and leaf Δ13C values when grown in a common garden from two different common garden 

experiments conducted with plants grown from seeds collected in a) New South Wales and b) 

Northern Territory. The red lines show linear regression fits and the grey shaded areas around 

the regression line are their 95% CI. 
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2.4 Discussion 

Over recent decades, a number of studies have reported trends in Δ13C with rainfall in 

Australia that appear to show a variable response of water use efficiency in tree communities 

to changing precipitation. Here, data from these studies have been assembled, while data from 

a new transect were added, to test whether the responses do indeed differ when compared in 

a standardized way. After standardization to account for changing atmospheric δ13C, and tissue 

type collected, we found that the response of 13C to MAP does indeed vary statistically across 

subcontinental regions in Australia (Figure 2.3 and Table 2.2-2.3).  

Onsite analyses of soil nutrient status were not available for most of the study sites in 

our combined dataset. Therefore, the Soil and Landscapes Grid of Australia has been used to 

estimate total soil [P] and total soil [N] at each site. For one of the transects in the Northern 

Territory (NAT-Cernusak) and the new transect in northeast Queensland, total leaf [P] and total 

leaf [N] data were collected and could be compared to the predicted trends in total soil [P] and 

total soil [N]. These leaf data showed that predictions of contrasting [N]: [P] ratios in the soil of 

the two transects were also reflected in the observed [N]: [P] ratios of the leaves (Figure 2.5), 

supporting the idea that varying soil nutrients across the subcontinental regions have a role in 

driving vegetation function. The [N]:[P] ratios of the leaves indicate generally that trees along 

the Northern Territory transect are more [P] limited in leaf function, whereas those along the 

northeast Queensland transect are more [N] limited.  

With respect to leaf 13C, it has been demonstrated that leaf [P] is a more relevant 

control along the Northern Territory transect (Figure 2.7), whereas leaf [N] is likely more 

relevant along the northeast Queensland transect (Figure 2.6). For the Northern Territory 

transect, the number of observations within a site was sufficient that site could have been 

included as a random factor in the analysis, thus focusing on within site variation to discern the 

relationship between 13C and leaf [P]. This analysis showed that on this transect, increasing leaf 

[P] was correlated with decreasing leaf 13C (Figure S2.2).  

Leaf [N] and to a lesser extent leaf [P], are known to influence ci/ca and 13C through 

their role in leaf photosynthetic capacity. As photosynthetic capacity increases, the consumption 

of CO2 within the chloroplasts increases, drawing down ci/ca and decreasing 13C. However, as 

change in ci/ca can also result from change in gs a second possibility exists to account for the 

observed impact of nutrients on 13C which is that some plants may use enhanced transpiration 

as a mechanism to aid the acquisition of soil nutrients by inducing mass flow of the soil solution 

to root surfaces (Dalton et al., 1975; Fiscus, 1975; Cernusak et al., 2011b). In doing so such 
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species would see a maintenance of a high ci/ca by an increase in gs. Although it was previously 

assumed that transpiration-induced mass flow might not play a significant role in supplying P to 

root surfaces (Bieleski, 1973), recent studies have found plant transpiration rates to be higher 

in plants growing at low soil [P] compared to plants growing in a higher soil [P] (Huang et al., 

2017). This supports the idea of transpiration-induced mass flow of soil [P] to plant roots as a 

mechanism of [P] foraging (Cernusak et al., 2010; Garrish et al., 2010). As much of the Australian 

landscape is impoverished in soil [P], associated adaptions can be expected to drive species 

distribution patterns (Viscarra Rossel & Bui, 2016).   

To examine whether a change in A or gs in response to nutrient availability drives the 

observed regional differences in water-use efficiencies I took advantage of a continent-wide 

dataset of leaf photosynthetic characteristics recently compiled across Australia (Westerband et 

al., 2023). Here I tested whether the mechanism of soil [P] influencing 13C more likely results 

from increased photosynthetic capacity drawing down ci/ca, or whether it might alternatively 

relate to water-use strategies that would favour high gs and thus high ci/ca in low [P] soils. That 

is, assuming ci/ca responds to soil [P] in the Australia-wide dataset, is the response of ci/ca driven 

by gs or photosynthetic capacity (Vcmax)? Using multiple regression models to investigate the 

interactive relationship between MAP and soil [P] concentration with ci/ca, gs and Vcmax 

respectively, I found all these three plant physiological traits were higher in P-impoverished 

Australian soils (Figure 2.8b, 2.8d and 2.8f). This finding is consistent with previous research by 

Maire et al. (2015) also reporting a negative association between soil [P] and gs. According to 

the least-cost theory, ci/ca and Vcmax are expected to be inversely related, all else being equal 

(Wright et al., 2003). However, in this case, both ci/ca and Vcmax were found to be higher at low 

soil [P] sites. There may be exceptions, and it is worth noting that the Proteaceae, another 

dominant Australian plant family, has been reported to have a low Vcmax when growing on low 

[P] soils (Sulpice et al., 2014).  

Transpiration is suggested to be an important mechanism which aids P acquisition in P-

poor soils (Cernusak et al., 2011b; Huang et al., 2017). Westerband et al. (2023) has observed 

higher phosphorus-use efficiency in plants at low soil [P] meaning higher photosynthesis rates 

(high rates of carboxylation) as well as higher gs. This supports our assumption that high 

transpiration may be favoured to aid plants to acquire P in P-poor Australian soils. 

Two common-garden studies were available in the literature that could potentially 

provide further insight into the interaction between soil [P] and MAP in modulating 13C 

(Anderson et al., 1996; Cernusak, 2020). These two common garden studies happened to be 
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ideally situated for this question, with one utilizing southeast Australian (New South Wales) tree 

species, and the other utilizing Northern Territory tree species. These two studies showed that 

when grown in common conditions, the two sets of species had contrasting relationships 

between 13C and the MAP either at their point of seed collection, in the case of the southeast 

Australian species, or for the species ranges, in the case of the Northern Territory species.  

The contrasting relationships between 13C and the MAP at the site of origin or for the 

species range provide two important insights. The first is that the different 13C-MAP slopes in 

the Northern Territory compared to southeast Australia are likely associated with species 

replacements that tend to reinforce this divergence. In the Northern Territory, as species are 

replaced along the transect from high rainfall to low rainfall, this likely tends to mute the change 

in 13C, because the drier zone species replacing the wetter zone species show a higher 13C, at 

least in well-watered conditions. On the other hand, in southeast Australia, in common 

conditions, the drier zone species replacing the wetter zone species along the transect will tend 

to have lower 13C, all else being equal. The second important insight is that the environmental 

conditions in these two regions appear to have selected for different tree behaviours in relation 

to variation in MAP. I suggest that through evolutionary time, one of these selecting forces could 

have been the severe P impoverishment of the soils in the Northern Territory (Figure 2.2d, Figure 

2.5b and table S2.1). From the total soil [P] concentration gridded dataset it has been found that 

the amount of soil [P] is the lowest for sampling sites from Northern Territory (range: 0.53 – 1.40 

t ha-1, std. deviation: 0.19).  

With this study I aimed to explain how multiple environmental drivers interact to  drive 

variation in plant carbon isotope discrimination across the Australian continent. While carbon 

isotope discrimination shows a divergent sensitivity towards regional precipitation, this 

sensitivity depends on the regional extent of soil P impoverishment. It has also been found that 

soil [P] controls carbon isotope discrimination in plants by influencing the intercellular to 

ambient CO2 concentrations (ci/ca) and this influence is driven by gs. Here I hypothesize that 

Australian woody plant species have evolved to survive in P-poor, ancient soils by adapting to 

use high transpiration rates to facilitate P foraging.  
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Supplementary material  

 

Figure S2.1: Aridity index map of Australia. The aridity index was calculated as the ratio of mean 

annual potential evapotranspiration to mean annual precipitation (Harwood, 2019).  
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Figure S2.2: Relationship between climatic and soil attributes with leaf Δ13C (‰) for the transects. 
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Table S2.1: Summary statistics of Mean annual precipitation (mm), Aridity index, Precipitation seasonality (%), Total soil [N] (t ha−1) and Total soil [P] 

(tha−1) for transects. 

 
NAT- 
Cernusak 

NAT- Miller NAT- Schulze NE-QLD- 
Cheesman 

S-WA- 
Schulze 

SE-QLD- 
Stewart 

SE-VIC- 
Givnish 

Mean annual precipitation (mm) 

 

Min  248.00 240.00 297.00 245.00 225.00 323.00 291.00 

Mean 1002.67 695.79 673.56 616.09 393.92 923.25 960.55 

Max 1658.00 1748.00 1735.00 1520.00 1182.00 1497.00 1661.00 

Std.dev 530.35 434.23 504.15 353.24 251.81 333.61 520.24 

Aridity Index 

 

Min  1.15 1.11 1.06 1.28 1.06 1.00 0.74 
Mean 2.61 3.68 4.04 3.54 5.24 1.99 1.95 

Max 6.20 6.60 6.10 6.35 7.90 5.12 4.65 

Std.dev 1.92 1.80 1.95 1.63 2.01 1.26 1.34 

Precipitation Seasonality (%) 

 

Min  82.78 53.93 48.28 82.93 22.01 36.66 22.24 
Mean 108.27 102.47 88.19 97.25 49.42 45.15 32.01 
Max 119.94 123.29 119.84 110.31 84.56 56.16 41.35 

Std.dev 13.80 22.51 29.11 9.08 14.43 5.18 5.85 

Total Soil [N] (t ha−1) 

 

Min  1.36 1.16 1.11 1.48 1.14 2.09 2.15 
Mean 2.42 2.01 2.03 2.90 2.33 5.33 5.72 
Max 3.60 3.89 3.82 5.54 7.49 8.17 9.49 

Std.dev 0.83 0.67 0.78 1.36 1.46 1.76 2.06 

Total Soil [P] (t ha−1) 

 

Min  0.63 0.53 0.41 0.73 0.36 1.07 0.48 

Mean 0.89 0.78 0.78 1.90 0.70 1.61 1.28 
Max 1.40 1.12 1.01 3.92 1.29 2.41 2.65 
Std.dev 0.28 0.14 0.14 0.99 0.21 0.41 0.61 
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Table S2.2: Multiple linear regression model summary of leaf Δ13C relationship with 

log(MAP), transects and their interaction. 

  leaf Δ13C 

Predictors Estimates CI p 

(Intercept) 17.268 *** 10.322 – 24.214 <0.001 

[log] MAP  0.467 −0.559 – 1.492 0.365 

Transect [Cheesman] −15.287 ** −25.057 – −5.517 0.003 

Transect [Givnish] −14.284 ** −23.488 – −5.080 0.003 

Transect [Miller] −8.610 * −17.202 – −0.017 0.050 

Transect [Schulze06] −5.248 −15.355 – 4.858 0.302 

Transect [Schulze98] −3.800 −12.777 – 5.176 0.399 

Transect [Stewart] −18.298 *** −28.626 – −7.969 0.001 

[log] MAP × Transect [Cheesman] 2.399 ** 0.912 – 3.885 0.002 

[log] MAP × Transect [Givnish] 2.120 ** 0.754 – 3.486 0.003 

[log] MAP × Transect [Miller] 1.198 −0.072 – 2.469 0.064 

[log] MAP × Transect [Schulze06] 0.756 −0.774 – 2.286 0.326 

[log] MAP × Transect [Schulze98] 0.393 −0.937 – 1.722 0.556 

[log] MAP × Transect [Stewart] 2.867 *** 1.337 – 4.396 <0.001 

Observations 64 

R2 / R2 adjusted 0.764 / 0.702 

* p<0.05   ** p<0.01   *** p<0.001 
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CHAPTER 3: ACCLIMATION OF DARK RESPIRATION AND MINIMUM 

CONDUCTANCE TO DROUGHT AND HEAT STRESS 
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Abstract (Chapter 3) 

 

Drought and heat stress are critical factors driving plant mortality globally, impacting plant 

physiological processes, growth, and geographic distributions. The physiological responses of plants 

to drought may be determined by their adaptation and acclimation potential to water stress 

experienced as a result of their distributions across a range in water availability. In this study, I 

investigated species-level responses to drought and heat of four eucalypt species selected from across 

a rainfall gradient. Seedlings were raised under two temperature regimes and were subjected to 

periods of water stress to examine both adaptation and acclimation potential in leaf-level traits 

associated with drought-persistence, minimum leaf-level conductance (gmin) and dark respiration (Rd). 

While measuring Rd at a reference temperature, I found both species-level differences and a reduction 

in Rd of plants grown under elevated temperatures. However, I found no difference in the temperature 

sensitivity of Rd nor an impact of drought on Rd despite water stress often leading to potential 

increases in respiratory energy demand. Minimum conductance (gmin) was found to vary among 

species and decreased in plants grown under elevated temperatures. Indeed, plants grown at elevated 

temperatures decreased gmin to levels comparable to solely cuticular conductance (gcw), indicating 

minimal stomatal leakage under stressed conditions. While it is apparent that eucalypt species can 

show acclimation of leaf-functional traits critical to determining drought-persistence, in the four 

species studied here, I saw little evidence for how the distribution of species across a rainfall gradient 

may determine this. Further work examining a larger range of species may therefore be needed to 

examine how adaptation and acclimation of leaf-functional traits play a role in determining continent-

wide species distributions.  
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3.1 Introduction 

Across the world tree species are facing the threat of extinction due to recent rapid 

anthropogenic climate change (Ter Steege et al., 2015). Given the rapid rate of change in global climate 

it is unlikely that many tree species will be able to migrate or adapt fast enough to survive (Feeley et 

al., 2012), therefore individual-level trait plasticity and acclimation may be the only way to prevent 

declines in performance and species extinction. Severe droughts have resulted in widespread tree 

mortality across biomes, significantly impacting ecosystem function and the global carbon balance 

(Choat et al., 2018). It is expected that the effects of climate change will exacerbate regional-scale 

droughts. Indeed, a mechanistic hydraulic model of future drought-induced tree-mortality has 

estimated that with the average 5°C increase in global temperatures expected by the end of this 

century almost 60% of global forests will be lost, unless they are able to acclimate (Brodribb et al., 

2020). However, predicting tree mortality during drought is complex as multiple, potentially plastic, 

plant functional traits interact with each other and the environment to determine rates of plant 

desiccation and ultimately plant drought tolerance (Skelton et al., 2015; Anderegg et al., 2016). To 

understand the true effects of future droughts, a comprehensive understanding of the interaction 

between the capacity for acclimation of plant functional traits, especially in the context of often co-

occurring stressors, such as elevated temperatures, is needed (Allen et al., 2015; Greenwood et al., 

2017) .  

During periods of atmospheric or soil water deficit, stomatal closure restricts transpiration, 

thereby maintaining soil and tree water content (Buckley, 2019); however, water loss continues 

through stomatal leakage and water loss through the leaf cuticle. This rate can be measured as the 

minimum leaf conductance (gmin). Minimum conductance is increasingly being recognised as an 

important factor in assessing plant canopy water flux (Barnard & Bauerle, 2013), particularly during 

heatwaves (Kala et al., 2016), severe droughts (Duursma et al., 2019; Brodribb et al., 2020), and for 

modelling plant drought responses (Blackman et al., 2016; Martin‐StPaul et al., 2017; Cernusak & De 

Kauwe, 2022). Maintaining lower gmin is crucial for plants to prevent residual transpiration after 

stomatal closure during drought to delay further desiccation and protect themselves from hydraulic 

failure and damage to the photosynthetic machinery (Haverroth et al., 2023). By lowering gmin plants 

can optimize their water use efficiency and enhance their resilience to drought stress. However, gmin 

itself may be impacted by the elevated temperatures often associated with drought, with gmin shown 

to generally increase with rising temperatures (Schuster et al., 2016; Brodribb et al., 2020), potentially 

compromising a plant’s ability to limit water loss when droughted under warmer conditions. 

The gmin of plants comprises of two pathways, across the cuticle (cuticular conductance, gcw) 

and through incompletely closed stomata (gs). Although the partitioning of gmin into cuticular and 
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stomatal components has proven technically challenging (Duursma et al., 2019), a limited number of 

studies have sought to examine how either component or the composite gmin may vary across species 

in response to their climate of origin. However, while Brodribb et al. (2014) found a positive 

correlation between gmin and rainfall across species, a subsequent metanalysis by Duursma et al. 

(2019) found no such correlation. In an extensive review, Schuster et al. (2017) also reported an 

absence of any significant differences in either gmin or gcw when considering the growth forms of plants, 

or cuticle thickness (Schuster et al., 2016). While recognized as being of fundamental importance to 

determining drought responses, it is unclear how gmin relates to other leaf-functional traits, nor how 

plasticity and acclimation of gmin to environmental conditions may drive observed responses in species 

across the landscape.  

Plants generally tend to decrease gmin in response to chronic and prolonged drought stress 

(James et al., 2008). On the other hand, gmin response to temperature is complex as it often shows 

both an immediate species-specific response to leaf temperature, as well as a less well established 

acclimatory response to average growing temperature (Duursma et al., 2019). There is also evidence 

from certain species that a sudden increase of gmin with increasing temperature could represent a life-

saving mechanism to survive heatwaves by cooling leaves and maintaining the leaf temperature below 

their thermal limit (Drake et al., 2018). It is certainly clear that gmin impacts leaf thermal regime with 

a generally negative correlation between thermal tolerance and gmin found, such that species with 

enhanced tolerance to high air temperatures often have a lower gmin (Schuster et al., 2016).  

During episodic drought there is not only a risk of direct hydraulic failure through continued 

water loss but also a risk of carbon starvation (McDowell et al., 2022) due to stomatal limitation of 

photosynthesis at the same time as elevated respiration to maintain hydraulic tissue function (Flexas 

et al., 2006; Meir et al., 2008; Metcalfe et al., 2010). Dark respiration (Rd) plays a pivotal role in 

providing the energy (ATP) necessary for the maintenance of cellular structures and the repair of 

damaged cellular components. This includes the synthesis of heat shock proteins and antioxidants, 

which serve to protect cells from the detrimental effects of drought and heat (Flexas et al., 2007). 

However, elevated dark respiration rates can result in the depletion of carbon reserves during periods 

of stress, particularly when photosynthesis is constrained by elevated temperatures or stomatal 

closure (Atkin & Macherel, 2008). Consequently, a reduction in respiration rate can be advantageous 

in maintaining metabolic activity over extended periods of stress. 

The potential for acclimation, and therefore reduction of respiration in reaction to moisture 

stress has been recognised as a significant element in determining species drought tolerances (Flexas 

et al., 2009). It is well established that plants can acclimate multiple facets of their biochemical 
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functioning in response to temperature (Atkin et al., 2005). Increasing air temperatures in already 

warm systems have been found to increase respiration (Slot & Kitajima, 2015) and stomatal 

conductance (gs) (Urban et al., 2017a; Urban et al., 2017b; Marchin et al., 2022), while reducing 

photosynthesis (Graham et al., 2003; Leakey et al., 2003; Doughty & Goulden, 2008; Galbraith et al., 

2010) leading to a reduction in tree growth (Clark et al., 2003; Feeley et al., 2007) and increasing plant 

mortality (Van Mantgem et al., 2009; Brodribb et al., 2020). Biochemical acclimation to elevated 

temperatures can result in both a decline in the absolute respiration rate and the temperature 

sensitivity (i.e. Q10) of the process (Tjoelker et al., 1999; Medlyn et al., 2002; Hikosaka et al., 2006; 

Kattge & Knorr, 2007) potentially reducing the likelihood of negative impacts of elevated 

temperatures.  

The geographical range of a tree species represents a climatic envelope in which both 

temperature and water availability are amenable to plant growth and survival, with the observed 

distribution of species across a gradient in water availability generally illustrative of a species innate 

ability to withstand drought (Trueba et al., 2017; Li et al., 2018). However, trait variation observed 

across a species’ home range will represent both a species’ innate adaptation and the potential for 

trait acclimation of that species. By conducting experiments on plants grown in controlled 

environments under gradual changes in environmental conditions, it may be possible to separate the 

influences of long-term adaptation and short-term acclimation on trait variation among species 

(Pfennigwerth et al., 2017; Henn et al., 2018).  

In this chapter, I examined the short-term physiological responses to drought, and short and 

long-term responses to elevated temperatures in four eucalypt species drawn from across a range in 

rainfall regimes. My objective was to investigate how plants from different rainfall regimes may differ 

in their capacity to acclimate to drought and elevated temperatures. My hypothesis was that plants 

from different bioclimatic regions would show different acclimation potential toward drought and 

elevated temperature stress by modulating their gmin and dark respiration, which might play an 

important role in determining overall environmental tolerances of a species.  
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3.2 Materials and methods 

The study was carried out in a climate-controlled glasshouse located in James Cook 

University's Environmental Research Complex on the Nguma-bada campus in Cairns, Queensland 

(https://www.jcu.edu.au/environmental-research-complex). The glasshouse has three parallel 

chambers, each measuring 3 × 5m, and equipped with autonomous temperature and [CO2] regulation 

systems (see Forbes et al., 2020 for detailed information), although only two chambers were used for 

this experiment.  

3.2.1  Species selection 

A total of four eucalypt species from the Myrtaceae family were selected for this experiment. 

These four species (Eucalyptus camaldulensis, Eucalyptus exserta, Eucalyptus pellita and Corymbia 

clarksoniana) cover a broad range of the rainfall gradient seen across Australia.  

 

Figure 3.1: Species distribution ranges based on their median annual precipitation (mm) (data derived 

using Bio 12 layer from ANUCLIM v6 beta) at their recorded occurrence sites (n= 60721) in Australia 

(ALA, 2024). The species are Eucalyptus camaldulensis (Ec), Eucalyptus exserta (Ee), Corymbia 

clarksoniana (Cc) and Eucalyptus pellita (Ep). Species are in an ascending order starting from lower 

median annual precipitation values at the bottom of the y-axis. 

Among the four selected species, it is worth noting that E. pellita has both the highest median 

(1906 mm) and widest range of precipitation, from a minimum of 570 mm to a maximum of 4151 mm 

with an IQR of 315 mm (Figure 3.1). This medium to tall sized species, typically growing to a height of 

40 m, is endemic to north-eastern Queensland in Australia and grows in open forests, particularly wet, 

near-coastal forests (ALA, 2024). In contrast E. camaldulensis, has the lowest median annual 

precipitation among the studied species with a median annual precipitation of 466 mm, and a mean 
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annual precipitation range of 146 to 1754 mm (interquartile range, IQR= 291 mm). It is worth noting 

that E. camaldulensis is commonly found along most of the watercourses across Australia and has the 

widest natural distribution of any eucalypt species. Eucalyptus exserta (median MAP of the occurrence 

sites is 752 mm and IQR = 315 mm) is known to grow in infertile sandy soils as part of the dry 

sclerophyll woodland community and is commonly found on stony rises and hills throughout 

Queensland (ALA, 2024). Corymbia clarksoniana (median MAP of occurrence sites 815 mm, IQR = 499 

mm) is a medium-sized tree, growing up to 20 m, occurring in Queensland and northern New South 

Wales, Australia. The tree is also able to grow in a variety of soil types, including sand, sandy loam, 

and skeletal soils on ridges and hilltops. Hence it can be found in inland plains, and grassy woodland 

and forests as well. 

3.2.2 Experimental Design 

Thirty seedlings from each of the target species were collected from Yuruga nursery, 

Walkamin, Queensland and transplanted into 6L pots filled with a commercially available potting mix 

(Scotts Osmocote Seed & Cutting Premium Potting Mix, ScottsMiracle-Gro, Marysville, OH, USA) with 

a base of gravel to ensure good drainage. This potting mix contained coir peat, micronutrients, water 

crystals for better water holding capacity and controlled release fertilisers. Fifteen individual seedlings 

from each species were randomly assigned to each of the two treatment chambers. At this initial 

stage, the temperature within the chambers was set to track ambient external air temperature. Plants 

were watered by hand daily.  

After seedling establishment experimental treatments were implemented (Day-0) with one 

chamber maintained as tracking external air temperatures (Ambient) and with the second set to follow 

the same diel variation but with an increase of 5°C (Elevated). Plants were grown for 125 days in the 

two temperature-controlled glasshouse experimental chambers with a daytime average temperature 

of 30.1 ± 3.2 °C (± std. deviation) and nighttime average of 25.5 ± 2.1 °C in the ambient temperature 

chamber. In the elevated temperature chamber the daytime average temperature was 34.9 ± 3.3 °C 

and nighttime average was 30.4 ± 2.2 °C. Relative humidity (Rh) was higher in the ambient chamber 

(with a daytime average of 87.3 ± 6.0 % and a nighttime Rh of 87.3 ± 6.5 %) compared to the elevated 

temperature chamber (daytime average of 68.5 ± 9.3% and nighttime average of 68.6 ± 10.1%). 

Temperature, Rh and vapour pressure deficit (VPD) experienced by the plants over the whole 

experimental period are presented in supplementary figures S3.1 to S3.3 and table S3.1. The total 

experiment proceeded in two phases. During the first phase, all plants in both chambers were watered 

every day until Day-46 and then once every 3 days until Day-90. At this point, the first round of gas 

exchange measurement (details below) was taken under well-watered conditions. The second phase 

of the experiment began on Day-100 where watering was halted until any sign of a drought induced 
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effect (wilted leaves) was visible. At this point plants were watered again once in every 2 days until 

fully recovered and showed signs of recovery (fresh leaf flush). Then again, watering was stopped on 

Day-115 and gas exchange measurements were taken when drought induced effects were visible on 

the plants between Day-122 to Day-125. The last measurements were taken on the 125th day. 

After each round of leaf-level gas exchange measurements, the measured leaves were 

harvested and scanned using a CanoScan LiDE 400 scanner (Canon, Tokyo, Japan) and analysed using 

ImageJ (Schneider et al., 2012) to determine leaf area. Individual leaves were oven dried at 60°C until 

constant dry mass to determine leaf mass per unit area (LMA, g m−2). 

3.2.3 Gas Exchange measurements 

At the end of both phases of the experiment gas exchange measurements were taken on one 

leaf per plant. On any given day, selected seedlings were moved from the glass house experimental 

chambers to the laboratory and pre-adapted to laboratory conditions within darkened plastic bags for 

a minimum 15 hours prior to leaf-level gas exchange measurements in darkness. Measurements were 

conducted using a portable photosynthesis measurement system (Li-6400, Li-Cor Inc., Lincoln, NE, 

USA) utilizing a transparent leaf cuvette. Gas exchange measurements for dark respiration (Rd) at 25°C 

leaf temperature (achieved through adjustment of cuvette temperature) were taken in the dark 

(irradiance of 0 µmol photons m−2 s−1). Thereafter leaves were exposed to 100 µmol photons m−2 s−1 

irradiance of red light supplied by an artificial light source (LED-Panel RGBW-L084, Heinz Walz GmbH, 

Germany) to allow for measuring the minimum leaf surface conductance, gmin and the partitioning of 

gmin into gcw and gs following Márquez et al. (2022) red-light method. This method utilizes red light 

exposure during photosynthetic induction, taking advantage of the fact that red light influences 

stomatal response differently from other wavelengths. By applying red light and measuring water 

vapor and gas exchange, the method isolates conductance values that reflect minimum water loss 

when stomata are nearly closed. This method is based on the development of a stable gas exchange 

environment in which the diffusion of CO₂ into the leaf is significantly constrained by the stomata, 

while simultaneously ensuring the optimal functioning of the photosynthetic biochemical processes. 

 Subsequently, leaf temperatures were raised to 35°C and leaves were returned to darkness 

at 0 µmol photons m−2 s−1 for 30 minutes so that Rd could be recorded and the temperature sensitivity 

of respiration (i.e. Q10) calculated. 

3.2.4 Statistical Analysis 

All data manipulation and statistical analyses were performed in R version 4.3.1 (R Core Team, 

2023). Linear models were used to examine the impact of elevated temperature and water stress on 

dark respiration (Rd), minimum conductance (gmin), cuticular conductance to water (gcw), and leaf mass 
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per area (LMA). In these models, chamber (i.e. ambient or elevated temperature), water stress (i.e. 

well-watered and droughted), and species were considered as independent variables. The “lm” 

function in R was used to fit the linear models. Later, models were compared and best fitted models 

were selected based on their performances analysed with “DHARMA”, “MuMIn”, “performance” and 

“see” packages for R (Lüdecke et al., 2021a; Lüdecke et al., 2021b; Hartig, 2022; Bartoń, 2023). Graphs 

and figures were produced using the R package “ggplot2” (Wickham, 2016).  

3.3  Results 

In this study I examined the potential for leaf-level acclimation of gmin and Rd to temperature 

and drought in four eucalypt species found across a rainfall gradient in Australia. Plants were grown 

for 125 days under ambient or elevated (+5°C) temperature regimes with leaf-level gas exchange 

determined in leaves exposed to both well-watered and droughted conditions.  

 

Figure 3.2: Leaf mass per area, LMA (g m−2) of plants grown in two different temperature-controlled 

chambers, i.e. ambient and elevated temperature, under two different water-controlled conditions, 

i.e. Well-watered and Drought. The species are Eucalyptus camaldulensis (Ec), Eucalyptus exserta (Ee), 

Corymbia clarksoniana (Cc) and Eucalyptus pellita (Ep). Species are in an ascending order starting from 

lower median annual precipitation values at the left of the x-axis. 

Species were found to have significantly different LMA (F3, n=90 =10.11, p<0.001; Figure 3.2) 

with Corymbia clarksoniana having the highest LMA for both temperature treatments and Eucalyptus 

pellita the lowest (Figure 3.2). Furthermore, I found a significant impact of temperature treatment (F1, 

n=90 =7.22, p<0.01) upon LMA, where leaves developed under elevated temperatures had on average 

a lower LMA compared to leaves developed under ambient temperatures. During the well-watered 

period, leaves showed higher LMA compared to those during droughted periods (F1, n=90 =6.18, p<0.05), 
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except for C. clarksoniana. The lowest LMA of 106.99 g m−2 was found for E. pellita under drought 

stress at elevated temperature, whereas C. clarksoniana showed the highest LMA, 182.45 g m−2, for 

the leaves developed under drought stress in ambient conditions. 

The temperature sensitivity, or Q10 of dark respiration was estimated using leaf-level gas 

exchange measurements conducted at 25 °C and 35 °C. Results showed an average Q10 of 3.35 (SD = 

0.74) across all species with no significant differences as a result of species (F3, n=42 = 0.34, P=0.80), 

temperature treatment (F1, n=42 = 0.11, P=0.74) or water stress condition (F1, n=42 = 0.52, P=0.47). 

 

Figure 3.3: Dark respiration of plants from two different temperature-controlled chambers, i.e. 

ambient and elevated temperature chambers, at two different water-control conditions, i.e. Well-

watered and Drought. The species are Eucalyptus camaldulensis (Ec), Eucalyptus exserta (Ee), 

Corymbia clarksoniana (Cc) and Eucalyptus pellita (Ep). Species are in an ascending order starting from 

lower median annual precipitation values at the left of the x-axis.  

Leaf minimum conductance, gmin was measured during the second phase of this experiment 

in water stressed plants under both dark condition and redlight illuminated condition (Figure 3.4A). 

Later, using the equation from Márquez et al. (2022), cuticular conductance, gcw, for the same plants 

was estimated. For estimating gcw, only the measurements taken under redlight illumination at 100 

µmol photons m−2 s−1 was used. Measured gmin was statistically significantly different between species 

(F3, n=20 =3.41, p<0.05), while also showing to be impacted by temperature treatment (F1, n=20 =8.01, 

p<0.05), with plants grown under elevated temperature having a lower gmin, on average 2.22 ± 1.71 

mmol m−2 s−1, as compared to plants from the ambient chamber (4.71 ± 3.08 mmol m−2 s−1). Eucalyptus 

exserta showed the highest gmin under both ambient (8.56 ± 1.76 mmol m−2 s−1) and elevated 

temperature (3.22 ± 1.22 mmol m−2 s−1) treatments (Figure 3.4A). There were no significant differences 
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found between species for gcw (Figure 3.4B). As there was no statistical difference between 

temperature treatments for gcw (F3, n=19 =0.63, P=0.61), it is presented here for all the seedlings 

measured from both ambient and elevated temperature chambers (Figure 3.4B). 

 

Figure 3.4: A) Minimum leaf conductance to water vapour (mmol m−2 s−1) of water stressed plants 

grown under two temperature regimes, i.e. ambient and elevated by ~5°C. B) Cuticular conductance 

to water vapour (mmol m−2 s−1) of all the measured plants. The species are Eucalyptus camaldulensis 

(Ec), Eucalyptus exserta (Ee), Corymbia clarksoniana (Cc) and Eucalyptus pellita (Ep). Species are in an 

ascending order starting from lower median annual precipitation values at the left of the x-axis in each 

panel. 
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3.4 Discussion  

Together drought and heat stress are the most common drivers of plant mortality worldwide 

as they significantly impact plant physiological responses, growth and geographic distributions (Allen 

et al., 2015; Greenwood et al., 2017). In the previous chapter (Chapter 2) of this thesis, I have explored 

adaptation and acclimation in leaf-level intrinsic water-use efficiency (WUEi) using Δ13C (i.e. carbon 

isotope discrimination). However, given this proxy for WUEi is only entrained into leaf tissue during 

active photosynthesis, it can only reveal aspects of acclimation during daylight hours. Leaf level dark 

processes are also important as they play a significant role in shaping plant responses to physiological 

and biochemical events (Sobieszczuk-Nowicka et al., 2016; Rowland et al., 2017; Duursma et al., 2019). 

In testing the capacity of four eucalypt species to modify their intrinsic leaf-level dark processes 

(specifically Rd, gmin and gcw) in this study I sought to examine how inherent acclimation potential can 

help these plants to cope with extended drought and heat stress.  

The seedlings of four eucalypt species typically found at different points across a rainfall 

gradient (Figure 3.1) were raised in two temperature-controlled glasshouse chambers where one 

chamber was set to track ambient temperatures whilst another one was set at +5 °C. All the seedlings 

in both chambers were well-watered at the first stage of the experiment. After the gas exchange 

measurements were completed for the well-watered plants, a second stage of the experiment started 

where all the seedlings were repeatedly water stressed before a second round of gas exchange 

measurements.  

3.4.1  LMA differs between species, and with growth temperature and water availability 

An increase in LMA with an increase of site aridity has been observed by many researchers 

worldwide (Schulze et al., 1998; Niinemets, 2001; Wright & Westoby, 2002) with findings from this 

experiment aligning with this as the lowest LMA was found for E. pellita; a species typically found in 

more mesic habitats than the other species studied. I also found a statistical difference in LMA 

between plants under different water conditions (F1, n=90 =6.18, p<0.05). Well-watered plants showed 

higher LMA compared to droughted plants. Although some researchers have reported a contrasting 

trend where increase in LMA is associated with drought stress (Poorter et al., 2009), modifications to 

leaf mesophyll density and/or thickness could independently respond to changes in water availability, 

resulting in species-specific variation in LMA in response to water stress (Niinemets, 2001).  

With an increase in growth temperature plants were found to have a lower LMA (average 

difference 14.38 g m−2) than plants grown under ambient conditions, with a similar trend reported by 

other researchers (Poorter et al., 2009). Yu et al. (2012) reported that increased temperature can 

often result in a reduction of net photosynthesis and dark respiration. These effects can limit plant 
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growth and potentially lead to a decrease in LMA. In another experiment, Takahashi and Otsubo 

(2017) discussed a negative correlation between temperature and LMA. Their findings support the 

result of this experiment where at elevated temperature plants allocate less biomass to leaves per 

unit leaf area, eventually leading to lower LMA.  

3.4.2 Dark respiration differs between species and with growth temperature  

Dark respiration at a common temperature was found to be different between species and in 

plants grown under different temperature regimes but was unchanged between water stress levels. 

Leaf level Rd has been reported to be sensitive to change in short-term temperature (Wager, 1941; 

Atkin & Tjoelker, 2003; Kruse et al., 2011) and the fact that Rd for plants from elevated growth 

temperatures were lower than those from ambient conditions suggests a degree of acclimation 

(Tjoelker et al., 2001). The acclimation of Rd to growth temperature seems common among different 

functional types (Atkin & Tjoelker, 2003), although there are indications that broad-leaved plants are 

more capable of acclimation than gymnosperms (Tjoelker et al., 1999). 

Water stress is an abiotic factor that can affect leaf respiration by inhibiting stomatal opening 

and photosynthetic CO2 fixation. This can potentially reduce substrate supply to mitochondria, but 

might eventually increase respiratory energy demand by increasing reactive oxygen species (ROS) 

production to support cytosolic and chloroplast metabolism (Hoefnagel et al., 1998; Slot et al., 2008; 

Atkin & Macherel, 2009). In this study no change in Rd of eucalypts was found as a result of the water 

stressed condition (F1, n=43 =0.47, P=0.50). In a review on plant drought tolerance pathways, Atkin and 

Macherel (2009) found about two-thirds of the articles studied reported a decline in respiration during 

drought stress whereas the rest of them mentioned no change or (in a few cases) reported an increase. 

This has been expanded in recent years with some additional studies showing an increase in dark 

respiration in response to water stress (Slot et al., 2008; Yu et al., 2012; Barreto et al., 2017). 

3.4.3 Minimum conductance differs between species and with growth temperature  

During drought plants tend to close their stomata to reduce water loss. However, even after 

stomatal closure a discernible amount of residual water is lost from the plant – at a rate which 

increases with increasing temperature (Brodribb et al., 2020). Through the modulation of gmin, plants 

have the capacity to optimize water use, thereby augmenting their resilience in the face of 

temperature and drought-induced stress. However, this potential for acclimation is contingent upon 

the inherent trait plasticity of individual plants, and in contrast to evolutionary mechanisms such as 

adaptation, acclimation manifests over significantly shorter temporal scales. Researchers have not 

found any significant links between gmin values of different species and their environments, so it is 

difficult to explain the variation based on climate of origin or other important traits (Duursma et al., 



CHAPTER-3 57 

   

 

2019). In this experiment, significant statistical difference in gmin was found between the four studied 

eucalypt species (Figure 3.4A), although no difference was found for cuticular conductance, gcw (Figure 

3.4B). The elevated temperature chamber had three to four times higher vapor pressure deficit (VPD) 

compared to the ambient temperature-controlled chamber (Figure S3.3). Global warming is expected 

to increase both temperature and VPD, because temperature has an exponential effect on saturation 

vapour pressure. This increase in VPD is expected to surpass any increases in regional precipitation 

leading to atmospheric water stress (Novick et al., 2024). Plants grown at elevated temperature 

acclimated to temperature increase and increased VPD and showed a decline in gmin to a level that 

was comparable with gcw suggesting little to no stomatal leakage.  

I assume the four species under investigation could potentially reduce their water loss under 

heat stress as VPD also increased by decreasing their gmin, and that this would be most pronounced 

under water stress conditions. Given this assumption, I measured gmin in droughted plants. It is worth 

noting that, with the exception of C. clarksoniana, the gcw of all studied species in this chapter indicates 

that the minimum conductance is mostly contributed from their stomatal residual conductance rather 

than cuticular conductance. For C. clarksoniana, most of its gmin derives from gcw. This implies that this 

species might be well-adapted to regulate their stomata at full closure compared to the other three 

species examined in this research.  

The four eucalypt species studied in this chapter demonstrated acclimation of LMA, dark 

respiration and minimum conductance under ambient and elevated (5°C above ambient) 

temperature. I observed acclimation to low water availability only for the LMA response, whereas dark 

respiration, and minimum conductance were different for different species and showed an effect of 

temperature treatment. Here I hypothesized that eucalypts may reduce their minimum conductance 

as temperature rises, to prolong their survival during periods of heat stress. Furthermore, stomatal 

remnants, rather than cuticular conductance, accounted for most of the minimum conductance in 

these eucalypt species. By revealing the dynamics of LMA, dark respiration, minimum conductance 

and cuticular conductance, this experiment provides valuable insights into how plants respond to 

drought and elevated temperatures which might help future researchers in modelling global 

vegetation and carbon cycling.  
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Supplementary material 

 

Figure S3.1: Air temperature (°C) of two experimental chambers used to examine the leaf-

level acclimation in seedlings of four eucalypt species. Data represent the average conditions over a 

10-minute period, with the trace corresponding to the beginning of the experiment. The grey shading 

represents the period of drought during second phase of the experiment.  
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Figure S3.2: Relative humidity (%) of two experimental chambers used to examine the leaf-

level acclimation in seedlings of four eucalypt species. Data represent the average conditions over a 

10-minute period, with the trace corresponding to the beginning of the experiment. The grey shading 

represents the period of drought during second phase of the experiment. 
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Figure S3.3: Vapor pressure deficit (kPa) of two experimental chambers used to examine the 

leaf-level acclimation in seedlings of four eucalypt species. Data represent the average conditions over 

a 10-minute period, with the trace corresponding to the beginning of the experiment. The grey 

shading represents the period of drought during second phase of the experiment. 

 

Table S3.1: Comparative summary statistics of air temperature, (Temp. °C), relative humidity 

(Rh %) and vapor pressure deficit (VPD kPa) of the two experimental chambers. 

  

 Ambient Elevated 

Time 
Temp. 

(°C) 
Rh(%) VPD (kPa) 

Temp. 

(°C) 
Rh(%) VPD (kPa) 

Day 30.1 ± 3.2 87.3 ± 6 0.55 ± 0.26 34.9 ± 3.3 68.5 ± 9.3 1.81 ± 0.63 

Night 25.5 ± 2.1 87.3 ± 6.5 0.41 ± 0.2 30.4 ± 2.2 68.6 ± 10.1 1.37 ± 0.45 
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Table S3.2: Outcome of the linear regression models of Leaf mass per area (LMA), minimum 

conductance (gmin) and dark respiration (Rd). 

 

 β 

 LMA Rd gmin 

Predictors    

(Intercept) 168.99 *** 0.40 *** 2.11 

Species [Ec] -40.30 *** 0.21 ** 1.74 

Species [Ee] -32.57 ** 0.23 ** 6.46 *** 

Species [Ep] -50.32 *** 0.14 * 2.23 

Chamber [Elevated_temp] -39.12 *** -0.11 * 0.77 

Water [Well_watered] 13.30 * 0.03 N/A 

Species [Ec] × Chamber 

[Elevated_temp] 
27.47 N/A -3.34 

Species [Ee] × Chamber 

[Elevated_temp] 
46.88 ** N/A -6.11 * 

Species [Ep] × Chamber 

[Elevated_temp] 
24.58 N/A -3.61 

Observations 95 48 24 

R2 / R2 adjusted 0.404 / 0.349 0.334 / 0.255 0.653 / 0.501 

* p<0.05   ** p<0.01   *** p<0.001  
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Table S3.3: Comparative summary statistics of leaf water potentials (MPa balance pressure).  

Species Water stress Chamber 
Water potential 

(mean ± std. deviation) 

Corymbia 
clarksoniana 

Drought 
Ambient 0.66 ± 0.04 

Elevated 0.66 ± 0.04 

Well-watered 
Ambient 1.13 ± 0.4 

Elevated 0.36 ± 0.01 

Eucalyptus 
camaldulensis 

Drought 
Ambient 3.77 ± 0.32 

Elevated 1.34 ± 0.07 

Well-watered 
Ambient 0.52 ± 0.11 

Elevated 1.38 ± 0.01 

Eucalyptus 
exserta 

Drought 
Ambient 0.83 ± 0.04 

Elevated 1.12 ± 0.26 

Well-watered 
Ambient 0.45 ± 0.04 

Elevated 0.41 ± 0.02 

Eucalyptus pellita 

Drought 
Ambient 2.68 ± 0.88 

Elevated 1.14 ± 0.32 

Well-watered 
Ambient 1.22 ± 0.38 

Elevated 0.67 ± 0.04 
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CHAPTER 4: SHORT-TERM AND ACCLIMATED RESPONSES TO CO2 

CONCENTRATION IN ANGIOSPERMS AND BROAD-LEAVED GYMNOSPERMS.  
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Abstract (Chapter 4) 

 

Angiosperms, now the dominant plant group in most terrestrial biomes, have significantly 

proliferated since the mid-Cretaceous, coinciding with a decrease in atmospheric CO2 levels. The rise 

of angiosperms during a period of declining CO2 concentrations may have resulted in adaptation of 

biophysical properties which may result in a differential response of angiosperms and gymnosperms 

to modern day changes in CO2 concentrations.  

In this study I explored how both adaptation and acclimation potential to changing CO2 

concentrations differ between angiosperms and gymnosperms. This was done by examining plant 

responses to both short and long-term CO2 exposure. The experiment involved growing plants from 

five angiosperm and four broad-leaved gymnosperm species in three different controlled glasshouse 

chambers with varying CO2 levels to assess their physiological responses. 

Results indicate that angiosperms exhibited a higher relative growth rate (RGR) than 

gymnosperms, independent of growth CO2 concentration, consistent with previous observations in 

early growth stages. In addition, angiosperms demonstrated a downregulation of photosynthetic 

capacity (i.e. maximum rate of carboxylation by RuBisCO, Vcmax) resulting in no stimulation of growth 

in angiosperms to elevated growth [CO2], unlike gymnosperms which showed a strong positive growth 

response.  

During short-term CO2 increases, both angiosperms and gymnosperms displayed a rise in 

photosynthesis, therefore the long-term response of angiosperms could be attributed to an 

acclimation and high stomatal sensitivity as compared to gymnosperms which showed no acclimation 

to increased growth CO2. Indeed gymnosperms, with a lower stomatal sensitivity, maintained 

consistent photosynthetic rates when evaluated at a constant [CO2] regardless of growth [CO2]. 

Examination of A-Ci curves indicated that this acclimation seen in angiosperms was as a result of 

decreasing Vcmax with unchanged Jmax (i.e. maximum electron transport rate) where gymnosperms 

showed no change in either Vcmax or Jmax with increasing growth [CO2].  

This research contributes to understanding the long-term and short-term CO2 acclimation 

responses of angiosperms and gymnosperms, addressing gaps in current global vegetation models 

under changing climate conditions. Future studies utilizing FACE (Free-Air CO2 Enrichment) facilities, 

tree rings, and isotopic measurements could expand these findings, providing deeper insights into 

plant responses to elevated CO2 levels over extended periods. 
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4.1 Introduction 

Gymnosperms were prevalent and widespread in Mesozoic Earth's flora, particularly during 

the Triassic and Jurassic periods (250 to 145 Ma). The existing fossil records undeniably show that the 

diversification and spread of angiosperms expanded rapidly and abruptly since the mid-Cretaceous 

(Birks, 2020) and the rise to dominance correlates with a decrease in atmospheric carbon dioxide from 

~1000 ppm to pre-industrial levels, ~280 ppm (McElwain et al., 2005). This in turn led angiosperms, 

the flowering plants, to dominate most of the Earth's terrestrial biomes at present (Herendeen et al., 

2017; Magallón et al., 2019). Today angiosperms make up at least 90% of the local vascular plant 

species in almost every terrestrial location including in gymnosperm forests (Kreft & Jetz, 2007). 

Recent research indicates the enhanced fall of gymnosperms in number during the Mid- and 

Late Cretaceous era is best explained as a reaction to angiosperm expansion during the prolonged 

period of global cooling and long-term biological interactions through clade competition in the 

presence of a changing climate (Condamine et al., 2020). This result disproved the age-old hypothesis 

proposing climate change or time are the sole drivers of widespread extinction of gymnosperms 

during the Cretaceous (Birks, 2020). Researchers suggest that prolonged biotic and, to a certain 

degree, abiotic alterations might have had a more significant impact on plant evolution than mass 

extinction incidents (Schneider et al., 2004; Laenen et al., 2014; Lehtonen et al., 2017). The earliest 

fossil records have shown flowering plants emerged in the early Cretaceous and became predominant 

by late Cretaceous (Herendeen et al., 2017).  

One of the reasons for the decline of gymnosperms was their lower efficiency of 

photosynthesis. The colder climate and shorter growing seasons reduced their ability to capture 

energy through photosynthesis, slowing their development and limiting survival (Gamon et al., 2016). 

Additionally, the evolutionary diversification of flowering plants was vital for their prosperity amid the 

global cooling. Over half of the existing groups of angiosperms came about during this time, 

demonstrating their capacity to adjust and thrive in reaction to a changing environment (Zanne et al., 

2013). Angiosperms employed various strategies, including the evolution of novel traits and the 

expansion of their geographic ranges, to prosper in the cooling climate (Qian et al., 2023). This 

diversification and adaptability enhanced their competitiveness with gymnosperms, resulting in the 

angiosperms becoming the prevailing plant group. 

Flowers are considered the cornerstone of angiosperm hyper-diversity due to their double 

fertilization resulting in endosperm formation as well as their close coevolution with animal pollinators 

(Endress, 2011). It is a reasonable assumption that the prosperity of angiosperms is not just from their 

possession of flowers but also from the extensive divergence of their reproductive structures, which 
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is unparalleled in any other terrestrial plant clades. Again, it is the development of varied interactions 

between angiosperms and animal pollinators which was made possible by the evolution of flowers 

(Xiao et al., 2021). 

Angiosperms possess distinctive adaptations that improve their photosynthetic efficiency. 

These distinctive characteristics have cooperated to increase leaf morphological diversity, allowing for 

adaptation to a broad spectrum of habitats. Furthermore, they have increased the number of veins 

and stomata, enabling better regulation of gas exchange. Angiosperms also evolved vessels in their 

xylem, which are more efficient in transporting soil water to leaves compared to largely tracheid 

bearing gymnosperms (Sperry et al., 2006). Another innovative adaptation that has evolved in 

angiosperms is a more condensed leaf venation, up to four times greater vein density than in 

gymnosperms (Feild et al., 2011). This flexibility of vein density enables angiosperms to sustain the 

optimum balance of water supply, water consumption, and photosynthetic rate across a diverse range 

of habitats (De Boer et al., 2012; McElwain et al., 2016). Angiosperms were also successful in 

undergoing numerous whole genome duplications, leading to multiple stages of evolutionary 

stimulation (Benton et al., 2022). 

Angiosperms exhibit a remarkable ability to adapt and evolve. Their efficient physiology and 

anatomy have enabled them to capture energy and carbon at a faster rate than other plant groups, 

contributing to their current high species diversity. Unique forest structures and the coevolution of 

pollination, herbivory, and dispersal strategies were made possible by the emergence of angiosperms. 

(Benton et al., 2022). 

Global atmospheric CO2 is on rise since the beginning of the industrial era and the current 

atmospheric CO2 concentration is around 420 ppm compared to 278 ppm in 1750 (Friedlingstein et 

al., 2022). Researchers have been studying the effects of increasing CO2 on forests as they are one of 

the main carbon sinks and the results suggest impacts may vary depending on various aspects of the 

forest ecosystem. Plant responses to elevated CO2 vary depending on their functional traits as well as 

species level traits. The impacts of elevated levels of CO2 on forest ecology are complex and diverse. 

In general forest shows increased growth and productivity (Norby et al., 2005), although the severity 

of responses depends on various biotic factors, i.e. species, genotype, and functional group, as well as 

abiotic factors, i.e. soil type and nutrient status, moisture availability, ambient temperature, and pests 

(Karnosky, 2003).  

Angiosperms and gymnosperms show significantly different responses to increased levels of 

CO2 (Norby et al., 1986; Brodribb & Feild, 2008; Brodribb et al., 2009; Brodribb & McAdam, 2013; 

Dalling et al., 2016; Hasper et al., 2017; Liang et al., 2023). Stomatal sensitivity to CO2 is higher in 
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angiosperms compared to gymnosperms (Hasper et al., 2017; Klein & Ramon, 2019). This could 

possibly be linked to their overall elevated gs and their thinner leaves, which result in quicker loss of 

water. Conversely, gymnosperms have lower stomatal sensitivity to CO2, coinciding with different leaf 

structure and physiology (Brodribb & McAdam, 2013). Angiosperms have evolutionarily adapted Ca2+ 

dependent stomatal signaling more strongly than other plants enabling their higher WUE but in return 

this higher stomatal sensitivity may penalize their productivity in presently increasing atmospheric 

CO2. Another study has found significant variation in the mesophyll conductance of gymnosperms, 

which was strongly related with pectin to hemicellulose and cellulose ratios (Carriquí et al., 2020). 

These changes in the cell wall composition might adjust the CO2 diffusivity effectively, thereby possibly 

offsetting the adverse effects of thickened walls in gymnosperms. These findings suggest that 

gymnosperms may have adapted mechanisms better suited to increased levels of atmospheric CO2.  

Interestingly, opposing outcomes have been described by two different studies where 

angiosperms responded with stomatal reduction and higher WUE during short-term exposure to 

elevated CO2 (Brodribb et al., 2009), whereas another longer term CO2 exposure experiment found 

increased growth and higher WUE with increasing growth CO2 concentration in gymnosperms (Dalling 

et al., 2016). This suggests that instantaneous and acclimated responses to elevated CO2 may differ 

between angiosperms and gymnosperms, potentially with important implications for understanding 

their overall ecophysiology in the current period of rapid atmospheric CO2 increase.  

We therefore aimed to grow a range of angiosperms and broad-leafed gymnosperms, often 

found in conjunction within the humid forests of tropical north Queensland, under a range of CO2 

concentrations. In doing so we sought to establish both the short-term instantaneous and long-term 

acclimation responses in angiosperms and gymnosperms to better understand the mechanisms that 

might drive divergent responses between the two groups.  
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4.2 Materials and methods 

The experiment was conducted in a climate-controlled glasshouse that is part of James Cook 

University’s Environmental Research Complex on the Nguma-bada campus, Cairns Queensland. This 

is a walk-in, climate-controlled greenhouse facility measuring 9 × 7 m, comprising three independently 

regulated chambers of 5(L) × 3(W) × 4(H) m each. The parallel chambers, positioned in a north-south 

orientation, are enabled with independent regulation of temperature and [CO₂] levels. They were 

illuminated by natural sunlight, at approximately 50%, via the SOLARO 5220 D O FB climate screen 

(Ludvig Svensson Inc., Kinna, Sweden). For the duration of the experiment chambers were set to 

maintain one of three [CO2] i.e. 450, 650 or 1000ppm while temperatures were set to track external 

ambient air temperature. The environmental conditions for the duration of this experiment are 

provided in Table S4.3.  

4.2.1 Species selection 

A total of nine species, four angiosperm and five gymnosperm tree species, were selected for 

this experiment (Table 4.1). The four angiosperm species included those locally endemic to the Wet 

Tropics of Queensland Australia (Diploglottis bracteata and Flindersia brayleyana) and those with a 

broad regional distribution (Elaeocarpus angustifolius and Alphitonia petriei). The five gymnosperm 

species (Araucaria bidwillii, Agathis robusta, Podocarpus dispermus, Podocarpus grayae and 

Sundacarpus amarus) were all broad-leafed gymnosperms drawn from two dominant southern 

hemisphere families (i.e. Araucariaceae and Podocarpaceae). All seedlings were collected from local 

single-source populations.  

4.2.2 Experimental Design  

Individuals of each species were transplanted into 20 L pots filled with a locally sourced, 

screened, high-organic-matter potting mix with a base of gravel to ensure good drainage on 29th of 

May, 2016. After 10 days of establishment within a separate shade-house, six individuals of each 

species were transplanted to each of the three treatment chambers between 4-6 June 2016 to begin 

a 112-day experimental period. Plants were watered by hand. Each growing chamber was set to a 

treatment CO2 concentration (450 ppm, 650 ppm and 1000 ppm). The temperatures for all the 

chambers were set to track the ambient temperature, whereas relative humidity was not controlled. 

Once placed in the experimental chambers, the pots were not moved for the duration of the 

experiment, to prevent plant damage, soil movement and other disturbances.  
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Table 4.1: Species list for the altered CO2 experiment and their distribution ranges. 

Family Species Functional 

Group 

Distribution range 

Rhamnaceae Alphitonia petriei Angiosperm Eastern and Northern 

Australia 

Sapindaceae Diploglottis bracteata Angiosperm Endemic to North-east 

Queensland 

Elaeocarpaceae Elaeocarpus angustifolius Angiosperm India to New 

Caledonia and 

northern Australia 

Rutaceae Flindersia brayleyana Angiosperm Endemic to North-east 

Queensland 

Araucariaceae Araucaria bidwillii Gymnosperm Queensland  

Araucariaceae Agathis robusta Gymnosperm Queensland and 

Papua New Guinea 

Podocarpaceae Podocarpus dispermus Gymnosperm Endemic to Atherton 

Tablelands, 

Queensland 

Podocarpaceae Podocarpus grayae Gymnosperm Northern territory and 

Queensland 

Podocarpaceae Sundacarpus amarus Gymnosperm North-east 

Queensland and 

Malesia 

 

  



CHAPTER-4 70 

   

 

4.2.3 Biomass Measurements 

For all plants initial measurements of root-collar diameter (along two axes orthogonal to one 

another), and height (distance between the apical shoot and the root collar) were taken to estimate 

initial biomass using species specific allometric relationships developed from additional harvested 

plants (6 individual plants from each species) at the beginning of the experiment (Equation 4.1).  

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 = ℎ𝑒𝑖𝑔ℎ𝑡 × 𝑟𝑜𝑜𝑡 𝑐𝑜𝑙𝑙𝑎𝑟 𝑎𝑟𝑒𝑎 ×  𝑠𝑝𝑒𝑐𝑖𝑒𝑠   (Equation 4.1) 

After 112 days all plants were harvested, and separated into leaf, stem and root biomass. 

Leaves were scanned with a CanoScan LiDE 110 scanner and analysed using ImageJ to determine leaf 

area. All biomass was dried for at least 72 hours at 70°C and weighed to the nearest 0.01 g. 

4.2.4 Gas Exchange measurements 

Prior to harvesting the seedlings, leaf-level gas exchange was measured using three portable 

photosynthesis systems (Li-Cor 6400, Li-Cor Inc., Lincoln, NE, USA). Survey measurements of net 

photosynthesis were made (irradiance of 1200 µmol photons m-2 s-1, supplied by an artificial light 

source, 6400-02B LED, Li-Cor Inc.) on one leaf per plant at leaf temperatures ranging from 30 to 33 °C 

and at the treatment [CO2] (i.e. 450, 650, or 1000 ppm). Over the subsequent two days survey 

measurements were conducted in each chamber at the other treatment levels of [CO2] with the entire 

chamber being set to the target [CO2] for at least one hour prior to measurements. In addition, A-Ci 

response curves were measured on a subset of plants grown under the low (450 ppm) and high (1000 

ppm) [CO2] treatments. In this case, chambers remained at the treatment atmospheric [CO2] before 

measuring the A-Ci response curve between 50 and 1600 ppm within the leaf cuvette. The A-Ci curves 

were analysed with the “fitaci” function from the R package “plantecophys” (version 1.4.6) (Duursma, 

2015) using default parameters to fit the photosynthesis model. The fitted parameters were 

normalised to 25 °C. We estimated Vcmax (maximum carboxylation rate, μmol CO2 m-2 s-1); Jmax 

(maximum electron transport rate, μmol e- m-2 s-1); Jmax/Vcmax (ratio of maximum electron transport 

rate and maximum carboxylation rate, mol e- mol-1 CO2) and Ci transition (intercellular CO2 

concentration for the transition point from Vcmax to Jmax limited photosynthesis, μmol mol-1) from the 

fitted A-Ci curves.  
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4.2.5 Statistical Analysis 

All data manipulation and statistical analyses were performed in R version 4.3.1 (R Core Team, 

2023). We calculated relative growth rates (RGR) of individual plants using the predicted initial dry 

mass, observed final dry mass and total number of days with the methods outlined by Pommerening 

and Muszta (2016) and shown in equation (4.2). This calculation gave the RGR in units of g g-1 day-1. 

𝑅𝐺𝑅 =  
log(

𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠

𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠
        (Equation 4.2) 

To examine the impact of growth [CO2] treatment and plant functional group (i.e. angiosperm 

or gymnosperm) on the RGR a linear mixed effect model was used where species was a random effect. 

For the gas exchange parameters including photosynthesis (A, µmol CO2 m-2 s-1), stomatal conductance 

to H2O (gs, mmol m-2 s-1), intrinsic water-use efficiency (WUEi, mmol CO2 mol-1 H2O) calculated as A/gs , 

and the ratio of the leaf’s internal to ambient [CO2] (ci/ca) multiple linear mixed effects models were 

used to test for differences between growth [CO2] treatment, functional group and [CO2] in the LI-

6400 leaf cuvette (i.e. ca). Species and individual plants were used as random effects for these linear 

mixed effect models, the latter to account for repeated measures of the same plant. I used the R 

package “glmmTMB” (Magnusson et al., 2017) to fit the models. Models were compared and best 

fitted models were selected based on their performances analysed with “DHARMA”, “MuMIn”, 

“performance” and “see” packages for R (Lüdecke et al., 2021a; Lüdecke et al., 2021b; Hartig, 2022; 

Bartoń, 2023). Graphs and figures were produced using the R package “ggplot2” (Wickham, 2016).   
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4.3 Results 

We successfully grew nine tropical tree species for 112 days in three different growing 

chambers under three preset [CO2] conditions. Environmental conditions between chambers showed 

no substantive differences, except [CO2]. Temperature was set to track the outside ambient condition, 

whereas the relative humidity was not controlled. Average (± standard deviation) day-time 

temperature within the chambers was 29.4 ± 3.1 °C and average night-time temperature was 23.2 ± 

3.1 ⁰C. More details on environmental conditions inside the chambers can be found in Table S4.5. 

I used a general linear mixed effect model (gamma family with log link) to explain and predict 

RGR with treatment (growth CO2 concentration in the glasshouse chambers), functional group of the 

plants, and their interaction as fixed effects, and species was included as a random effect. The 

interaction term allowed me to assess whether the effect of functional group on RGR depends on 

treatment levels. Model outcomes are shown in Table 4.2.   

The RGR of angiosperms was higher than gymnosperms at all the treatment levels (Figure 

4.1A) and the main effect of group was statistically significant (𝜒1,   𝑛=149
2 = 4.79; P= 0.029). I did not 

observe a statistically significant main effect of treatment (𝜒 2,   𝑛=149
2 = 2.40; P= 0.301). However, I 

found a significant interaction between treatment and group (𝜒 2,   𝑛=149
2 = 13.88; p< 0.001) meaning 

the effect of growth [CO2] treatment on RGR depends on the functional groups. The highest median 

RGR for angiosperms was at 650 ppm CO2 treatment level (median = 27.7 mg g-1 day-1, SD = 14.5), 

followed by angiosperms at 1000 ppm (median = 27.0 mg g-1 day-1, SD = 15.9) and 450 ppm (median = 

25.1 mg g-1 day-1, SD = 15.1). In the case of gymnosperms, I observed increases in RGR with each 

increase in growth CO2 concentration. The highest median RGR for gymnosperms was at 1000 ppm 

(median = 16.5 mg g-1 day-1, SD = 5.38), followed by 650 ppm (median = 13.9 mg g-1 day-1, SD = 5.77) 

and 450 ppm (median = 10.5 mg g-1 day-1, SD = 4.81) treatment level. 

Figure 4.1B illustrates the predicted values from the statistical model of RGR for angiosperms 

and gymnosperms at different growth CO2 concentrations. The model shows that with the increase in 

growth CO2 concentration angiosperms will show little change in RGR whereas gymnosperms show an 

increasing trend.  
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Figure 4.1: Boxplots of A) observed relative growth rates (mg g-1 day-1) for angiosperms and 

gymnosperms grown at different CO2 concentrations, and B) predicted relative growth rates from the 

best fitted linear mixed effect model illustrating estimated marginal mean relative growth rates (mg 

g-1 day-1) of angiosperms and gymnosperms grown at different CO2 concentrations. Here, angiosperms 

are represented in red whereas gymnosperms are in blue. 
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Table 4.2: Summary of mixed effect models describing the effects of functional group, CO2 treatment, 

ambient CO2 concentration, and their interactions on relative growth rate (RGR) and gas exchange 

parameters (Photosynthesis, A; cube root of stomatal conductance, 3√gs; intrinsic water use efficiency, 

A/gs and the ratio of intercellular airspace CO2 concentration to atmospheric CO2 concentration, ci/ca) 

for angiosperms and gymnosperms. 

  RGR A 
3√gs A/gs ci/ca 

Intercept [Angiosperms] *** *** *** *** *** 

Treatment [linear] ns *** ↓ *** ↓ ns ns 

Group [gymnosperms] * *** ↓ *** ↓ * ↑ * ↓ 

ca  *** ↑ * ↓ *** ↑ ns 

Treatment [linear] × 

Group [gymnosperms] 

*** *** *** ns ns 

Group [gymnosperms] × ca  *** ns ns ns 

ns = not significant;   * p≤0.05;   ** p≤0.01;   *** p≤0.001 

Gray fields are terms not available for that model and arrows indicate the direction of change in 

the response variable for the respective main effect.  
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Figure 4.2: Partial plots from the best fitted linear mixed effect models illustrating relationships of 

estimated marginal mean A-B) net photosynthesis, A (μmol CO2 m-2 s-1); C-D) cube root of stomatal 

conductance, gs (mol CO2 m-2 s-1); E-F) intrinsic water use efficiency, A/gs (μmol mol-1) and G-H) ratio 

of intercellular airspace to atmospheric CO2 concentration, ci/ca with (A, C, E, G) shown as a function 

of growth CO2 concentration (ppm) and (B, D, F, H) shown as a function of measurement CO2 

concentration (ppm). Angiosperms are in red and gymnosperms in blue. The shaded areas are the 95% 

confidence intervals. The left panels represent acclimated responses assessed at a single CO2 

concentration, and the right panels represent instantaneous responses to varying CO2 concentration. 
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Next, I fitted models for the gas exchange parameters (e.g. Photosynthesis, A; cube root of 

stomatal conductance, 3√gs; intrinsic water use efficiency, A/gs and intercellular airspace CO2 

concentration to atmospheric CO2 concentration ratio, ci/ca) with generalized linear mixed effect 

models (gaussian and gamma family with log link, and gaussian family with identity based on 

distribution) with treatment, functional group, and cuvette CO2 level during measurements as fixed 

effects, and species and individual as random effects. The two-way interaction terms between the 

fixed effects were included in the models. Model outcomes are presented in Table 4.2.   

When measured at the growth CO2 concentration, photosynthesis was significantly higher in 

angiosperms compared to gymnosperms (𝜒 1,   𝑛=454
2 = 20.55, p < 0.001). The main effect of 

treatment (growth CO2 concentration) was statistically significant (𝜒 2,   𝑛=454
2 = 20.16, p < 0.001) 

when measurement CO2 concentration was controlled for within the model. We found a decreasing 

trend in photosynthesis when evaluated at a common cuvette CO2 concentration with increasing 

growth CO2 concentration for angiosperms (Figure 4.2A). In the instantaneous responses, 

photosynthesis measured at different CO2 concentrations in angiosperms showed an increasing trend 

with increasing measurement CO2 concentration (Figure 4.2B). Gymnosperms from different 

chambers did not show any statistical differences in photosynthesis rate with increasing growth CO2 

concentration when evaluated at a constant measurement CO2 concentration (Figure 4.2A). Like for 

the angiosperms, the effect of cuvette CO2 concentration during measurements (ca) on photosynthesis 

was significant and high, as seen in figure 4.2B (𝜒 1,   𝑛=454
2 = 5.26, p = 0.02). Both the interaction terms 

(treatment × group, and group × ca) in the mixed effect model for photosynthesis were significant and 

high (𝜒 2,   𝑛=454
2 = 6.80, p =0.03 and 𝜒 1,   𝑛=454

2 = 35.33, p < 0.001 respectively).   

Angiosperms showed significantly higher gs compared to gymnosperms (𝜒 1,   𝑛=454
2 = 21.20, 

p < 0.001). The treatment effect was significant and small (𝜒 2,   𝑛=454
2 = 10.63, p = 0.001). I did not 

find any treatment effect on gymnosperms but for angiosperms conductance was significantly lower 

between 450 ppm and 1000 ppm treatment levels (P < 0.01) (Figure 4.2C and 4.2D). ca has a low 

significance in describing conductance (𝜒 1,   𝑛=454
2 = 5.26, p = 0.02). In this model, the only interaction 

effect that approached significance was that between treatment and group (𝜒 2,   𝑛=454
2 = 5.59, p = 

0.06). 

In the case of intrinsic water use efficiency (A/gs), gymnosperms showed higher values 

compared to angiosperms and the difference between gymnosperms and angiosperms was significant 

and large (𝜒 1,   𝑛=152
2 = 10.63, p = 0.008). There were no statistical differences for different 

treatments when A/gs was evaluated at the mean measurement CO2 level (Figure 4.2E), but when 

measured at different levels of CO2 concentration both angiosperms and gymnosperms showed an 
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increasing trend with higher level of CO2 (Figure 4.2F). The effect of measurement ca was significant 

and high (𝜒 1,   𝑛=454
2 = 431.38, p < 0.001). Contrarily to gs, the A/gs model showed a significant 

interaction between groups and ca (𝜒 1,   𝑛=454
2 = 4.01, p = 0.045). 

A similar trend was found for ci/ca (Figure 4.2G) where I did not find any difference between 

treatment levels at both growth and measured CO2 concentrations. But in this case, ci/ca was 

significantly higher for angiosperms (𝜒 2,   𝑛=152
2 = 6.96, p = 0.008). The other fixed effects and two-

way interactions did not show any significant differences.  
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Figure 4.3: Boxplot of A) Maximum carboxylation rate, Vcmax (μmol CO2 m-2 s-1); B) Maximum electron 

transport rate, Jmax (μmol e- m-2 s-1); C) Ratio of maximum electron transport rate and maximum 

carboxylation rate, Jmax/Vcmax (mol e- mol-1 CO2) and D) Intercellular CO2 concentration for the 

transition point from Vcmax to Jmax limited photosynthesis, Ci transition (μmol mol-1); measurements for 

plants grown at two different CO2 concentrations (450 ppm and 1000 ppm). Angiosperms are 

illustrated in red coloured boxes and gymnosperms in blue boxes. 
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From the A-Ci curves, I calculated maximum carboxylation rate (Vcmax), maximum electron 

transport rate (Jmax), ratio of Jmax to Vcmax, and the intercellular CO2 concentration for transition from 

Vcmax to Jmax limited photosynthesis. Boxplots in figure 4.3 illustrate the comparison of these 

parameters for angiosperms and gymnosperms grown at 450 ppm and 1000 ppm CO2 concentrations. 

This analysis provides insight into how photosynthetic capacity changed in plants grown at the lowest 

and highest CO2 concentrations. For that purpose, I fitted linear mixed effect models (gaussian family 

with log link or with identity link, whichever was needed based on distribution) for Vcmax, Jmax, ratio of 

Vcmax to Jmax, and Ci transition. The fixed effects were treatment and functional group, and their two-

way interaction term. Species was a random effect. Model outcomes are presented in Table 4.3. 

Vcmax was statistically significant and higher for angiosperms (Figure 4.3A; 𝜒 1,   𝑛=54
2  = 28.03; p 

< 0.001) in both 450 ppm and 1000 ppm CO2 concentration compared to gymnosperms (Figure 4.3A). 

The interaction between treatment and functional group was significant (𝜒 1,   𝑛=54
2  = 22.99; p < 0.001), 

showing that the treatment effect on Vcmax was different depending on functional group. 

Angiosperms showed higher Jmax (Figure 4.3B; 𝜒 1,   𝑛=54
2  = 4.97; p= 0.03) than gymnosperms 

but there was no significant effect of growth CO2 level or interaction between functional group and 

growth CO2 level on Jmax.  

The ratio of Jmax to Vcmax was significantly higher for gymnosperms (Figure 4.3C; 𝜒 1,   𝑛=54
2  = 

29.02; p<0.001). The treatment effect was significant (𝜒 1,   𝑛=54
2  = 31.90; p<0.001) and the difference 

between gymnosperms and angiosperms was significantly larger at 450 ppm growth CO2 

concentration (t= -4.90; p<0.001), and there was no difference at 1000 ppm growth CO2 concentration 

(P= 0.64). This was indicated by the significant interaction effect between functional group and 

treatment on Jmax/Vcmax (𝜒 1,   𝑛=54
2  = 17.20 and p<0.001).  

The Ci transition point (intercellular CO2 concentration for transition from Vcmax to Jmax 

limitation) showed a similar trend same as Jmax/Vcmax, where gymnosperms showed significantly higher 

values (Figure 4.3D; 𝜒 1,   𝑛=54
2  = 13.62; p<0.001). Although gymnosperms did not show any significant 

difference between treatment levels, angiosperms showed higher Jmax to Vcmax ratio at 1000 ppm (t= -

3.95; p<0.001), shown by a significant treatment effect (𝜒 1,   𝑛=54
2  = 15.61; p<0.001). The different 

behaviour of the functional groups was evidenced by a significant interaction effect with growth CO2 

concentration (𝜒 1,   𝑛=54
2  = 7.67; P= 0.0056).  
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Table 4.3: Outcome of the mixed effect models of maximum carboxylation rate, Vcmax (μmol CO2 m-2 s-1); maximum electron transport rate, Jmax (μmol e- m-2 

s-1); ratio of maximum electron transport rate and maximum carboxylation rate, Jmax/Vcmax (mol e- mol-1 CO2), and intercellular CO2 concentration for transition 

from Vcmax to Jmax limited photosynthesis, Ci transition (μmol mol-1). 

Predictors 
Vcmax Jmax Jmax/Vcmax Ci transition 

Β CI p β CI p β CI p β CI p 

(Intercept) 48.6702 39.8860 – 
57.4544 

*** 108.5741 86.8845 – 
130.2637 

*** 2.2390 1.9987 – 
2.4794 

*** 5.9703 5.6784 – 
6.2621 

*** 

Group 
[gymnosperms] 

-23.4900 -34.6044 – 
-12.3757 

*** -34.0358 -61.4814 – 
-6.5901 

* 0.7611 0.4568 – 
1.0654 

*** 0.6257 0.2833 – 
0.9680 

*** 

Treatment [1000] -13.2448 -17.4457 – 
-9.0439 

*** -4.0984 -16.2051 – 
8.0084 

ns 0.6922 0.4519 – 
0.9324 

*** 0.5146 0.2593 – 
0.7698 

*** 

Group 
[gymnosperms] × 
Treatment [1000] 

13.7770 8.1461 – 
19.4079 

*** 4.5658 -11.6477 – 
20.7793 

ns -0.6807 -1.0023 – 
-0.3590 

*** -0.4186 -0.7148 – 
-0.1224 

** 

Random Effects 

σ2 24.9454 207.2097 0.0816 21799.1982 

τ00 54.0234 Species 315.5876 Species 0.0247 Species 0.0311 Species 

N 8 Species 8 Species 8 Species 8 Species 

Observations 54 54 54 54 

Marginal R2 / 
Conditional R2 

0.537 / 0.854 0.327 / 0.733 0.483 / 0.603 0.485 / 0.694 

ns = not significant;   * p≤0.05;   ** p≤0.01;   *** p≤0.001 
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Figure 4.4: Boxplot of stomatal sensitivity to CO2 for seedlings grown at two different CO2 

concentrations (450 ppm and 1000 ppm). Angiosperms are illustrated in red-coloured boxes whereas 

gymnosperms are illustrated in blue boxes. Lower values on the y-axis indicate a more pronounced 

stomatal closure response to increasing CO2 concentration based on short term exposure.  
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Table 4.4: Mixed effect model of stomatal sensitivity to growth CO2 concentration.  

  

Predictors 

Stomatal Sensitivity 

β CI p 

(Intercept) 0.7314 0.6682 – 0.7947 <0.001 

Group [gymnosperms] 0.1955 0.1154 – 0.2756 <0.001 

Treatment [1000] -0.0706 -0.1619 – 0.0208 0.130 

Group [gymnosperms] × 

Treatment [1000] 

-0.0050 -0.1255 – 0.1154 0.935 

Random Effects 

σ2 0.0118 

τ00 Species 0.0002 

N Species 8 

Observations 54 

Marginal R2 / Conditional R2 0.480 / 0.487 

ns = not significant;   * p≤0.05;   ** p≤0.01;   *** p≤0.001 
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I plotted stomatal sensitivity to CO2 derived from the A-Ci curves against growth CO2 

concentration for angiosperms and gymnosperms (Figure 4.4). Stomatal sensitivity to CO2 was 

calculated as the gs during the A-Ci curve when the cuvette CO2 concentration was 1200 ppm divided 

by the gs when the cuvette CO2 was 200 ppm. Therefore, a smaller value indicates a stronger stomatal 

closure response to CO2 during the A-Ci curve. A mixed effect model was fitted (gaussian family with 

identity function) with plant functional group and growth CO2 treatment level (450 ppm and 1000 ppm 

CO2 concentration), and their two-way interaction as fixed effects. Species was again a random effect. 

Model outcomes are shown in table 4.4. 

Although stomatal sensitivity to CO2 appeared to decrease with increased growth CO2 

concentration for both angiosperms and gymnosperms, the difference was not significant between 

treatment levels (Figure 4.4 and Table 4.4). On the other hand, angiosperms showed stronger stomatal 

sensitivity compared to gymnosperms (𝜒 1,   𝑛=54
2  = 22.89; p<0.001). The interaction effect between 

functional group and growth CO2 level was not significant.  

 

Figure 4.5: Relationship between maximum carboxylation rate, Vcmax (μmol CO2 m-2 s-1) and operating 

stomatal conductance, gs (mol H2O m-2 s-1). The black line presented here is the regression line and 

grey shaded area represents the 95% confidence interval. Angiosperms are illustrated with red dots 

whereas gymnosperms are in blue dots. Note the log scale on the x-axis.   

Finally, I plotted Vcmax against the operating gs of both angiosperms and gymnosperms for the 

plants for which A-Ci curves had been measured. The operating gs was taken from the survey 

measurements in which plants in each growth CO2 concentration had their leaf gas exchange 

measured under those same conditions. Figure 4.5 shows a general coordination between Vcmax and 

the operating gs across all the plants, with gymnosperms occupying the lower end of the spectrum 
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and angiosperms the upper end. The implication of this general relationship is that it shows 

coordinated changes in Vcmax and gs, if one or the other changes in response to growth CO2 

concentration. For example, in angiosperms grown at 1000 ppm CO2 concentration, in which Vcmax was 

shown to decrease compared to the plants grown at 450 ppm, the relationship in figure 4.5 suggests 

that this would also be accompanied by a decline in the operating gs.  
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4.4 Discussion 

We grew five species of gymnosperms and four species of angiosperm trees, all native to the 

Australian Wet Tropics bioregion, at three CO2 concentrations in a glasshouse under tropical climate 

conditions and examined their growth and leaf gas exchange responses. Overall, the angiosperm trees 

had higher RGR than the gymnosperm trees. This aligns with a well-known pattern among these two 

groups at the seedling and sapling growth stages, whereby angiosperms tend to accumulate biomass 

more rapidly during early growth (Bond, 1989; Brodribb et al., 2012). However, most intriguingly, the 

gymnosperm tree species showed a linear increase in RGR with increasing growth CO2 concentration, 

whereas the angiosperm tree species showed no significant response. This is consistent with 

observations in the only previous study in which tropical gymnosperms and angiosperm counterparts 

were compared for their growth responses to CO2 in a tropical climate (Dalling et al., 2016). My 

analyses of the leaf-level photosynthetic responses to the growth CO2 concentrations, which is the 

acclimated responses, and responses to short-term changes in CO2 concentration around the leaf, 

provided insight into the physiological drivers of the difference in growth rates in response to growth 

CO2 concentrations between the two groups. The angiosperm species showed downregulation of 

photosynthetic capacity, through downward adjustment of Vcmax, in response to growth at elevated 

CO2, whereas the gymnosperms showed no such response. As a result, the proportional increases in 

photosynthesis with increasing growth CO2 concentration were larger in the gymnosperm species than 

in the angiosperm species.  

Figure 4.2 shows that this downregulation of photosynthetic capacity, an acclimated response 

to growth at higher CO2 concentrations, would not be detected in short-term CO2 response 

measurements. The top left panel (Figure 4.2A) shows the linear decline in angiosperm photosynthesis 

when measurement CO2 concentration was held constant at the mean value of all measurements 

within the statistical model. Therefore, evaluated at a single reference CO2 concentration, the 

decrease in photosynthetic rate in the angiosperms reflects their downregulation of photosynthetic 

capacity across the increase in growth CO2 concentrations. On the other hand, the top right panel 

(Figure 4.2B) shows that when short term changes in measurement CO2 concentration were imposed, 

photosynthetic rates in both groups increased when exposed in the short term to higher CO2 

concentrations. This latter set of measurements do not reflect the acclimation that occurs during 

growth at the different CO2 concentrations, because the changes in CO2 that the plants were exposed 

to for these measurements were made over the course of a couple of hours.  

The acclimated response also shows a decline in gs in the angiosperms, but not in the 

gymnosperms (Figure 4.2C). This is consistent with analyses across a range of experiments, which 

showed more marked decreases in gs in response to growth at elevated CO2 in angiosperm tree species 
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than in gymnosperms (Medlyn et al., 2001; Klein & Ramon, 2019). Interestingly our short-term 

response measurements of leaf gas exchange responses to changes in the [CO2] in the glasshouse 

chambers over a couple of hours did not detect a strong response of stomatal closure in the 

angiosperms (Figure 4.2D). This lack of a strong statistical trend was probably related to general 

variability among these survey style measurements. When I examined the A-Ci curve data for stomatal 

responses to the changes in CO2 concentration imposed within the gas exchange cuvette, I did indeed 

observe a stronger response in the angiosperms than in the gymnosperms (Figure 4.4). Figure 4.4 

shows that the gs at a cuvette CO2 concentration of 1200 ppm was about 0.7 times that at a cuvette 

concentration of 200 ppm in the angiosperms, whereas in the gymnosperms the ratio of the two 

conductances was about 0.9, with the difference between the two groups being significant (Table 4.4). 

This shows a stronger stomatal closure response in the angiosperm leaves than in gymnosperm leaves 

in response to an increase in CO2 concentration within a gas exchange cuvette, as has also been 

observed previously (Brodribb et al., 2009).  

When evaluated at the mean measurement CO2 concentration of the survey style 

measurements, intrinsic water-use efficiency (A/gs) was insensitive to growth CO2 concentration 

(Figure 4.2E). Thus, for the angiosperms, there were correlated reductions in A and gs with increasing 

growth CO2 concentration, such that the ratio of A to gs remained constant. In the gymnosperms, 

neither A nor gs changed with growth CO2 concentration, when evaluated at the same mean CO2 

concentrations. Therefore, their ratio of A to gs also did not change across growth CO2 concentrations, 

when assessed at a reference mean measurement CO2 concentration.  

When measurement CO2 concentration was varied, A/gs increased with increase in 

measurement CO2 in both the angiosperms and the gymnosperms (Figure 4.2F). This response can be 

further clarified by examining the ratio of intercellular to ambient CO₂ concentrations, ci/ca, as 

illustrated in Figures 4.2G and 4.2H. Within both groups, ci/ca remained consistent regardless of the 

growth CO₂ concentration or the measurement CO₂ concentration. When considering the 

measurement CO₂ concentration, the variation in A/gs can be explained by its relationship to ci/ca. 

Specifically, A/gs can be expressed as A/gs = ca(1-ci/ca), indicating that, because ci/ca remained stable, 

any change in the CO₂ concentration around the leaf, ca, would proportionally alter A/gs. A similar 

pattern of relatively stable ci/ca values across changes in atmospheric CO₂ concentration has been 

observed in tropical trees in natural environments, inferred from the carbon isotope ratios in their 

tree rings over decades of rising atmospheric CO₂ levels (van der Sleen et al., 2015; Cernusak et al., 

2019).  
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These results with respect to intrinsic water-use efficiency, particularly those shown in Figure 

4.2E, differ rather markedly from what was inferred based on measurements in which the CO2 

concentration within a measurement cuvette was varied over a relatively short time period (Brodribb 

et al., 2009). In the latter study, the short-term increase in cuvette CO2 concentration led to a sharper 

decrease in gs in angiosperms than in gymnosperms, and correspondingly a larger increase in A/gs. 

Such a short-term exposure experiment does not encompass the acclimation that takes place when a 

plant is grown at different CO2 concentrations. Such acclimation in our experiment led to a decrease 

in photosynthetic capacity accompanying the sharper decrease in gs in the angiosperms compared to 

the gymnosperms. Therefore, our results contradict the conclusion that angiosperms are better able 

to optimise water-use efficiency in response to different CO2 concentrations. This was not the case in 

our growth CO2 experiment, rather the two groups benefitted similarly in terms of increasing A/gs with 

increasing growth CO2.  

The gymnosperms overall had higher A/gs and lower ci/ca than the angiosperms in our 

experiment. This may reflect that the gymnosperms were from the families Podocarpaceae and 

Araucariaceae, which have also been shown to have relatively high water-use efficiency compared to 

angiosperm counterparts in other studies (Cernusak et al., 2008; Dalling et al., 2016; Palma et al., 

2020). However, the generally high water-use efficiency may not be a characteristic of all 

gymnosperms, for example species of Pinaceae grown in a common garden showed considerably 

lower intrinsic water-use efficiency than species of Cupressaceae, based on measurements of stable 

carbon isotope ratios (Zhang & Cregg, 1996), and considerable variation has also been observed within 

Cupressaceae and Podocarpaceae (Brodribb & Hill, 1998). However, among tropical gymnosperms 

with broad leaves, there does seem to be a tendency toward high A/gs, associated with less efficient 

hydraulic systems than in angiosperms, which results in less ability to deliver water to evaporative 

sites, and therefore a more constrained gs (Palma et al., 2020).  

The biochemical model of photosynthesis for C3 plants (Farquhar et al., 1980) provides a basis 

for better understanding the photosynthetic acclimation that took place in the angiosperm species. 

The model represents C3 photosynthesis as being limited by one of two processes under most 

conditions, either the electron transport rate, controlled by the parameter Jmax, or the carboxylation 

rate, controlled by the parameter Vcmax. These two rates represent two different sets of reactions 

within the leaf, the first involved in the capture of light energy, and the second in the carbon reduction 

cycle catalysed by Rubisco. Acclimation of photosynthetic capacity could take place by adjustment of 

either Vcmax or Jmax, or both. Because the two sets of reactions have different sensitivities to the CO2 

concentration inside the leaf, acclimation by a change in one versus the other could influence the net 

photosynthetic rate at the new growth conditions.  
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Figures 4.3A and 4.3B show that angiosperms acclimated their photosynthetic capacity under 

growth at elevated CO2 by reducing Vcmax, whereas Jmax remained unchanged. As a result, the Ci 

transition point shifted up at the higher growth CO2 concentration, as would be expected if investment 

in Vcmax and Jmax was such that the two would co-limit the net photosynthetic rate at the new operating 

Ci. The fact that the angiosperms made this adjustment to the Ci transition point by reducing Vcmax 

meant that the stimulation of photosynthesis by elevated CO2 in the acclimated leaves was less than 

it would have been if the Ci transition point had instead been shifted up by increasing Jmax. Surprisingly, 

the gymnosperms showed no downregulation of photosynthetic capacity with growth at elevated 

[CO2]. The changes in photosynthetic parameters between the two groups align very well with the 

observed growth responses. The angiosperms downregulated their photosynthetic capacity by 

reducing Vcmax in response to growth at elevated CO2, whereas the gymnosperms did not. Thus, the 

net photosynthetic rates of the gymnosperms increased more in response to elevated CO2, and they 

showed a positive growth response, whereas the angiosperms did not show a stimulation of growth 

rates (Figure 4.1).  

There was a relationship between Vcmax and the operating gs across all plants in the dataset, 

where the x-axis on which gs was plotted was on a log scale (Figure 4.5). This relationship is consistent 

with the observation that photosynthetic capacity and gs are correlated, and that changing one tends 

to lead to a change in the other (Wong et al., 1979). Movement along this scaling relationship would 

suggest that the stronger stomatal closure response in the angiosperm species grown at elevated CO2 

would be likely to coincide with a correlated reduction in Vcmax. On the other hand, because the 

gymnosperm species did not reduce their gs in response to increased growth CO2 concentration, this 

scaling relationship would not predict a change in Vcmax, which is consistent with our observations. It 

is an open question as to whether these correlated acclimated responses are led by one process or 

the other, or whether they are coincidental and not linked mechanistically by signalling pathways. 

Better understanding the underlying mechanisms could lead to an improved framework for predicting 

how different kinds of species, such as gymnosperms and angiosperms, will respond to rising 

atmospheric CO2 concentration.  

In mixed angiosperm-gymnosperm forests, rising atmospheric CO₂ concentrations may shift 

competitive dynamics between these groups. Angiosperms generally benefit from increased CO₂ 

through enhanced photosynthesis and water-use efficiency, which might initially give them a 

competitive edge by enabling faster growth and resource acquisition. Gymnosperms, however, often 

exhibit conservative water-use strategies and are less responsive to CO₂ in terms of photosynthetic 

upregulation, which has historically positioned them as more drought-resistant but slower-growing. 

Considering anthropogenic climate change, if vapor pressure deficit (VPD) also increases significantly 
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alongside CO₂, it could counteract some of the advantages angiosperms gain from higher CO₂. Higher 

VPD may intensify water stress, potentially forcing angiosperms to downregulate photosynthesis even 

more frequently to conserve water. This could reduce their competitive advantage, as gymnosperms, 

with their inherently lower water requirements and drought-adapted physiology, may be less affected 

by VPD increases. In such cases, gymnosperms might better withstand prolonged environmental 

stress, allowing them to maintain or even expand their niche in mixed forests where water stress 

becomes more limiting due to higher VPD. This could be a valuable direction for expanding the findings 

of this research, providing deeper insights into plant physiological responses under complex, 

interactive environmental stress conditions. 
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Supplementary material 

Table S4.1: Mixed effect model values for relative growth rate, RGR 

  Relative growth rate, RGR 

Predictors β CI p 

Fixed Effects    

(Intercept) 24.01 15.65 – 36.84 <0.001 

Treatment [linear] 0.91 0.78 – 1.06 0.238 

Group [Gymnosperms] 0.53 0.30 – 0.94 0.029 

Treatment [linear] × 

Group [Gymnosperms] 

1.48 1.20 – 1.83 <0.001 

Random Effects 
 

σ2 (residual) 0.14 

τ00 Species (intercept variance) 0.18 

ICC 0.56 

N Species 9 

Observations 149 

Marginal R2 / Conditional R2 0.268 / 0.680 
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Table S4.2: Outcome of the mixed effect models of net photosynthesis, A (μmol CO2 m-2 s-1); cube root of stomatal conductance, gs (mol CO2 m-2 s-1); intrinsic 

water use efficiency, A/gs (μmol mol-1), and Leaf’s intercellular airspace CO2 concentration and atmospheric CO2 concentration ratio, ci/ca. 

 A 
3√gs WUEi ci/ca 

Predictors Β CI p β CI p β CI p β CI p 

(Intercept) 1.9885 1.6623 –  
2.3146 

<0.001 -0.5836 -0.7351 –  
-0.4321 

<0.001 37.4645 29.8057 –  
47.0913 

<0.001 0.6915 0.6211 –  
0.7619 

<0.001 

Treatment 
[linear] 

-0.1947 -0.2799 –  
-0.1096 

<0.001 -0.0816 -0.1306 –  
-0.0325 

0.001 1.0234 0.9324 –  
1.1232 

0.627 0.0006 -0.0280 –  
0.0293 

0.965 

Group 
[Gymnosperms] 

-1.0407 -1.4907 –  
-0.5907 

<0.001 -0.4874 -0.6949 –  
-0.2799 

<0.001 1.5141 1.1140 –  
2.0579 

0.008 -0.1271 -0.2216 –  
-0.0326 

0.008 

Ca 0.0010 0.0009 –  
0.0011 

<0.001 -0.0001 -0.0001 –  
-0.0000 

0.022 1.0014 1.0012 –  
1.0015 

<0.001 0.0000 -0.0000 –  
0.0001 

0.136 

Treatment 
[linear] × Group 
[Gymnosperms] 

0.1498 0.0243 –  
0.2754 

0.019 0.0842 0.0137 –  
0.1548 

0.019 0.9711 0.8565 –  
1.1011 

0.648 -0.0026 -0.0413 –  
0.0361 

0.894 

Group 
[Gymnosperms] × 
Ca 

0.0005 0.0003 –  
0.0006 

<0.001 0.0001 -0.0000 –  
0.0002 

0.123 1.0002 1.0000 –  
1.0004 

0.045 -0.0000 -0.0001 –  
0.0000 

0.106 

Random Effects 

σ2 4.4623 0.0027 0.0487 0.0043 

τ00 0.1044 Species 0.0217 Species 0.0435 Species 0.0042 Species 
 

0.0358 Pot 0.0112 Pot 0.0353 Pot 0.0035 Pot 

N 9 Species 9 Species 9 Species 9 Species 
 

152 Pot 152 Pot 152 Pot 152 Pot 

Observations 454 454 454 454 

Marginal R2 / 
Conditional R2 

0.506/ 0.893 0.577 / 0.968 0.614 / 0.852 0.333 / 0.761 
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Table S4.3: Environmental conditions inside the three glasshouse growth chambers during the 

experiment period.  

Location 
CO2 (ppm) RH (%) Temp (⁰C) 

Time 
Mean SD Mean SD Mean SD 

Chamber 1 457.49 43.57 80.36 7.31 29.44 3.15 

Day 
Chamber 2 643.84 57.82 78.47 7.87 29.36 3.02 

Chamber 3 950.94 158.73 79.08 7.73 29.48 3.02 

Ambient 457.35 21.69 68.24 11.29 29.63 3.27 

Chamber 1 529.03 52.45 91.34 4.12 23.18 3.15 

Night 
Chamber 2 644.51 43.85 91.08 4.11 23.02 2.98 

Chamber 3 959.26 138.88 92.32 3.74 23.3 3.12 

Ambient 475.96 34.37 90.6 8.62 22.45 3.8 
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Table S4.4: Summary statistics of gas exchange parameters (Photosynthesis, A; cube root of stomatal conductance, 3√gs; intrinsic water use efficiency, A/gs 

and the ratio of intercellular airspace CO2 concentration to atmospheric CO2 concentration, ci/ca) for angiosperms and gymnosperms. 

Group Treatment Species A 3√gs A/gs ci/ca 

Angiosperms 

450 

APE 21.22 ± 6.89 0.69 ± 0.11 68.54 ± 30.69 0.79 ± 0.07 

DBR 11.04 ± 4.48 0.41 ± 0.08 170.88 ± 82.32 0.57 ± 0.07 

EAN 19.43 ± 4.18 0.66 ± 0.09 76.74 ± 41.52 0.78 ± 0.06 

FBR 17.26 ± 6.2 0.55 ± 0.05 102.06 ± 36.55 0.71 ± 0.05 

650 

APE 18.77 ± 5.51 0.67 ± 0.1 68.35 ± 28.04 0.8 ± 0.06 

DBR 9.51 ± 3.98 0.37 ± 0.04 200.04 ± 79.48 0.52 ± 0.08 

EAN 16.15 ± 4.61 0.58 ± 0.07 86.96 ± 38.13 0.75 ± 0.07 

FBR 14.77 ± 5.83 0.55 ± 0.05 88.58 ± 34.93 0.74 ± 0.08 

1000 

APE 13.82 ± 5.81 0.51 ± 0.08 114.5 ± 55.62 0.69 ± 0.09 

DBR 8.24 ± 2.84 0.41 ± 0.07 141.23 ± 81.63 0.65 ± 0.12 

EAN 14.03 ± 4.38 0.57 ± 0.09 86.34 ± 50.18 0.76 ± 0.09 

FBR 15.59 ± 5.08 0.57 ± 0.04 87.86 ± 35.35 0.75 ± 0.05 
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Group Treatment Species A 3√gs A/gs ci/ca 

Gymnosperms 

450 

ABI 7.08 ± 3.2 0.38 ± 0.05 129.93 ± 48.05 0.66 ± 0.06 

ARO 12.24 ± 5.83 0.39 ± 0.05 201.72 ± 76.43 0.48 ± 0.08 

PDI 4.42 ± 2.72 0.29 ± 0.04 174.84 ± 76.93 0.57 ± 0.06 

PGR 8.37 ± 3.77 0.35 ± 0.04 192.93 ± 75.92 0.52 ± 0.06 

SAM 5.69 ± 3.41 0.31 ± 0.05 171.85 ± 59.57 0.56 ± 0.04 

650 

ABI 7.35 ± 3.21 0.36 ± 0.04 166.06 ± 71.84 0.58 ± 0.07 

ARO 12.16 ± 5.38 0.4 ± 0.06 196.17 ± 86.45 0.5 ± 0.11 

PDI 4.39 ± 2.9 0.28 ± 0.05 181.2 ± 93.94 0.55 ± 0.11 

PGR 10 ± 3.98 0.39 ± 0.05 171.6 ± 74.99 0.56 ± 0.1 

SAM 6.21 ± 4.22 0.32 ± 0.09 175.25 ± 71.95 0.57 ± 0.08 

1000 

ABI 7.2 ± 3.65 0.36 ± 0.06 163.32 ± 79.35 0.6 ± 0.07 

ARO 10.08 ± 4.66 0.36 ± 0.04 228.84 ± 97.55 0.44 ± 0.08 

PDI 5.03 ± 2.04 0.34 ± 0.05 140.91 ± 71.37 0.64 ± 0.1 

PGR 7.34 ± 3.5 0.35 ± 0.07 176.43 ± 79.86 0.55 ± 0.1 

SAM 6.3 ± 3.28 0.33 ± 0.06 179.42 ± 85.43 0.55 ± 0.13 
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 Figure S4.1: Boxplot of observed A) net photosynthesis, A (μmol CO2 m-2 s-1); B) stomatal 

conductance, gs (mol H2O m-2 s-1); C) intrinsic water use efficiency, A/gs (μmol mol-1) and D) ratio 

of CO2 concentration in the intercellular airspace of a leaf to CO2 concentration in the 

atmosphere, ci/ca for the seedlings grown at three different CO2 levels (450 ppm, 650 ppm and 

1000 ppm of CO2 concentration). The x-axis represents the measurement CO2 concentrations.  
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Figure S4.2: Random effect variance for relative growth rate (RGR) where the four species 

presented at the bottom are angiosperms and top five species are gymnosperms. 
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CHAPTER 5: GENERAL DISCUSSION AND CONCLUSION  
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In this thesis, I sought to investigate how the ability of plants to acclimate their 

physiological responses amidst varying environmental conditions is influenced and possibly 

constrained by their intrinsic adaptive capacity. I explored the unique physiological acclimation 

responses of Australian flora to environmental stressors, providing insights that bridge 

Australia’s evolutionary history and the mechanisms plants might use to adapt to future 

climates. In doing so, I studied a range of plant functional traits and evolutionary scales, from 

how eucalypts across rainfall gradients in Australia varied in their response to water availability 

due to differences in phosphorus availability (Chapter 2) to how fundamental biophysical 

characteristics of gymnosperms and angiosperms shape their response to both long and short-

term exposure to elevated CO2 (Chapter 4). The distinct evolutionary trajectory of Australian 

flora, particularly due to its geologically stable environment and nutrient-poor soils, appears to 

have shaped the acclimation responses observed in species today. 

The ability of plants to generally improve water use efficiency (WUE) in response to 

water limitation, characterized by reduced precipitation or increased atmospheric aridity is well 

established (Towers et al., 2024). However, in the geologically diverse yet stable environment 

of Australia I had an opportunity to examine why the degree of acclimation in WUE often varies 

between studies. In Chapter 2 of this thesis, I explored the modulation of intrinsic WUE (WUEi), 

using carbon isotope discrimination (13C) as a proxy, considering both climatic variables as well 

as soil nutrient availability. By analysing 13C data of plant samples from six transect studies 

across Australia and incorporating findings from a new transect study in northeast Queensland 

I identified regional variations that correlated significantly with soil P availability (Figure 2.4). 

Upon further investigation using a continent-wide dataset of leaf-level gas exchange I found that 

soil [P] controls plants WUEi by impacting stomatal conductance (gs) (Figure 2.8), as opposed to 

photosynthetic capacity (Vcmax) with plants in phosphorus depauperate areas having a relative 

increase in gs, thereby putatively employing transpiration as an adaptive trait to gather P as a 

limiting resource via mass flow of the soil solution (Cramer et al., 2009; Cernusak et al., 2011b; 

Aoyagi et al., 2022). Moreover, comparative analysis of common garden experiments using 

eucalypt species from regions with different soil P availability suggests that divergent 

physiological responses are evolutionarily constrained with the degree of variation seen in WUEi 

being determined by where a species has evolved (Figure 2.9). This finding is significant because 

it aligns with broader evidence that soil phosphorus strongly influences WUE across ecosystems 

globally, as plants adjust stomatal conductance to balance water and nutrient acquisition (Reich 

et al., 2006; Köhler et al., 2016). 
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For plants to demonstrate resilience and survival during periods of drought and heat 

stress, it is essential that they reduce their water loss and lower respiration of stored carbon 

(McDowell et al., 2008; McDowell et al., 2022). This can be achieved through the reduction in 

minimum conductance gmin as well as the base rate and temperature sensitivity of respiration 

(Rd). It is reasonable to assume that the ability of species to modify these traits may be related 

to the nature and severity of drought to which they have evolved to survive. In chapter 3 I 

investigated the immediate physiological responses of four different eucalypt species, found 

across a rainfall gradient, to both increased temperature and reduced water availability. I 

observed that eucalypt species exhibited a tendency to reduce their gmin with increasing growth 

temperature (Figure 3.4A) lowering gmin to values comparable with cuticular conductance gcw 

(Figure 3.4B), suggesting almost no stomatal leakage. I also found significant species-level 

variations in both Rd and gmin under elevated temperature conditions (although not reduced 

water availability). Species-level differences, and their capacity to acclimate, were not found to 

be related to the ‘typical’ water availability of the species. However, as this study was performed 

with only four eucalypt species further research with a larger range of species covering a broader 

range in water availability might yield a more robust indication of how these important, yet 

often overlooked, traits may respond to environmental stressors. 

In contrast to chapter 2 and 3 in which I sought to examine how relatively recent 

evolutionary adaptation to edaphic conditions and water availability may impact acclimation in 

eucalypts, in chapter 4 I examined a more fundamental evolutionary divergence between 

angiosperms and broad-leaved southern gymnosperms. Southern gymnosperms are much more 

morphologically and ecologically diverse compared to their northern counterpart (Fragnière et 

al., 2015). Specifically, we designed a glasshouse experiment to investigate both the immediate 

and long-term acclimation responses of Australian angiosperms and broad-leaved 

gymnosperms to varying [CO2]. Angiosperms generally displayed higher relative growth rates 

(RGR); however they did not consistently show enhanced growth at elevated [CO2], unlike 

gymnosperms which exhibited a strong positive response (Figure 4.1). In seeking to explain this 

differential response I observed that while angiosperms showed higher stomatal sensitivity 

(Figure 4.4) and downward acclimated adjustment of photosynthetic capacity in response to 

increased growth [CO2] gymnosperms showed little to no acclimation (Figure 4.3) – resulting in 

a more pronounced acclimated increase in photosynthetic rates under elevated [CO2]. The 

ability of angiosperms to successfully acclimate to declining [CO2] probably helped their rise to 

dominance during the mid-Cretaceous era, a period of reduced [CO2]. However, in the rapidly 
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changing modern era of increasing [CO2] gymnosperms may yet increase their competitiveness 

with angiosperms.  

In conclusion, this thesis underscores the pivotal role of the inherent capacities of plants 

in shaping their acclimation responses to environmental change. A clearer picture of the capacity 

for Australian tree species to acclimate to future climates emerges. Drawing from findings across 

chapters, it is evident that plants across diverse habitats and phylogenetic backgrounds exhibit 

nuanced physiological adjustments in response to varying environmental stressors. Insights 

from these studies highlight the importance of understanding both species-specific adaptations 

and broader ecological patterns to anticipate how vegetation may respond to future 

environmental shifts. Future research directions could leverage advanced ecophysiological 

techniques, such as tree-ring data and isotopic measurements to gain insights into past climate 

responses of trees. Moreover, to further elucidate acclimation responses in a changing world 

large scale experiments like Free-air CO2 Enrichment (FACE) facilities will provide opportunities 

to explore how mature forest ecosystems will respond the continuing increases in atmospheric 

CO2 exposure as climate change continues to unfold.  
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